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ABSTRACT

This work presents a modeling methodology that uses new types of models called
low-frequency, large-signal models in a circuit simulator (Saber) to model a complex
hybrid ac/dc power electronics system. The new achievement in this work is being able to
model the different components as circuit-based models and to capture some of the
large-signal phenomena, for example, real transient behavior of the system such as
startup, inrush current and power flow directionality. In addition, models are capable of
predicting most low frequency harmonics only seen in real switching detailed models.
Therefore the new models system can be used to predict steady state performance,
harmonics, stability and transients. This work discusses the modeling issues faced based
on the author recent experiences both on component level and system level. In addition, it

recommends proper solutions to these issues verified with simulations.

This work also presents one of the new models in detail, a voltage source inverter
(VSI), and explains how the model can be modified to capture low frequency harmonics
that are usually phenomena modeled only with switching models. The process of
implementing these different phenomena is discussed and the model is then validated by
comparing the results of the proposed low frequency large signal (LFLS) model to a

complete detailed switching model. In addition, experimental results are also obtained



with a 2 kW voltage source inverter prototype to validate the proposed improved average

model (LFLS model).

In addition, a complete Verification, Validation, and Uncertainty Quantification
(VV&UQ) procedures is applied to a two-level boost rectifier. The goal of this validation
process is the improvement of the modeling procedure for power electronics systems, and
the full assessment of the boost rectifier model predictive capabilities.

Finally, the performance of the new models system is compared with the detailed
switching models system. The LFLS models result in huge cut in simulation time (about
10 times difference) and also the ability to use large time step with the LFLS system and
still capture all the information needed. Even though this low frequency large signal
(LFLS) models system has wider capabilities than ideal average models system, it still
can’t predict all switching phenomena. Therefore, another benefit of this modeling
approach is the ability to mix different types of models (low frequency large signal

(LFLS) and detailed switching) based on the application study they are used for.
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Chapter 1  INTRODUCTION

1.1. Motivation

Most of today’s power systems are moving towards being electronic because it offers
a high potential for life-cycle cost savings, a great improvement in system efficiency,
high density, voltage regulation, reliability, smaller size and lighter weight with
continuous growth of system complexity [1]-[2]. This research is concerned with
modeling these power electronics systems. Fig. 1-1 shows the generic architecture of a
power electronics system used in this study. The first stage is the power source, which
can be a battery or a high voltage storage system as in electric and hybrid-electric
vehicles. It can also be photovoltaic arrays for a space station power system, or a
generator as in an aircraft power system. There can be several generators in the system,
but in standard operation mode a single generator provides energy to different loads [3].
The energy is transferred to the loads through different types of power electronic
converters. One of the main loads in these types of systems is the motor drive, which
usually consumes a large percentage of the total generated power. In the case of aircrafts,
this corresponds to air blowers for cabin pressurization [4], in a ship the integrated power
system corresponds to the propulsion motors [5], and in electric hybrid terrestrial vehicles
it corresponds to the driving motor [6]. Moreover, in some vehicular applications, it is
common to use a variable frequency constant voltage ac source because of its reduced
maintenance costs [7].

Due to the size and complexity of most of these power systems, a good way to
analyze them is through simulation. Simulation illustrates how the system performs based
on the interaction between the different components in the system. It also provides a

means for validating and verifying the models designed [8]. In addition, simulation



models minimize cost by avoiding repetitive hardware development, and minimize the

concept-to-production time lag by improving the system reliability [9].
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Fig. 1-1 Power electronics system.

There is always a demand for the development of accurate models that can correctly
predict system performance. Switching models with detailed controllers are usually good
candidates for accurate models since they can predict the switching ripple, model
distortion and detailed transient information [10]. However, when implementing a large
system using switching models, the system will reach a complication level that is difficult
to implement in simulation. Moreover, in most application simulations, it is not necessary
to represent detailed individual components, but what usually needs to be simulated are
the terminal characteristics of a power electronic subsystem and how it interfaces with
the connected systems [11]. In addition, detailed switching can compromise the
numerical convergence of the solution. The other main drawback of using switching
models is the long simulation time [12]. Therefore, it is useful to look at literature that
uses switching models in small systems or individual component modeling as in [13]
where a variable-speed cage machine wind generation system is modeled, simulated and

validated experimentally. Although, this system consists of only four models, generator,



PWM rectifier, PWM inverter and a load, the author claimed the complexity of the
system if represented with the full model. Hence, it is necessary to develop new accurate,
time-efficient models that precisely reflect the performance of the system and that can be
made more detailed or simplified depending on the application and type of study for
which the system is used.

One simplification for switching models is in the case of switching function
modeling of converters, which may help to improve the convergence and also speed up
the simulations. Switching function implementation for a three phase voltage source
inverter is described in [14]-[15]. The other type of model known in literature is the
average model, which is a low-frequency, large-signal approximation of the real
switching model. The average model is a good compromise between complexity,
computing time and acceptable accuracy. However, these average models lose the
large-signal phenomena as transients, distortions and harmonics. Fig. 1-2 shows a
waveform representing the current waveform of an inverter in different cases as an
example for the analysis. The figure shows the difference between the experimental
prototype with and without an EMI filter. It can be seen that the EMI filter takes out all
the high frequency harmonics. Practically, the EMI filter is part of the converter so it is
the clean filtered waveform (pink) that we see on the bus when studying the system.
Therefore, one should be concerned with the waveform with EMI filter. It can also be
seen that the waveform with EMI filter contains some low harmonics and distortions and
is not purely sinusoidal which means it represents more information than that retrieved by
the ideal average model. This raises a question of whether the ideal average model
satisfies the definition of being low-frequency, large-signal approximation of the real
switching model and whether it is good enough for system representations or not. To
answer this question the experimental result without the EMI filter is then averaged

per-cycle and compared with the conventional ideal average model presented in the



literature depicting a pure sine wave that loses all harmonics of the model. It can be seen
that the classical average model do not satisfy the definition of the average models being
a low-frequency approximation, since it just represents fundamental frequency. A valid
question in this case is why this conventional ideal average model could not be modified
to predict these harmonics and distortions. Therefore, it is important to develop a new

model that can capture these harmonics that are really affecting system interaction.
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Fig. 1-2 Comparison between experimental prototype and switching simulation model for output phase
current of an inverter, and per cycle averaged results with ideal average model.

1.2. Literature Survey

1.2.1. Modeling of Power Electronics Systems

System Modeling

The modeling of power electronic converters has generally followed two paths. One
of these paths is through modeling the individual components where the converter model
is derived from a detailed analysis of the operation that combines the component models.
A different approach that avoids this complexity focuses on the relationships among the
input/output magnitudes, producing models that are simpler, yet represent the original
system under a limited set of circumstances [16]. In this way, a wide variety of models
has been proposed, each one applicable for a particular study. Therefore, it is useful to be
familiar with the models proposed in addition to the phenomena they describe and their

range of validity [17]. Most of power electronics research is focused on analyzing each



converter individually in its stand-alone operation, rather than the reaction of this model
in a complete system due to sophistication of most of these power systems [18]. In [19], a
power electronics simulation blockset library is implemented in Matlab/Simulink that
includes dc-dc converters, power-factor-correction rectifiers, electric drives, induction
machines, dc machines, synchronous machines and more complete systems. These
components are constructed in such a way where each component block has independent
variables for inputs and delivers outputs which act as independent inputs to subsequent
blocks.

There were some work on the system level modeling, but was concerned with large
dc-dc systems where multiple de-dc converters are used to supply needed power levels at
different voltage levels. For example, many papers in the 90’s were on the simulation of
space station electric power system including multiple levels of switching dc-dc
converters providing different electrical loads [20]. Another example for the large dc-dc
systems modeling and simulation presented in literature is for a distributed power system
and is shown in [10]. [21] presents the modeling and simulation of a large marine
container ship power systems and [22] illustrates the dynamic performance of a 20-kHz
spacecraft power system using computer simulation.

Recently, the power electronics systems are turning towards being ac/dc hybrid
systems as mentioned in [1] and [23] for the different vehicular applications.

Most literature uses the state-space average modeling techniques in designing the
large systems used in different applications. In [23] and [25] the modular modeling
approach based on the generalized state space averaging method was used to model an
additional multi-converter electric ship. In addition, in [26] the same approach was used
to model active filter systems, where a linear set of state equations was derived from the
non-linear equations of the system to obtain a quick approximation of the system and in

more electric aircraft power systems in [27]. The same modular concept is also used in



spacecraft power systems modeling in literature, where the signal-block diagram based
modeling is used [18],[20], and [28].
Modeling Software

There are several simulation programs available nowadays, however, the selection is
based on the application of the system. The saber simulation program is software that is
widely used since it allows for functional modeling using the MAST modeling language,
SPICE-type model construction, and combined digital and analog capabilities. It is a
robust simulator that allows for almost any size model, and has a large component library
[29]-[32]. [33] gave an overview of modeling power semiconductor switches and models
that are developed and given specifically for the SABER simulator. In addition, Saber is
usually used in most multilevel simulations because it is capable of circuit partitioning
and decoupling which allows for significant speed improvement when compared to
modeling the whole power system as one block. In addition, it allows the user to reduce
the large system into many small sub-systems [2]. For power electronic systems, most
literature used the Matlab/Simulink for average modeling [34]-[35], and the spacecraft
power systems used the EASYS program, which is a software program developed by
Boeing Computer Service [18],[20], and [28]. In [36] the authors used the
SimPowerSystems tool in Simulink to develop a viable and effective integrated power
system architecture for future naval platforms and claimed the tool to be inadequate in
terms of parameter control and execution time. In [37] on the computer-aided analysis of
the power converter systems, emphasis was laid on the global and sequential methods of
analysis of power electronic converters, and converter-fed electrical machine drives using
a dedicated power electronic system simulator called ATOSECS. The same author in [38]
gives an update on the new simulation tools that are currently available with special
emphasis on the analysis and design of power electronic converters that are used for

power supplies. In addition, there was one power electronics toolbox that was discussed



in literature [39] in which the SimuPec was used with the Matlab/Simulink from the
MathWorks Inc. The main features of this toolbox are the ability to model nonlinear
components and circuit partioning and decoupling. Finally, [40] presents a complete
survey on the different simulation tools available and its benefits depending on the

different types of modeling and simulation tasks.

Multi-level Modeling

The type of models used in a system depends on the focus of the study. For example,
if the user is interested in stability studies at one terminal, then average models can be
used. However, if, for example, harmonic distortion is of interest, a detailed switching
model that can capture this phenomenon would be more applicable. Literature discussed
this point in [41]-[42] and concluded that when the focus of the study was the interaction
between models and system stability, the average models were used. However, in
[43]-[46] detailed switching models were needed for fault studies. A system that contains
both average and detailed switching models can give a more broad choice of analysis;

however, literature lacks this type of modeling.

1.2.2. Development of Low Frequency Large Signal (LFLS) Models
Types of Average models

Average models are a good compromise between complexity, computing time and
acceptable accuracy. There are several kinds of average models that were discussed in the
literature: the large signal average model that transforms an exact model into an average
one, the small signal average model which is a linearized model around an operating
point of the static converter, and the generalized average model [47]. The large signal
model can include static parasitics such as capacitor ESR and a diode forward voltage
drop [48]. The reason behind developing these average models is to answer these

questions and others: 1) How to predict the dynamic behavior of a converter? 2) How to



design a controller? and 3) how to apply the linear control theory for analytical analysis?
In order to apply linear control theory, we must first get a linear transfer function and a
linear model. Literature first investigated open loop dc-dc converter, then closed loop
ones and finally three phase converters. An ideal switching power converter usually
consists of linear components like capacitors, inductors, transformers, voltage and current
sources and nonlinear components which are the single pole multiple-throw switches.
These switches are what need to be modeled in order to have a linear model that can be
used to analyze the converter or to design controllers [49].
Averaging Techniques

In order to develop these types of average models, different techniques were used. The
averaging techniques provide the analytical foundation for most power electronic design
procedures at the system level. The three most popular approaches in dc-dc converters are
the state space averaging method, the circuit averaging method and the
injected-absorbed-current method. The state space averaging method was developed by
Middlebrook [50] and its fundamental step is in replacement of the state-space
descriptions of the two switched networks by their average over the single switching
period, which results in a single continuous state-space equation designated by the basic
averaged state-space model. The second averaging approach, the circuit averaging
method, replaces each circuit element, whose terminal characteristics are given as
instantaneous current and voltage relations, with a corresponding averaged circuit
element. The averaged circuit element captures the relationship between the one-cycle
average values of terminal quantities [51]. The third averaging approach, the
injected-absorbed-current method, is based on the one-cycle average of instantaneous
quantities. The relation between averaged terminal quantities of a switching cell is
assumed to exist and is linearized. The most popular method of these mentioned above is

the state-space averaging approach, which is due largely to its clear justification, simple



methodology, and demonstrated practical utility. However, there were some questions
raised that led to the development of more advanced averaging techniques. Some of these
questions include how far is the system approximated with average models, how can one
quantify the errors incurred by that approximation, are the stability properties identical to
real and average approximated model and what is the lower limit on the switching speed
in order for averaging to be valid. All these questions are worth investigating, which is
why literature is progressing in this area.

One modification to the average models was the ripple correction function. These
functions can be found so that the behavior of a given converter can be estimated to
obtain a larger degree of accuracy from the behavior of the averaged model. The ripple
calculation is important for component selection and loss calculation [52]. Another
correction of the average model can be made to the initial condition to improve its
tracking of the actual system behavior when large transients appear [53]. In [51] a new
averaging procedure is developed based on formal mathematical methods for periodic
differential equations. This averaged model incorporates switching frequency effects and
solves some of the limitations that existed in older averaged models. One of the
limitations in the conventional averaged model was the steady-state dc offset error, which
decreases as the switching frequency increases. It can often be compensated for by
including an integrator in the control loop for variables of interest. Another limitation is
the switching frequency effect on closed loop stability. The averaging approximation is
based on the assumption that the switching frequency is “fast enough”. While it is not
known precisely how fast is “fast enough,” designers typically take a rule-of-thumb to
define linearized loop gain crossover frequency on the order of % to 1/10 of the switching
frequency. As a result of this, the transient performance is sometimes sacrificed. There
are also other papers discussing the same issues and even extending the averaging theory

to include feedback controlled converters [54]-[56]. A more general averaging procedure



is presented in [57] that is applicable to a much broader class of circuits than the
state-space averaging as resonant type converters. This approach refines the theory of
state-space averaging permitting a framework for analysis and design when small ripple
conditions don’t hold.

The theory is extended to three phase converters where in [58] a simple method of
computing average and RMS currents is presented. These values are required to be able
to select the right components. It was derived that the average and rms inverter currents
are simple functions of a single factor equal to the product of the power factor and
modulation index. There were different progresses in implementing average and
small-signal models for three-phase PWM rectifiers. A reduced-order small-signal model
for a three-phase power factor correction circuit is presented in [59]. This reduced-order
model uses rearrangement of a PWM scheme to be viewed as two dc-dc converters for
any 60 degrees interval. The PWM switch model of the dc-dc converters is then applied
to these converters and a quasi-steady state model can be obtained. This slowly changing
time-variant model is then “frozen” at an “average” operating point, which is defined by
the rms value of the active line voltage in the 60 degrees interval. Since the two
equivalent dc-dc converters have an identical “average” operating point, they are
combined into one equivalent dc-dc converter, which is the reduced order model
proposed. This way the three phase converter is modeled as a simple second-order system,
which significantly simplifies control design and system analysis. This work continues in
literature as in [60], where a systematic approach to small-signal modeling, and control
design of three-phase PWM converters is presented.

A trial for the extension of the state space averaging method to the dc-ac converters
is found in [61], where the time-varying nature of the switching systems is eliminated by
equational D-Q transformation. The equational approach is limited to low-order systems

having fewer than four reactive elements since manipulating matrices with an order
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higher than four is very difficult. Following that, a new circuit D-Q transformation
technique is identified in [62]. This is a simple and useful method in the analysis of ac
converters and is used quit frequently in literature. The development of average models
continues to be an interesting subject. As of 2009, [63] redefined a new-formed average
model for three phase boost rectifiers that has less assumptions than those found in other
literature. For example, the new model is suitable for any input/output voltage waveforms,
regardless of whether they are sinusoidal or non-sinusoidal, balanced or unbalanced.

Control Strategies

Averaging also provides a framework for evaluation of the different control
strategies for various types of converters. From the different control strategies for dc-dc
converters is the peak current-mode control [64] where only the switch current is sensed,
compared with the control voltage derived from the voltage loop and no compensation
exists in the current loop. The modification to that is the average current-mode control
where the inductor current is averaged and compensated by a compensation network. The
output of the compensator is compared with a sawtooth ramp to generate PWM control
[65]. The other type is the PWM conductance control proposed in [66] senses the
inductor current and compares it with a triangular ramp to generate PWM control.
Adding an integral-lead network to the current loop makes PWM conductance control
similar to average current-mode control [67]. One concern about the current-mode
control is the subharmonic oscillations at half the switching frequency. [68] presents a
method based on switching function principles to represent any high-performance switch
modules by an ideal switch in combination with basic logic elements. This method
depends on the terminal behavior, not on the overall circuit behavior. It helps to show the
forward voltage drops in diodes that contribute to waveform distortion and losses in
many applications. As with the averaging techniques, the control strategies expand on

three-phase PWM rectifiers. In [69], an average current control is presented with three
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linear analog compensators (so both plant and compensator are in the rotating plane) and
six-step PWM. It is a simple design; however, the closed-loop performance is based
significantly on the compensator design. In addition, in [70] the application of average
current model control to a three phase boost rectifier applied to small wind turbines is
presented. This way reduces the input current total harmonic distortion (THD) and
increase the PF in the rectifier. In [71] a review of the different current controllers for
VSI-PWM inverters is presented. It shows that the hysteresis controller with three
independent controls is the simplest to implement. The predictive controllers are the
most complex and require knowledge of the load and extensive hardware which may
limit the dynamic response of the controller. The ramp comparison controller has the
advantage of limiting the maximum inverter switching frequency and producing well
defined harmonics, but the controller requires a large gain and compensation to reduce
the current error and generally has a lower bandwidth than hysteresis controllers. A
combination of a ramp comparison controller for low-speed operation and a simple

hysteresis controller for high-speed operation may provide a good overall solution.

1.2.3. Causes of low-frequency distortions

The previous two sections discussed the progress of research in the average modeling
area starting from dc-dc converters and going into three phase dc-ac and ac-dc converters.
From this we can conclude that the average models (small-signal models in particular)
are good for control purposes or for steady state system analysis, however these average
models miss the large-signal phenomena representations such as distortions, harmonics,
and transients. This section will go through some of the causes for these distortions and
how literature handles it.

Among these phenomena are various types of modulation schemes [72]-[73]. The
earliest modulation types were widely used for carrier-based PWM and were sinusoidal
modulation signals [74]. Following that the use of an injected zero-sequence signal for a
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three-phase inverter [75] initiated the research on a non-sinusoidal carrier-based PWM
[76]-[80]. Different zero-sequence signals lead to different non-sinusoidal PWM
modulators. Research then developed another PWM method, which is the space vector
modulation method for three-phase converters [81]-[88]. This method uses the
space-vector (SVM) concept to compute the duty cycle of the switches. There are two

types, continuous and discontinuous SVM. The discontinuous SVM reduces the

1
2T,

switching losses; however, it introduces harmonics around [72].

There are other phenomena that cause waveform distortion like the dead time that is
inevitable to prevent the shoot-through phenomenon [89]-[93]. The dead time is the
necessary blanking time that guarantees that both switches in an inverter leg never
conduct simultaneously. These delays are added to the device turn on and turn off times
and introduce a load dependent magnitude and phase error in the output voltage [94]-[98].
Since this delay occurs in every PWM cycle, the magnitude of the error grows in
proportional to the switching frequency, introducing a serious waveform distortion and
fundamental voltage drop [91]. This distortion introduces harmonic components that if
not compensated for, may cause instabilities as well as losses in the converter. In addition
to that, another cause of voltage distortion is due to the inherent characteristics of the
switching devices as the voltage drops during the on-state [98], and the turn on/off time
of the switches [107].

Previous literature concentrates on developing compensation methods for these types
of phenomena in a switching model but none actually implements them in an average
model. In most cases, the compensation techniques are based on an average value theory;
the lost volt-seconds are averaged over an entire cycle and added to the commanded
voltage [100]-[106]. An important issue that is seen in these dead time compensation
techniques is that they are all based on the polarity of the current. This will cause a

problem around the zero-crossings and therefore, an accurate measurement of the
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currents is needed to correctly compensate for the dead time [100]. In [105], Itkonen
described how dead-time effects can be taken into account in the
switching-function-based model. The proposed method makes it possible to study how
the dead-time effects affect the behavior of the system without using the detailed device
models. There were some attempts to model average dc-dc power converters including
semiconductor device non-linearities. The algorithm used is based on the bond graph
technique and the causality analysis [108]. The purpose of this is to estimate the
dissipated power in the different circuit devices [109].

The last phenomenon that was considered is the minimum pulse-width constraint
[110]-[112]. This phenomenon is seen because of the slow switching properties of
thyristors, which will cause a limitation on the maximum and minimum pulse-widths that
can be achieved [113]. This was largely forgotten with the usage of fast switching
insulated gate bipolar transistors (IGBT) but it is still occasionally an issue. The
technique that is widely used in literature is to drop the pulse if its width is smaller than a

defined one.

1.2.4. Model Verification and Validation

The problem as stated in previous sections is that simulation models are used for
analysis and design of complex integrated systems. There are many decisions that are
made based on results obtained from these computer models, however, there is no
confidence these results are right. This is due to the lack of knowledge of how accurate
these models are, and what assumptions they have. Therefore, it is really important to
incorporate formal verification and validation methods during the development process of
these simulation models. Literature discussed the general definitions for verification and
validation and some rules to follow in the process; however, little was applied to power

electronics models and systems.
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Verification is the process of determining that a model implementation accurately
represents the developer’s conceptual description of the model and the solution to the
model. Verification is commonly divided into two types: code verification and solution
verifications. The code verification part is when the activities are directed toward finding
and removing mistakes in the source code, finding and removing errors in numerical
algorithms and improving software using software quality assurance practices. The
solution verification activities are directed toward assuring the accuracy of input data for
the problem of interest, estimating the numerical solution error and assuring the accuracy
of output data for the problem of interest.

Validation is the process of determining the degree to which a model is an accurate
representation of the real world from the perspective of the intended uses of the model.
The main goal of validation is to characterize and minimize the uncertainties and errors in
the computational model as well as in the experimental data. It increases confidence in
the quantitative predictive capability of the computational model. Validation procedure
does not imply that the experimental data is always correct because the experimental
uncertainty estimates may be very large or unknown bias errors can exist in the
experimental data. Therefore, the validation experiments can be conducted at different
levels in a hierarchy of complexity and various system response quantities can each be

used in a validation metric [114]-[116].

1.2.5. Power Electronics Systems Stability

Many efforts have been devoted to the research of power electronics system
stability. There are three types of stability analyses: steady state, small-signal and large
signal analysis [117]. Steady state analysis is the first step to approach a system stability
study that provides useful understanding of the system behavior. The next step in a

system stability study is the small-signal analysis. The small-signal analysis uses
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linearized averaged models around the equilibrium point of interest. This allows using
different analytical tools that can help in the study as Bode, Nyquist and root loci plots.
The small signal system stability analysis is usually done following Middlebrook’s work

[118] based on the impedance criterion, which ensures stability by preventing the loop
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gain Z,/Z; from circling (-1,0) point in the s-plane by ensuring this condition

satisfied. This design criterion is quite conservative as much of the forbidden region in
Nyquist plane has little influence on stability. Therefore, different criteria were developed
like the opposing component criterion and gain and phase margin criterion (GMPM) that
are considered less artificially conservative [119]-[122]. Following that, a new stability
criterion was proposed in the form of a forbidden region for the locus of the return ratio
Zsource(8) | Z10aa(s) on which the stability of the dc interface depended [123]. This new
criterion was extensively used in very large scale dc distributed power systems (DPS),
like the International Space Station, by redefining the forbidden region for cascaded
parallel loads [124]-[125].

It was not until Hiti’s work in the early 1990’s that the equivalent impedance based
approach was developed for ac power systems [126]-[127]. In perfect dualism of
Middlebrook’s approach, Hiti et al. proposed the study of the synchronous d-g frame
return ratio matrix Zq,(s) " Yr4q(s) to study the stability of three-phase ac power system
interfaces, using conventional multivariable linear control theory to limit the source and
load impedance magnitudes. This method though conservative was used as the main
criterion for the design of three-phase EMI filters for three-phase AFE converters
[128]-[130]. A later improvement of this method was proposed in [131]-[132] using the
multivariable Nyquist diagram instead to evaluate the stability of the d-g frame return
ratio matrix Zay(s) Yia(s). A significant, yet unnoticed contribution aiding in the

reduction of the conservative nature of all ac stability criteria developed, was presented
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by Mao et al. in 1996 [133]-[134]. While developing a reduced order model for AFE
converters, Mao showed the direct association between the power transfer channel (in the
d-g frame) and the constant power load dynamic of these converters, showing that the
conventional Nyquist criterion could be used to study the stability of the converter using
the reduced order model developed.

A key breakthrough was accomplished by Belkhayat who in 1997 proposed a further
improvement over Hiti’s work by employing the generalized Nyquist stability criterion
(GNC) to assess the stability of ac interfaces in the d-g frame [135]-[136]. The GNC
developed by MacFarlane and Postlethwaite in the 1970’s [137]-[140], consolidated the
frequency-response control methods developed for multivariable linear systems
[141]-[144], and provided the complete dual development of the classical single-input
single-output control theory [145]-[149] for multivariable systems [150]-[163]. Although
the approach was not used finally for the control of multivariable systems [163], its
stability analysis capabilities have proven to be extremely valuable for ac distributed
power systems. The stability assessment based on the GNC has become the main
practical approach used for the design and synthesis of ac power systems, where the d-g
frame source and load impedance specifications can be applied mirroring Middlebrook’s
method for dc distributed power systems [164]-[165]. The GNC-based method has
matured to the point where multiple practical d-g frame impedance measurement tools
have been developed [166]-[170]; however the high mathematical intricateness of the
approach has severely limited the usage of this stability criterion. Furthermore, the veiled
relationship between the source and load d-q frame impedances and the characteristic loci
of the return-ratio matrix Zq,(s) ' Yr44(s) has made its usage even more restricted.

Small-signal analysis does not always ensure stability in the large-signal sense,
therefore the stability margins based on the small signal study are often quite

conservative and the large signal stability study is necessary. The large signal stability
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analysis is usually performed using computer simulations. It is examined through the
response of the system to different types of transient changes and its ability to withstand
or recover from these large perturbations [23]. These transients can be a large change in
the system parameters, which can correspond to a load step; or could be a change in the
system’s structure, as when faults appear in the system and a branch is disconnected.
There are different faults to be studied; for example, short circuit, open circuit and switch
failures. The time domain computer simulation approach is not considered an efficient
way in terms of use of the computational resources. However, it still continues to be the
most used practice, especially when detailed models are required and it can produce
accurate results based on the correctness of the models developed. Therefore, some
literature has been devoted to the modeling and implementation of stability studies in
computers and the use of time domain simulations as a basis for the stability analysis
[171]-[173]. The literature known criteria and ways of analysis discussed above will be
used to validate the low frequency large signal (LFLS) models developed in this research.
The performance of these models will be compared to the detailed switching models

under similar scenarios.

1.3. Objectives

The main objective of this research is to model ac/dc hybrid power systems with
large number of power converters, which can be used for a variety of applications like
automotive, ship spacecraft or aircraft. The main challenge is to have the complete
system with proper types of models, perform well without migrating into simulation
problems (either numerical or long simulation time). In order to achieve this goal, this
research focused on developing new type of models named low frequency large signal
(LFLS) models that are some type of average models that are simplified, fast, have
minimal convergence and numerical errors but can capture many of the large-signal
phenomena that are only seen by the switching models. The models are to be
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implemented in a circuit simulator as electrical circuit based models. After developing
these models, the challenge is to be able to use them to model a large system and to be
able to capture the real transient behavior of the system, such as the startup, inrush
current and power flow directionality, in addition to some low-frequency harmonic
distortion phenomena. Another benefit and challenge of these models, is to be able to
combine them with switching models in one system and mix them depending on the
application of the system. Saber will be used as the simulation tool for this modeling
research task due to its many capabilities described in the literature review. However, the
same modeling approach can be applied with any simulation tool.

With this type of models in hand, we need to predict how accurate they are, and
what assumptions they have therefore a validation procedure will be developed and
applied to one power electronics converter (two-level boost rectifier) as an example. The
models are then validated on the system level. The system will be used for different types

of analysis like stability, harmonics and fault analysis.

1.4. Dissertation Outline and Summary of Contributions

Chapter 2 of this report will discuss the development of the low frequency large
signal (LFLS) models that can capture the low frequency harmonics just seen by the
switching models. The development process will be applied to a voltage source inverter
(VSI) as an example. It will start with the ideal average model proposed in literature and
then discuss the different low frequency phenomena modeled like modulation control
methods, which is usually in average models represented by the sinusoidal duty cycles
part only. However, in this research different zero-sequence signals were implemented
and added to the sinusoidal modulation signals to generate a more realistic model. Other
phenomenon modeled is the dead time and non-linearities due to turn on/turn off and

voltage drop on switching devices. It will also discuss the effect of the passive
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components of the model, for example, the inductor and its current ripple. These low
frequency large signal (LFLS) average models will be capable of predicting some of the
switching current ripples and with that a better current polarity judgment can take place
around zero crossings. These models will also have the capability of computing the losses
of the converters, which is one concern that was discussed thoroughly in the literature.
All these phenomena were discussed in the switching model literature and as mentioned,
the literature proposed different compensation methods for these distortions. However, in
this research, some of the methods developed in the literature are used in a reverse way to
introduce the harmonics into the classical average model to become more realistic and
accurate as the switching model. This chapter will also capture and compare the
performance of the detailed switching model with the new low frequency large signal
(LFLS) model. It will also present the experimental prototype for the voltage source
inverter model developed and will discuss some model validation. The validation done is
power quality validation where the normal steady state performance in time domain is
analyzed and also the frequency characteristics. In addition, some transient and voltage
regulation under load steps is also studied. The model is also validated for small-signal
stability and impedance measurements. Another example that will also be presented in
this chapter is the two level boost rectifier applying the same types of distortions to it.
Chapter 3 will present an analytical small-signal model for the voltage source inverter
(VSI) considering the effect of dead time and different types of space vector modulation
used. It presented a time-invariant model that could be easily converted into the
synchronous d-g frame and used for control and stability analysis. The model is
compared to a detailed switching model, low frequency large signal model and to a 2kW
experimental prototype.

Chapter 4 will introduce a verification, validation and uncertainty quantification

procedure that can be applied to any power electronics converter. The chapter will show
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the analysis of the procedure using a two-level boost rectifier. It will discuss the general
approach following these steps: 1) modeling and simulation approach, 2) planning and
prioritization, 3) code and solution verification, 4) model validation and finally 5)
uncertainty quantification and predictive capability.
Chapter 5 will discuss the modeling aspects of the new LFLS studied power electronics
system. It will give enough details on the individual equipment modeling with special
concern on the practical considerations for system modeling and the issues faced while
modeling this power electronics system. The main issues are how the models can capture
transients, the subsystem connections and the system grounding issues. It will also focus
on one branch of the large system presented and show it can be used for different studies
as regeneration for example.

Chapter 6 will summarize all the work done and discuss the future work that can be

done.
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Chapter 2 Low FREQUENCY LARGE SIGNAL (LFLS) VOLTAGE SOURCE

INVERTER (VSI) MODEL PREDICTING LOW FREQUENCY HARMONICS

2.1. Introduction

This chapter presents a low frequency large signal model of a voltage source inverter
(VSI) that can accurately predict some of the low frequency phenomena only seen by the
switching models. These phenomena include the dead time, voltage drop across
switching devices (switch & diode), different modulation techniques and minimum pulse
width effect. In addition, the effect of the inductor current ripple is analyzed, enhancing
the accuracy near the zero crossings. Simulation and experimental results with a 2 kW
prototype are used for validation purposes. The low frequency large signal (LFLS) model
simulation showed very good matching with the simulation switching model, less than

0.5% difference in time domain and frequency domain analysis.

2.2. Proposed Voltage Source Inverter Average (LFLS) Model

Fig. 2-1 shows the circuit schematic of the VSI model considered in this study,
which is comprised of a power stage, controller, modulation and passive elements. The
power stage is modeled as an ideal average model with Eqn 5-1 in the abc-coordinates as

shown in Fig. 2-2. The controller is in the dg-frame.

The inverter parameters are as follows, it is a 2 kW prototype implemented in Saber
running at about 1.5kW, the dc link voltage v;,~=300 V, the output phase rms voltage is
60 V, rms phase current is 4 A and the load resistor is 15 Q. Fig. 2-3 shows the
simulation results for the ideal VSI average model defined here, output rms voltage,

current and duty cycle of the three phases respectively.
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Fig. 2-1 VSI switching model schematic Fig. 2-2 Diagram of the VSI average model

considered in this study

100.0- Vb
0.0 | e SN
100.0-
() : t(s)

ib

(-) - t(s)
04 de
0.2 1
db
0.0
da
.02 |
044 ! ! ! H
I T T T I |
0.245 0.246 0.247 0.248 0.249 0.25

t(s)
Fig. 2-3 Simulation results for ideal VS| average model proposed.

2.3. Different Low Frequency Phenomena Modeled

2.3.1. Modulation Control Methods

The ideal inverter simulation in the previous section shows pure sinusoidal PWM
waveforms where it just represents the fundamental signals with no injected harmonics.
The first modification for the model to be more realistic is to include the zero-sequence

into the PWM waveforms. This signal depends on the distribution of the zero vector and
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the type of modulation control used [71]. In [71] a unified representation for the

zero-sequence signal e;(2) is given in Eqn 2-1:

ei(t)=ko(l_umax(t))+(1_ko)(_1_umin(t))7 OSkoS]' Eqn 2-1

and u, (¢) is the fundamental sinusoidal waveforms, u,,;,(?) and u,..(?) 1s the minimum

and maximum of the three phases respectively. For continuous symmetrical PWM
(SYPWM), k, = 0.5 and this means the two zero vectors are equally distributed. Fig. 2-4

shows the vector distribution in sector 1 and Fig. 2-5 shows the modulation signals for
one phase, with the injected zero sequence. This modulation scheme has six

commutations per switching cycle but since it is symmetric then it has lower total

harmonic distortion.

A TANNIA YR A TA NN TATATA = A
S 02 dafun

T
017 017 0.172 0.173 0174
sy

0175

Fig. 2-4 Continuous symmetrical PWM vectors in Fig. 2-5 Modulation signals for continuous

sector 1. symmetrical PWM.

For discontinuous PWM, there are different types of modulation schemes
implemented as the two extremes, the DPWMMAX where the zero vector (111) is used
for the six sectors and the DPWMMIN where the zero vector (000) is used, in this case
for the six vectors. In addition to those two, there are many different modulation schemes
that can be constructed; an example of which is the 2-phase right aligned (2-® RA) SVM,

which is presented in Fig. 2-6. This modulation method has only four commutations
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which will reduce the switching losses, however it will introduce harmonics at

around%. For each of these modulation schemes the zero vector can be constructed

S

using Eqn 2-2 and added to the sinusoidal PWM to get the modulation signals needed.

e, ()= 2 (U (D+ U () + U, (1)

Eqn 2-2

where u,(t),u,(t),u.(t)is the fundamental sinusoidal waveforms for phase a, b, and ¢

respectively. Table 2-1 shows the zero-sequence representations and space voltage

vectors used for all six sectors to achieve this discontinuous 2-® RA. Fig. 2-7 shows the

resulted modulation signals for the discontinuous 2-® RA modulation scheme.

R

Fig. 2-6 Discontinuous 2-® RA modulation vectors
in sector 1.
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Fig. 2-7 Modulation signals for discontinuous 2-®
RA modulation PWM.

Table 2-1The Zero Sequence calculated for each sector for 2-® RA modulation

Sector NO. Space voltage vectors Zero sequence e;(t)
I T=T (100)+7;, (110)+7, (111) e.(0) :&Jrl]“_z_lﬂ
Ts 37Ts 37Ts
II T=T;(110)+7T, (010)+T, (000) e (0) :i_liJrlﬂ
! Ts 3Ts 37Ts
1 T=T;(010)0+ T, 011)+T,(111) e-(t)zTO 17, 171
! Ts 3Ts 3Ts
v T=T;(011)+T,(001)+ T, (000) eA(;):i_liJrlﬂ
! Ts 3Ts 37Ts
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Vv T=T;(001)+T,(101)+ Ty (111) e(t)—T0+lT2—lTl
U Ts 3 Ts 3 Ts

VI T=T;(101)+ T, (100)+T, (000) © T, 1T, 1T,
e. =t £ 4
! Ts 3Ts 3Ts

2.3.2. Sampling Effects

The effects caused by the sample and hold functions of the modulator could also be
modeled by adding a clock to the modulator block with a sampling frequency equal to the
switching frequency of the converter. The calculated duty cycles are updated only at the
beginning of each new switching cycle. Fig. 2-8 compares the continuous and discrete
sampling effect on the phase A current. It shows the duty cycle for phase A without and

with the effect of sampling respectively.

Phase A duty cycle with no sampling

) 2 1(s) Phase A duty cycle with sampling effects
0.2 ) s t{s)

2 da_with

0.1
0.1

50.0m

=50.0m

-0.1
-0
-0.15

-0.2

0.235 0.236 0.237 0.238 0.239 0.24 o241 0.242 -0.2 : : -

ey 0.235 0.236 0.237 0.238 0.239 0.24 0.241 0.242
s)

Fig. 2-8 Modulation signal for phase A without sampling (left) and with discrete sampling of 20kHz (right).

Fig. 2-9 shows the effect of sampling on the output current waveform for phase A. It can
be seen that the current has these bumps which equals to the switching frequency. For

this case, it is equal to 20 kHz as shown from the zoomed part in Fig. 2-9.
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Fig. 2-9 Effect of sampling on output current for phase A.

2.3.3. Dead time and Non-linearities due to Turn On/off and Voltage Drop on

Switching Devices

The third important phenomenon implemented is the dead time. The dead time is a
blanking time to avoid the so-called shoot-through of the dc link. This time guarantee that
both switches in an inverter leg never conduct simultaneously [89]. For switching model,
dead time is generated by delaying the switching time as shown in the third and fourth
waveforms (sapwithDT, sanwithDT) in Fig. 2-10. From Fig. 2-10, it can be seen that time

error in the on time duration resulting from dead time is given by Eqn 2-3.

-
T, = {—Lﬁ+ Ton +Td} sign(i) & sign(i) =|:

1:wheni>0
2 2

—1:wheni<0 Eqn 2-3
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Fig. 2-10 From top to bottom — Switching signals for phase leg A top and bottom switches
without (sap, san) and with deadtime (sapwithDT, sanwithDT) and phase A voltage to
neutral without (VanNO) and with deadtime (Van)

For the ideal average model, the error time is added to the commanded time duration

T%om so that the effective time duration 7,4 is the summation of both as given in Eqn 2-4:

T T o
Tt =Teom + —7+%+Td sign (i) Eaqn 2-4

In addition to the effect of the dead time and the turn on and off time of the switches,
there are some non-linearities caused by the voltage drop across the switch (V,.) & on the
voltage of the diode (V) as shown in Fig. 2-1. This can be realized in the model by

adding the error caused by the voltage drop to the error time in Eqn 2-3 giving the new

effective duty cycle as in Eqn 2-5:

deff = dcom +|:(_ d;ﬁ +%+ ddj+dcom(vce/\/dc)+ (l_dcom)(vd /Vdc) Sign (I)

Egn 2-5
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Fig. 2-11 shows the phase A current comparison in the ideal case with no distortion and
with the effect of dead time of 5Sus and non-linearities due to turn on/off of 1us and
voltage drop on switching devices of 0.7V on the diode and 1.2V on the switch with and

without the sampling effect.

la_deadtime &Y drop_nosampling

la_deadtime &V drop_Sampling

la_ldeal

0.195 0.196 0.197 0.198 0.199 0.2
t(s)

Fig. 2-11 Phase A current for proposed model with and without the effect of zero sequence signal
and dead time.

This section showed how the dead time effect was implemented in the enhanced
average model (LFLS model). However, as mentioned the method of implementation
was taken by reversing the literature known. Old research was concerned with developing
new methods for compensating this dead time effect in the switching models and it was
here used to distort the average models. Therefore it is important to study the
performance of the LFLS model with this compensation and to compare it to both
switching and experimental prototype when the compensation is added. This comparison
was done to prove the validity of the LFLS model, although the main task was to develop

models that can predict the distortions.
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2.3.4. Minimum Pulse-width

Another important source of distortion is the minimum pulse-width (MPW)
limitations that result when small on-time duration of the switches cannot be achieved.
Such limitations may have to be enforced to prevent damage of the semiconductors
switches as this MPW can be smaller than the on and off time of the switch [111]. In a
switching model, this can be easily implemented by comparing the width of the pulse of
the gating signal to the minimum pulse allowed duration and if it is smaller then it gets
deleted. However, in the proposed LFLS model, a limit is enforced on the duty cycle
achievable. The minimum allowed duty cycle is given in Eqn 2-6 and if the duty cycle is

smaller then it is deleted.

T

S

dmin - (Tdeadtime +TMPW ] Eqn 2'6

Fig. 2-12 depicts the difference between the phase A current with all discussed

distortion phenomena added except the MPW and with the MPW phenomenon added to

the model.
0.0 -
la
la_MPW
0.0
0.0
[ [ [ [ [ |
0.245 0.246 0.247 0.248 0.249 0.25
t(s)

Fig. 2-12 Phase A current for proposed model with distortion but without MPW effect and with
MPW effect respectively.
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2.4. Loss Calculation for Switching and Low Frequency Large

Signal Model (LFLS)

For this study, the 6-pack IGBT IPMs from Fuji (6MBP20RH060) (600V, 20A) that
is used in the experimental prototype, is the one used for the loss calculation. The
datasheet of Fuji (6MBP20RHO060) is used to provide the data of the IGBT and diode
which could be used in loss calculation as shown in Table 2-2 and Fig. 2-13. For the
LFLS model, the losses are calculated using the equation below, however, for the
switching model, the losses can be measured directly from the simulation. This section

will show both the calculation and the measurement and compare the results.

Table 2-2 Data needed for loss calculation from datasheet of Fuji (6MBP20RH060)

Collector-Emitter saturation voltage |Vce (saty |lc=20A 2.7 v
Forward voltage of FWD VF -lc=20A (3.5 Vv
Item Symbol | Condition Min. Typ. Max. Unit
Switching time (IGBT) See Fig. 3 ton le=20A, Voc=300Y 0.5 - - us
toff Inductive-Load - - 3.5 us
Switching time (FWD) frr - - 0.5 us
Tj=25C 1j=25C
@0 b‘:!c=ISIr 0

e d] B e S S E R O S PR

Collector current : Ic [A]
o
Forward current : |F [A]

a ]

0 1 ‘ 2 . 3 . 4 00 1 2 3 | 4
Gollector-emitter valtage : VCE [V] Forward voltage : VF [V]
24-15 23-15
CE = ﬂ = 0045[2 diode = W = 0032.(2

Fig. 2-13 Output characteristics of IGBT (left) and diode (right).
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2.4.1. Switching Losses

Turn on losses:

It is the sum of 1) the switch-on energy without taking the reverse recovery process into
account , 2)switch-on energy caused by the reverse-recovery of the diode. Eqn 2-7 shows

the turn on losses:

e Y sma02m) 20T L 0 amy>2 !

E =E VIS
turn_on0 Volo V0 Io 600-20 600-20

turn_on

Eqn 2-7

Ewm ono» Vos 105 B, can be found from the data sheets as shown in Fig. 2-14.

30 _r ! .r !
G 20 Lo -
E i |
.
g
2
S
‘% L L

0.0 : . .

0 10 20 30 40

Collector current : Ic [A]

Fig. 2-14 Collector current Ic versus switching losses.

Turn off losses:

Eqn 2-8 shows the turn off losses of the IGBT:

32



E =E ——=(1.2m -
turn_off turn_off 0 VO I . ( ) 600-20 Eqn 2-8
where E, -, V,,1, areall found from the data sheets as shown in Fig. 2-14.

The average current is found by integrating across the sine wave, since for this case, the
DPWM modulation is used, which means for a 60 degrees period, one of the phases is
clamped, the average current is given as,

78.8° 040 180° | 040
(Io st +L38.18°Sln ) Eqn 2-9

i=I =1, =1.8943 A

— *average

T

Plugging the current in the energy equations Eqn 2.7 and Eqn 2.8 above,
E =8.050758x107J

turn_on

Ewn o =5:68288x107°J

So the switching power loss for each phase leg is given as,

Turn on losses:

P

turn_on

= Eum on(fy)=1.6101516W

Turn off losses:

P

turn _ off

= Eum o (f,)=1.1365776W

Where f=20kHz
Total switching losses for each IGBT:

_ (Eturnion + Eturnfoff st) — 274673W

P

o =1.3733646W
- 2 2

33



For switching model, Eqn 2-7 and 2-8 are used for the losses calculation, but the current

and voltage are measured directly from the simulation model. Fig. 2-17 shows the

comparison between the turn on and turn off losses for the switching and LFLS model.

Turn on and turn off losses

) 2 1(s)

= 138

Swilchingloss_;LFLS’

Swilchingloss_SWitChiﬂg

(0.24751,1.3734)

L

1.36 -

1.3a

N
{0.24749,1.3718)

[
0.225

T T T T T T T T 1
0.23 0.235 0.24 0.245 0.25 0.255 0.26 0.265 0.27
t{s)

Fig. 2-15 Switching turn on and turn off losses comparison.

2.4.2. Conduction Losses:

The conduction losses equations for DSVM are derived as,

The energy for conduction losses of one phase of the IGBT is,

d-(Vee + Rign 1) - | (1>0)
EIGBTiconduction = Eqn 2-10
(l_d)'(\/CE+Rigbt|)'| (|<O)
The energy for conduction losses of one phase of the diode is,
(1=d) - (Vioge + Raioge 1) (1>0)
Ediode_conduction = d Egn 2-11
*Viode + Rioge 1)~ 1 (1<0)

From the data sheet, the on voltage and resistance can be calculated as shown in Table

2-2 and Fig. 2-13. The energy E is then calculated per phase by measuring the current and
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duty cycle for each phase, summing them for the three phases and then dividing by six to

get the result for each IGBT. The same procedure is applied to the switching model,

however for this case, the energy for conduction losses is as follows:

The energy for conduction losses of one phase of the IGBT is,

E B Vee + Rigot Ligor )+ Tignt
IGBT _conduction — 0 Eqn 2-12

And the energy for conduction losses of one phase of the diode is,

Viioge T Reiode Vaiode ) 1 ioce

Ediode_conduction = {O Eqgn 2-13

Finally, the conduction loss for one IGBT can be calculated as,

I:)IGBTJ:on = EIGBTJ:on /T
And the conduction loss for one diode is,

Pdiodefcon = EIGBTﬁcon /T

Turn on and turn off losses
) :1(s)
) Diodecondloss_LFLS

. Diodecondloss_SWitching

00

) :1(s)

+0 IGBT condloss_SWItching

o Fas)

i e i IGBTcondloss_[_FL §

el (0.23499,38191) (0.24048, 3 8263)

32

30

0.225 0.23 0.235 0.24 0.245
1(s)

Fig. 2-16 Conduction losses comparison for LFLS and switching model.
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2.5. Comparing the Performance of Switching and LFLS Model

The average model proposed (LFLS) in the previous section with all the different
low frequency harmonics phenomena discussed is compared to a switching model with
the same exact parameters and the results are compared in this section. Fig. 2-17 shows
the comparison between the real switching and LFLS model when no distortion is
enforced. It compares the phase B current. Fig. 2-18 shows the same current with the
distortion added: 5us dead time, on and off time of 1us, voltage drop across the switch of

1.2V, diode on voltage of 0.7V and 1us minimum pulse width.

|ib_avg la_Swit

| ib_swit la_Avg

| fr

N |

14l i

Il
L
||-[|I’|I
0.245 0246 0247 0.248 0.249 025 0245 0.246 0.247 0.248 0.249 025
I{s) | ts)

100

Fig. 2-17 Low frequency large signal model and Fig. 2-18 Low frequency large signal model &
switching model comparison without distortion. switching model comparison with distortion.

It is hard to compare the switching and low frequency large signal model due to the
switching ripple shown in Fig. 2-17 and Fig. 2-18. Since this analysis is concerned with
the low frequency harmonics and not the switching frequency ones, the switching current
waveform is averaged over one switching cycle and compared to the low frequency large
signal model in Fig. 2-19. From looking at the time domain waveform, it can be seen that
the two waveforms match very well. However, a more accurate way of verifying the
results is to calculate the deviation percentage between both waveforms. This percentage

is calculated using Eqn 2-14,

o 1|1 ( )2
Deviation = — 2 Wiy =i
eviation X RMS \/ I lzll YMswi ~ Mavg Eqgn 2-14
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Using the above equation, each point is subtracted from the corresponding one and the
relative error is calculated and normalized using RMS current. The percentage error

between the two models is 2.32%.

Comparing the simulation models both average and switching
6 T T T T T

Average simulation model
— Switching simulation model

Current (A)

L L L
0.1955 0.196 0.1965 0.197 0.1975
Time (s)

Fig. 2-19 Low frequency large signal model and averaged switching model
comparison with distortion.

2.6. Low Frequency Large Signal (LFLS) Model Improvement

It can be seen from the previous section results that most of the 2.32% discrepancies
between the switching and low frequency large signal model center on the zero crossing
areas. This is reflected on the top and bottom of the waveform due to the two other
phases zero crossings. It can be seen from Eqn 2-5 that the error in the duty cycle
depends on the direction of the current (whether positive or negative). In addition, the
low frequency large signal model doesn’t model the switching ripple therefore the
judgment for the current direction will not be correct near the zero crossings areas.
Therefore, in order to improve the performance of the LFLS model, the current switching

ripple has to be taken into consideration. The current ripple can be calculated as in Eqn

2-15:
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Al :VT"AT Eqn 2-15

Where L is the output inductor of the VSI, V| is the voltage across the inductor, and

AT is the time change. The ripple is calculated for each sector. It is then added to the
average (LFLS) currents and this total current is the one used for sign(i) judgment in duty
cycle error calculation. Fig. 2-20 shows the switching current waveform averaged over
one switching cycle and compared to the low frequency large signal model current
waveform taking current ripple into consideration. The percentage error between the two

models is recalculated using Eqn 2-14 and it is now reduced to 0.41%.

Switching model

5.0
Average model

0.0

50 4

T T T T T T T 1
0.2945 0.295 0.2955 0.296 0.2965 0.297 0.2975 0.298
1{s)

Fig. 2-20 Low frequency large signal model and averaged switching model comparison
with ripple calculation improvement.
2.7. Simulation Time Comparison
In addition to the comparison above, the models simulation time was compared for a
0.2s simulation time window. The ideal average model with no distortion has the least
simulation time (1.7 min) followed by the new low frequency large signal (LFLS) model

with distortion (2.38 min) and finally the switching model almost 4 times more than the
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low frequency large signal (LFLS) model time (8.1 min). So although there is a penalty
paid when using the low frequency large signal (LFLS) models on the simulation time,
the benefit of low frequency modeling is more significant than the time in this case. This
is because the low frequency large signal (LFLS) model still has a much lower simulation
time than the switching model; almost four times shorter time, and is a very good

predictor of the performance (low frequency) as shown.

2.8. Experimental Validation for Low Frequency Large Signal

Voltage Source Inverter Model

To validate the proposed low frequency large signal (LFLS) voltage source inverter
model, a 2kW prototype setup is built. Fig. 2-21 shows the construction. A 6-pack IGBT
IPMs from Fuji (6MBP20RHO060) (600V, 20A) is used. The output inductance per phase

is 600xH. The control board is DSP-FPGA digital controller.

B-pack IGBT IPMs from Fuji (6MBP20RH060) (600V, 20A)

Connects to R load of 15Q

Fig. 2-21 Experimental Setup
In order to have a good validated model, many things needed to be taken into
consideration during the prototype implementation process. From these issues, is the
accurate measurement of all passives and for that all the parasitics are measured

accurately and added to the simulation models for fair comparison. In addition, the effect
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of filters, delays of the A/D and D/A boards and sensor gains are all added to the models
too. Another important quantity that affects the model is the controller parameters.
Controller affect transients and system response greatly and therefore it is an important
point in validation. Finally, the effect of the sources and loads can be huge on the model
design. For example, for this model working as an active rectifier, the experimental
prototype was tested under two different sources and it was seen that the output
impedance of the two sources is so different and this difference is affecting the rectified
current and its harmonics. Fig. 2-22 shows the phase current using two different ac power

supplies.

0.04

0.02-

Current (A*100)
o

-0.02[~

Il Il Il Il Il
-0
03885 0389 0.3895 03905 0391 03915 0392
)

Fig. 2-22 Phase current under the effect of two different ac power supplies. (Pacific
ac power source: Model 390-G, Hp source: Model:6834B rated: 300Vrms, 4500VA
10-30)

2.8.1. Time domain steady state validation

The validation process is divided into two sets, power quality validation, and impedance
measurement validation. The power quality validation will be divided into normal steady
state validation that will include time domain and frequency domain and transients and
voltage regulation under load steps. However, this section will concentrate on the time

domain validation part. For this part, the ac output current waveforms are measured and
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compared versus the LFLS simulation model as done in the previous section comparing
the detailed switching model instead. The error percentage is again calculated the same
way using Eqn 2-14 where now the waveforms compared are the averaged experimental
versus the low frequency large signal (LFLS) simulation model.

Fig. 2-23 compares both the experimental phase B current averaged over one cycle with
the LFLS simulation model current without ripple taken into consideration. The
percentage error is given as 8.74% calculated with Eqn 2-14 and mostly the differences
are around the zero crossing.

Comparing the average model with the experiemental averaged result
T T

Experiemental averaged result
Average simulation model

Current (A)
o

I I I | I
0.198 0.1985 0.199 0.1995 0.2
Time (s)

Fig. 2-23 LFLS and experimental model performance comparison for phase A
current with distortions

Fig. 2-24 shows the result when the ripple calculated is added. Fig. 2-24 compares the
experimental prototype to the ideal average model and the LFLS model. It can be seen
that the percentage error between the averaged experimental result and the LFLS model
decreased to 2.37% from 8.74% with considering the ripple effect. It can also be seen that
the deviation percentage between the experimental prototype and the ideal average model
is 19.94% which means the LFLS is 10 times better than the ideal average model in

harmonics prediction.
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Phase current comparison for ideal average model, low frequency large signal
and experiemental prototype
T T T T
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Fig. 2-24 LFLS, ideal average and experimental model performance comparison for
phase A current with distortions

2.8.2. Frequency domain steady state validation

This section is a continuation of the power quality validation looking at the
frequency characteristics. Fig. 2-25 compares the harmonic spectrum of phase A
current for the three models (real switching model, low frequency large signal
(LFLS) model and experimental prototype). The fundamental harmonic is about
5.72A (magnitude) and the figure zooms on the sub harmonics that are high enough
to be investigated, therefore, it concentrates from the 5" harmonic till half the
switching frequency (10kHz) which is around the 23" harmonic. It can be seen that
the simulation models (LFLS and switching) matches very well in most points while
the experimental is little higher. Calculating the percentage of deviation or error
using Eqn 2-14 and over the region given in Fig. 2-25, it is found to be 0.85%
between the experimental prototype and the low frequency large signal (LFLS)
model and 0.28% between the real switching simulation model and the LFLS model.

The total harmonic distortion for the three models is around 4.2%.
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Harmonic spectrum for phase current B in all three models
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Fig. 2-25 Harmonic spectrum comparison for LFLS, switching simulation models
and experimental model for phase A current with distortions and ripple
consideration

2.8.3. Impedance measurement validation

The low frequency large signal (LFLS) model proposed here is also capable of
predicting the right impedance of the converter. For this validation test an open loop VSI
model is used because the impedance can be easily derived analytically using the
conventional small-signal model known in literature. The low frequency large signal
(LFLS) model was then used to measure the impedance (Z,y) looking into the converter
as shown in Fig. 2-1 and compared to the real experiment measurement found with the
help of an impedance measurement tool developed in [180], the detailed switching model
and the derived analytical result.

The results showed a good match between the experimental results, detailed switching
model and the low frequency large signal (LFLS) model proposed. However, the derived
analytical result showed an inductor as the impedance representation which when
compared to the real prototype results in a new missing damping factor in VSI in the d-q

axis. This damping factor was predicted to be due to the nonlinearities of the model like
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the dead time, losses and the modulation schemes that was modeled in this dissertation
and that is why the low frequency large signal (LFLS) model was capable of predicting
them. Fig. 2-26 shows the comparison results between the detailed switching model, the
low frequency large signal (LFLS) model and the experimental prototype with the two
types of modulation discussed (continuous and discontinuous SVM) and under lus dead
time. It can be seen that the results match very good within +2, 3 dB and 6 degrees which
is within the error limit of the equipment used, till the high frequencies when it starts to
divert. This can also be predicted since the measurement equipment used is only valid till
this range and not for higher frequencies. It can also be seen from Fig. 2-26 that the
discontinuous space vector modulation type (DSVM) has lower damping in the Z;; axes
than the continuous space vector modulation type (CSVM). This can be explained since
for DSVM, there is one phase that is clamped for 60 degrees and only two phases
switching as shown in Fig. 2-6 which means there is only four commutations, however
for CSVM, all three phases are switching which means there is six commutations and this

would cause more losses that can be seen on the direct active axes Zy,
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Comparing Measurement Results to Switching and LFLS models
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Fig. 2-26 Switching, LFLS model and experimental impedance measurement comparison for both types
of modulation and 1us dead time.
2.9. Low Frequency Large Signal (LFLS) Model of a Voltage

Source Inverter Operating as a Boost Rectifier

In order to validate the model proposed, different topologies are modeled. This
section modifies the two-level three-phase active rectifier defined in Fig. 5-3. The model
parameters are as follows: a 25kW model implemented in Saber, the output dc link
voltage v;=650 V, the input phase rms voltage is 230 V. The controller consists of two
dq current loops and an output voltage loop to regulate the dc link voltage. Fig. 2-27
compares phase A input current for both switching and low frequency large signal (LFLS)
models with continuous space vector modulation method under the same distortion of a
dead time of 5us, on and off time of the switch of 1ps, a voltage drop on the switch of

1.2V and a diode on voltage of 0.7V.
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Fig. 2-27 LFLS model and switching model comparison for phase A input current of
rectifier with continuous SVM and distortions

Fig. 2-28 compares the total harmonic distortion (THD) for both switching and low
frequency large signal (LFLS) model of the rectifier depicting 5.316% for the switching
model and 4.956% for the LFLS one.
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Fig. 2-28 THD comparison for low frequency large signal model and switching model
phase A input current of rectifier

And Fig. 2-29 compares the time domain waveform for phase A current for the switching
and low frequency large signal model with distortions but with discontinuous — right

aligned SVM.
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Fig. 2-29 Low frequency large signal model and switching model comparison for phase
A input current of rectifier with discontinuous-RA SVM and distortions
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Chapter 3 SMALL-SIGNAL MODEL OF A VOLTAGE SOURCE INVERTER
(VSI) CONSIDERING THE DEAD-TIME EFFECT AND SPACE VECTOR

MODULATION TYPES

3.1. Introduction

This chapter presents a modified small-signal model of a voltage source inverter
(VSI) that captures model nonlinearities such as dead time and modulation effects that
were not presented in the literature. Small-signal models are low-frequency
approximations of the real switching model and are usually used for control and stability
studies. Stability analysis is important because most power electronics converters behave
as constant power loads that have negative impedance characteristics and can cause
instabilities [181], [172] and [135]. For ac converters, a key breakthrough was
accomplished by Belkhayat who employed the generalized Nyquist stability criterion
(GNC) to assess the stability of ac interfaces in the d-q frame [135]-[136]. This work was
used in this research along with an impedance measurement tool developed in [180] for
stability assessment of the VSI. The impedances were also derived analytically using the
conventional small-signal model known in literature showing a new missing damping
factor in VSI in the d-q axis. This damping factor was predicted to be due to the
nonlinearities of the model like the various types of modulation [72]-[73], the dead time
that is inevitable to prevent the shoot-through phenomenon [89]-[91], and the inherent
characteristics of the switching devices as the voltage drops, and the turn on/off time of
the switches. This chapter presents a modified small-signal model that captures these
model nonlinearities that were not presented in the literature. Previous research has
concentrated on developing compensation methods for these types of phenomena in a
switching model, but none actually derived an analytical model that can predict them. In

this chapter, the small-signal model of the VSI in literature is used, and the different
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phenomena are then incorporated into the model to get a complete model. In addition, the
output impedance of the VSI is derived with the modified small-signal model, compared

to the conventional one and validated with switching model and experimental results.

3.2. Proposed Voltage Source Inverter Average Model

Fig. 3-1 shows the circuit schematic of the voltage source inverter (VSI) model

considered in this study. It is fed from a dc voltage source of 170V and feeding a RL

A A
!

< 3

--{ swm }---
Controller j————
Fig. 3-1 Circuit schematic of VSI topology considered

load.

Vde

The converter phase-leg operation has been modeled up to now by the following set

of equations:

di,
LTthR:vph—vN Eqn 3-1
where i, (i,,1,,1.)and v (V,,Vg,V)is the phase current and voltage respectively

andV,, =S,V , where s (for ph =4, B, C) is the state of the ac switches (s,,= {+1,

0}), and v, is represented by:
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Y

VN = %(Va + Vb + Vc) = %[1,1,1 Vb = %[171)1]\7ph = %[lalal]gphvdc Eqn 3-2
Vv

c

By substituting Eqn 3-2 in Eqn 3-1, one can get the analytical representation for the

switching ideal VSI in abc-coordinates as:

di, 1 1 L R
I h — -
d—; :I(I _5 17191 )Sphvdc _tlph qu’l 3-3

Applying the moving average operator at the switching cycle period, the average model

of the VSI is obtained as:

@, 1 1| R
| h - =
d—: = _( I - g 17191 )d phvdc o I I ph Eqn 3-4

Eqn 3-4 needs to be modified so that it takes the effect of dead time into consideration.
The dead time is as introduced in the previous chapter, a blanking time used to avoid the
so-called shoot-through of the dc link. This time guarantees that both switches in an
inverter leg never conduct simultaneously. Having the dead time effect will result in new
duty ratios for each phase conducting and depend on current direction. In addition, dead
time takes effect at the turn-on and turn-off of the switches therefore it will change
depending on the modulation scheme. For example, when running with continuous space
vector modulation (SVM), the three phases are affected, but if using discontinuous SVM,
then only two of the three phases are changed. The following sections derive the

small-signal model for both cases and compare them.
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3.2.1. Continuous Space Vector Modulation (CSVM)

Fig. 2-10 shows the effect of dead time on phase A which is the same for phase B and C
since we are using continuous SVM for this case. The effect is shown for positive current
and the exact reverse occurs for negative current. Therefore, it can be represented by a

duty cycle error, as shown below:

d _ C? T dead
ph = Y phREF

sign(i ;) Eqn 3-5

N

Thus the state space model in Eqn 3-4 is modified to,

= LLI

di, 1 ” Tows =7 o Rz

d—:hzf(l -3 LLLD| d rer — fl_d sign(i ;) Vae = Ton Eqn 3-6
LLI )

abc >

Transforming the model into the d-q stationary frame by substituting 7~'X ag0 fOr X,

we obtain:
di: 1 b oo R 0 -@ 0 -
ddso :I 010 ddqovdc_tidqo_ o 0 0 'idqo
0 0O 0 0 0
cosat cos(a)t—gfr) cos(a)t+g7r) 2 ;1 ;1
3 3 3 3 3
L T \F —sinot —sin(a)t—gﬂ) —sin(a)t+g7r) (=L 2
LT, V3 3 3 3 3 3
1 1 1 -1 -1 2 Eqn 3-7
L V2 V2 V2 13 3 3]

cosat —sin wt

1

V2
. 2 2 . 2 1 |- |-
xsign| ,[—| cos(wt ——m) —-sin(at——m) — |, [V
g \/; ( 3 ) ( 3 ) \/5 dq0 |“dc

1

NG

cos(amt + % ) —sin(wt + %ﬂ')

cos wt —sin wt

where T‘lzg cos(wt—%fr) —Sin(a)t—%ﬂ')

- 5=

cos(wt + %ﬂ') —sin(at +§7r)
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This model is observed as time-variant, and cannot be converted directly to the d-g frame

due to the use of the sign( ) function; therefore, in this analysis the sign function is

approximated with its fundamental as:

cos ot — sin wt
sign \/g cos( wt — %7[) —sin( ot — %7[)
2 . 2
cos(wt +—rx) —sin(wt+—rx)
i 3 3
iy cos ot — qu sin wt
. - 2 - . 2
= sign| | iy cos(wt — gﬂ) — iy sin(@f — gﬂ')
- 2 - 2
iy cos(wt + Eﬂ) — i sin( wt + — 1)
I |
cos(wt + 0)
= sign| | cos( ot — %7[ +0)
cos( wt + 37[ +6)
i 3 |
cos(wt + 0)
4 2 .
~ —| | cos(wt ——m + 0) | |where sin 0 =
Vs 3
cos( wt + %ﬂ +0)

Ldqo

-5{-51-

1

—L—— cosf =

1/z_dz +i]

Eqgn 3-8

Substituting this back into Eqn 3-7, the average model in d-q frame is given as follows:

le | 1 00 2 0 - 0
dq0 — <
=—|0 1 0|dy0V4e ——igo0—|@ 0 0
dt i dg0Vdc i dq0
000 0o 0 O

iq
=2

=2

ld +l
_; _l Tdead 2‘/g i‘]
YT | TR
s if+i;
0

Eqn 3-9

By linearizing Eqn 3-9 around an operating point, the small-signal phase model with the

dead time effect equivalent circuit is shown in Fig. 3-2. The previous derivation was as

mentioned for the phase-to-neutral model of the VSI; however, the same procedure can
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be followed to get the line-to-line model of the modified VSI, and the equivalent circuit is

shown in Fig. 3-3.
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Fig. 3-2 Small-signal model with phase to neutral derivation,

dead time and continuous SVM
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Fig. 3-3 Small-signal model with line to line derivation, dead

time and continuous SVM.

53



3.2.2. Discontinuous Space Vector Modulation (DSVM)
For the discontinuous SVM, only two phases conduct in each sector. Fig. 2-6 shows one
example of a discontinuous SVM scheme, and Fig. 3-4 shows the sector divisions with

the current direction for each phase, which can be used to calculate the duty cycle error

due to dead time as shown in Table 3-1.
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Fig. 3-4 Sectors and current directions.

Table 3-1 Duty cycle errors due to dead time in each sector

Sector | Duty cycle error
Number
I Tdead . . Tdead . .
Ad, =0, Ady=— T sign(iy), Ad, =—T31gn(lc)
N s
I Ad,, =~ Tdead o ), Ady =~ Tdead gion(i,), Ad, =0
TS TS
1 Ad, = —%—“dsign(ia ), Ady =0, Ad.= —%—“dsign(ic)
Ty T
T T
v Ad, =0,Ad), =— dead sign(iy), Ad,. = — d;“d sign(i,.)
N s
v Ad, =— Tdead sign(i,), Ady =— Tdead sign(iy), Ad, =0
TS TS
VI T, T,
Ad,, :7%sign(ia), Ady =0, Ad, = 7%sign(ic )
N s
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Using Table 3-1, Eqn 3-10 can represent the VSI phase-to-neutral model with the effect

of dead time under discontinuous SVM:

d? 1 1 17151 1 7 ia ib R

i _ =

7’;” = Z([ -3 LLUD| d npr - ;ﬁ“" sign| i, |—sign| i, |||V, ~ 7 Eqn 3-10
LLI ’ I, I,

Using the same type of analysis as in the continuous SVM and approximating the sign ()
to its fundamental, the d-q frame model with DSVM (phase-to-neutral model) can be
given as in Eqn 3-11 which when linearized gives the equivalent small-signal model in

Fig. 3-5.

dl? . 1 00 R
dq0 — <
— = =—10 1 0dgovy ~7 ldgo

dt L 00 0

0 ~w 0] Voi, —2i, Eqn 3-11
- 0 0| ldqo—z'%‘ > '\/_l +‘\/_ld de

0O 0 0 s 272’1’ld+l

The same procedure can be followed to get the line-to-line model of the modified VSI
with the effect of dead time and under discontinuous SVM. Eqn 3-12 shows the equation

representing the d-q frame model:

= 0 - O
dld—qo L v RIT o 0 0 l:
dt 3L dg0Vdc — I dq0 dq0
0 0 O
7, -3, |
T2 T2
d Tlq Eqn 3-12

—— = | T Vuec
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Fig. 3-5 Small-signal model phase to neutral derivation, dead

time and discontinuous SVM.

3.3. Switching Model Results Comparison with Analytical

Derivation

3.3.1. Open loop VSI

To verity the proposed small-signal model, the line-to-line ac output impedance of the

open-loop VSI is calculated analytically in Eqn 3-13 and Eqn 3-14 for continuous and

discontinuous SVM, respectively.

zZ Z 3sL+ky,V, I} =30l —kyV, 1,1
qu()(S): dd dq — dT_dc_ q_ dT_dc_;’ q Eqn 313
Z, Z, 3wl -k, V,1 i, 3sL+k,V, 1,
zZ Z
quO(S):|:Zz:ji ZZZ:I
_ _ _ oy - Eqgn 3-14
| 3Lt kgr Vg \[2 443141, —3wL—deVdC(J§1§ +1,1 ) an
- 30)L—deI7dc id]_q —\/giqz 3SL+deI7dc I_C% —\/gl_dl_qj
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These results are compared to the simulated switching model as shown in Fig. 3-6 and
Fig. 3-7, showing a good matching with a small error that can be due to approximating
the sign () with its fundamental sine and also due to the losses across the switches and
diodes. The results are also compared to the conventional small-signal model which
doesn’t consider the effect of dead time or modulation. The conventional small-signal
model displays the characteristic of only the filter inductor in d-q frame. However, in the
switching model and the proposed small-signal model, we can see the impedance Z,, has
a significant magnitude increase at low frequency and is more resistive. Z;; also becomes

resistive at low frequency, but much less than Z,, does.
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Fig. 3-6 Output impedance of the VSI for the d-d channel.
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Fig. 3-7 Output impedance of the VSI for the g-q channel.

Impedance Extraction Technique

Several techniques are developed to measure the system impedances in d-q
coordinates [165]. The main idea is to inject a perturbation into the system and measure
the voltage and current response at the interface where the impedance is interesting. Then
the response data is post processed to extract the impedance at the interface. For this
research, the impedances are extracted from the simulation using the injection of shunt
current disturbances technique [182]. A sinusoidal perturbation current reference is
generated in d-q frame and then transferred into abc frame. The current reference is
passed to power amplifiers which inject current into the system between source and load.
The system voltage and both source and load sides currents waveform are recorded then
transferred into d-q frame. The same frequency as the perturbation reference are filtered
out and used to calculate system impedance at the perturbation frequency point. A
frequency sweep is used to get the impedance curve. The impedances at the injection

frequency are calculated by Eqn. 3-15 using the response data.
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Z, (j @, ) =

Z (j @, ) Zyy (j @, )} Eqn 3-15

de(ja) Z o

inj inj

|:Vd1 (] @i ) Va2 (J @,,; ):||:isd1 (J @,,; ) lya (] @,,; ):|1

vql .]a)[nj vq2 (J a)inj lsql ]a)inj lSqZ ]a)inj

3.4. Experimental Results

3.4.1. Setup

The same 2 kW prototype experiment used for the low frequency large signal
model validation is conducted here to verify the performance of the new developed
model. Fig. 2-21 shows the construction. A 6-pack IGBT IPMs from Fuji
(6MBP20RHO060) (600V, 20A) is used. The output inductance per phase is 600uH.
The control board is DSP-FPGA digital controller. The impedance analyzer is
injected in-between the source and load (between output inductance of the source
and the resistive load) and used to measure the output impedance of the source and

the input impedance of the load.

3.4.2. Validation

Fig. 3-8 shows the effect of dead time on the output impedance on the d and q channels.
The dead time is changed from 1pus to Sus with the same modulation scheme (DSVM for
this case), and the results show an increase in the q channel, as seen in the simulation
results. For this case, the converter /, is equal to zero which means converter is aligned to
d-axis and therefore, we only see the damping effect on the Z,, axis. However, this is not
true if the dq frame is aligned differently. Fig. 3-9 shows the effect of modulation scheme
by comparing the d and q channel output impedances with Sus dead time; once with
CSVM and other with DSVM. The results show the g-q channel to have nearly the same
impedance in both modulation cases however, the d-d impedance is lower for the DSVM.
This result is because of the lower switching losses in the DSVM due to being only four

commutations instead of six in the CSVM case as explained in the previous chapter.
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Fig. 3-9 Effect of modulation scheme on the output impedance of VSI.

Fig. 3-10 compares the results of the experimental measurement versus the analytical

small-signal model derived in this chapter and the low frequency large signal model

introduced in this work for the discontinuous space vector modulation (DSVM) type. It

can be seen that the error is in-between 2,3 dB and 6 degrees which is within the accuracy

measure of the equipment used to measure the impedance. As known the impedance in
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the dq frame will differ based on the alignment of the axes. It can be seen from the results
and the small-signal model derivation that when /, is zero which means the system is
aligned with the d-axis, there will be no damping on the d-axis and the impedance Z,, for
this case will be just the inductor and any resistive damping will come from the losses.
The small-signal model derived doesn't include the losses and therefore it shouldn't
predict any damping in the d-axis in this case. However, if /, is not equal to zero which
means the d and q axes are aligned differently, this will result in some reactive power and
its effect will be seen on all four impedances. For the results in Fig. 3-10 and Fig. 3-11,
there is some /, current and converter d-axis is aligned to the line to line voltage (V.),

therefore there is damping seen on both axes as predicted by the derived small-signal

model.
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Fig. 3-10 Output impedance of the VSI for the DSVM case comparison between LFLS model, analytical

small-signal and experimental result.
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Fig. 3-11 again compares the results of the experimental measurement versus the
analytical small-signal model derived in this chapter and the low frequency large signal

model introduced in this work but for the CSVM case.
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Fig. 3-11 Output impedance of the VSI for the CSVM case comparison between LFLS model, analytical

small-signal and experimental result.

3.4.3. Effect of controller

The previous section discussed the effect of the dead time and modulation type on the
open-loop VSI. However, it is important to see how these phenomena will influence the
inverter when a controller is added. This section shows the influence of these phenomena
on the inverter with current and voltage regulators added to the prototype. Fig. 3-12 and
Fig. 3-13 show the experimental measurement results for the output impedance of the
voltage source inverter with current regulator and with both current and voltage

regulators respectively. The dead time is changed from 1us to 3us to see its influence on
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the impedance measurement. The result shows the effect of dead time can still be seen as
in the open loop case in the increase of the Z,, impedance and since for this case, the Iq is
not zero (not unity power factor), the effect of dead time can also be seen on the Z,, axes.
However, in Fig. 3-13 when the voltage regulator is added, the influence of the dead time
is decreased dramatically. There is a much smaller change in the impedance than the
previous two cases. This can be explained as the dead time causes an output voltage error

so when voltage regulator is added, this can help in removing the effect of dead time.
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3.5. Conclusions
This chapter has presented a new small-signal model for voltage source inverters that
considers the effect of the dead time and the modulation scheme. It presented a
time-invariant model that could be easily converted into the synchronous d-g frame and
used for control and stability analysis. The model is compared to a detailed switching

model and to a 2kW experimental prototype.
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Chapter 4 MODELING VERIFICATION, VALIDATION, AND UNCERTAINTY

QUANTIFICATION FOR A TWO-LEVEL THREE-PHASE BOOST RECTIFIER

4.1. Introduction

VV&UQ are a formal set of procedures for assessing the predictive capability of
models in the computational sciences and engineering [183]. Verification assesses the
mathematical accuracy of a numerical solution to a given set of governing equations and
generally addresses sources of numerical error such as coding mistakes, round-off error,
and discretization error. Validation addresses the physical adequacy of the underlying
governing equations to describe the phenomenon of interest and must incorporate
comparisons to real-world observations (i.e., experimental data). Uncertainty
quantification estimates the effects of uncertainties in the system components (e.g.,
resistors, capacitors, inductors) and the system environment on the System Response
Quantities (SRQs, i.e., the system behavior one would like to predict).

The VV&UQ process thus provides a prediction of the SRQ along with an estimate of the
uncertainty in that prediction. At this point, an assessment can be made as to whether or
not the model is adequate for the intended use. When models are found to be inadequate
for the intended use, the VV&UQ process provides guidance as to how the model
prediction can be improved. For example, if the largest uncertainties are found in the
experimental data, then additional (possibly more sophisticated) experiments should be
conducted; however, if the largest uncertainties occur due to inherent uncertainties in the
system components or environment, then more stringent restrictions may be required (e.g.,
specifying that all inductors used in the component meet tighter uncertainty tolerances).

An overview of the VV&UQ process is presented in Fig. 4-1 . This figure shows the
definition of the system of interest and the prioritization of the VV&UQ activities (steps

1 and 2), the verification process (steps 3 and 5), the validation process (steps 4 and 6),
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and the uncertainty quantification process (step 7). It concludes with a decision on the
adequacy of model for the given application and documentation (steps 8 and 9). The goal
of this chapter is to apply this VV&UQ procedure to a number of different applications

for a boost rectifier. A brief discussion of these various steps follows.

Application | 4
of Interest

> Planning & Code Verification
Prioritization 2 & SQA 3a

!

> Design & Execution of
Validation Experiments 4

Solution |—> Evaluation of 5

Verification L» Validation Metrics

> Assessment of
Model Adequacy 6

‘ > Prediction &
Uncertainty Estimation 7

L Documentation

Fig. 4-1 Integrated view of the VV&UQ elements (adapted from [184]).
Fig. 4-2 shows the relationship between validation, calibration and prediction. Calibration
is the process of adjusting numerical or physical modeling parameters in the
computational model for the purpose of improving agreement with real-world data. It is
also known as: parameter estimation, model tuning or model updating. Calibration is
commonly conducted before validation activities. Prediction refers to a simulation result
for a specific case of interest that is different from cases that have been validated.
Therefore, computationally replicating a point in the validation database is not a

prediction. Validation should be viewed as a reproducible evidence of measurable
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agreement between computational and experimental results. Validation doesn't directly

make a claim about the accuracy of a prediction.

Update (Calibrate) Computational Model (if Needed)

Model

Computational | System Response
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| 1
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Improve/Add Experimental Measurements (if Needed)

Fig. 4-2 Relationship between validation, calibration and prediction (adapted from [184]).

This chapter discusses applying rigorous Verification, Validation, and Uncertainty

Quantification (VV&UQ) procedures to the modeling of a 2 kW two-level three-phase

boost rectifier shown in Fig. 4-3 operating under normal environment conditions;

specifically, 57.5 V ac, line frequency of 400 Hz, and ambient temperature of 25 °C.

Different system response quantities (SRQs) shall be predicted under these conditions,

namely the input current RMS value and THD (total harmonic distortion), the dc link

voltage average value and ripple, and the converter input and output impedances, Zggin

and Zgeoue respectively. The expected outcome is the improvement of the modeling

procedure for power electronics systems, and the full assessment of the boost rectifier

model predictive capabilities.
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® -V,

Fig. 4-3 Circuit schematic of the two-level boost rectifier under consideration.

4.2. General Approach

4.2.1. Modeling and Simulation Approach

For the physical modeling of the boost rectifier (see Fig. 4-3), three types of models are
used: an ideal average model, a nonlinear average model developed in this work (the
so-called low frequency large signal model) and the switching model which is a more
detailed one. The circuit simulator Saber from Synopsys is used for model

implementation.

4.2.2. Planning and Prioritization

One of the key issues in conducting the VV&UQ effort is how to prioritize the
activities for a given application. One approach for establishing priorities is the
Phenomenon Identification and Ranking Tables (PIRT) which is frequently used in the
nuclear power generation industry. To generate a PIRT one must first establish the
system of interest, the environment of interest, the various scenarios that could be
encountered, the SRQs that one wishes to predict with the simulation tool, and the
different physical phenomena that must be simulated (see Fig. 4-4). For our example, we
will take the boost rectifier as the system, normal operating conditions as the environment,

and scenarios of interest will be operating at normal and abnormal steady state conditions,
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and operating under normal and abnormal transient conditions. For a given scenario, one
then constructs a table with SRQs as the columns and pertinent physical phenomena as

the rows.

Table 4-1 and Table 4-2 shows the PIRT tables for the normal steady state and
transient scenarios defined above. The tables has different SRQs defined like THD (total
input current harmonic distortion), V ripple (the dc bus voltage ripple), V average (the dc
bus average voltage), and the converter input and output impedances, Zgqgin and Zgcout
respectively and the physical phenomena that would have to be simulated, namely the
steady state voltages and currents, the small-signal transfer functions, and time domain
transients. As observed, in each case, a ranking is assigned depending on how important
each physical phenomenon is to the prediction of each SRQ. When viewed as a whole,
these PIRTs provide guidance as to which physical phenomena are the most important in
predicting the system behavior in the scenario of interest; however, they do not address

the adequacy of the simulation code.

Environment
of interest
Scenario of Scenario of R Scenario of
interest 1 interest 2 interest m

Fig. 4-4 Diagram showing the relationship between system environments, system scenarios, and

system response quantities (SRQs) (from [183]).
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Table 4-1 Phenomenon Identification and Ranking Table (PIRT) for the Boost Rectifier in a Normal

Steady State Operating Environment

SRQ 3: SRQ 4: Vdc (dc SRQ 5: SRQ 6: SRQ7: SRQS8: SRQ 9: SRQ 10:

SRQ 1: Input link average Vdc Spectrum of 2o Zin Measure Converter
Physical THD of current rms value) (pk-pk individual EMI total
Phenomenon input SRQ 2: Spectrum value ripple) harmonics standard weight

current of individual (vdc)

harmonics
(Input current)

Steady state

i n
- P

voltages and

currents

Small-signal
transfer

function

Time domain
transients

= EEE

High Importance

Weight

estimation

Moderate Importance

Low Importance
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Table 4-2 Phenomenon Identification and Ranking Table (PIRT) for the boost rectifier in a normal
transient operating environment.

Physical Phenomenon SRQ 1: Dc link voltage [ SRQ 2: Input current time

time domain domain

Steady state voltages and

currents

Small-signal transfer

functions

Time domain transients

EMI

Weight estimation

High Importance
Moderate Importance
Low Importance

Once the physical phenomena have been ranked according to their importance to a given
SRQ, a gap analysis is used to determine the VV&UQ status of the computational
simulation code for each of the physical phenomena. Only the highest one or two levels
of importance from the PIRT are used to generate a gap analysis table for a given SRQ
for each computational simulation code to be used. For example, the gap analysis tables
for the most important SRQ’s are shown in Table 4-3 till 0. The gap analysis for the boost
rectifier is done using three different models: a) the switching model, b) the ideal average
model and c) the low frequency large signal (LFLS) model. Table 4-3 depicts the gap
analysis for the total input current harmonic distortion (THD) SRQ 1 and the spectrum of
individual harmonics (of input current) SRQ 2 respectively. Note that the ideal average

model does not contain the proper physics to predict the harmonic currents, while all
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models require additional validation assessments. This simple example provides an

indication of how the process can be used to prioritize the VV&UQ efforts.

Table 4-3 Gap Analysis Applied to the Total Input Current Harmonic Distortion (THD) SRQ 1and to
the Spectrum of Individual Harmonics (of input current) SRQ 2 for the Boost Rectifier in a normal

steady state operating environment.

a) Switching Model

Physical Phenomenon

Physics Modeling
(Switching Code Model Uncertainty
Model) Verification | Validation | Quantification

Steady state voltages and

currents

b) Ideal Average Model

Physical Phenomenon

Physics Modeling
(Switching Code Model Uncertainty
Model) Verification | Validation | Quantification

Steady state voltages and

currents

c) Low Frequency Large Signal (LFLS) Model

Physical Phenomenon

Physics Modeling
(Switching Code Model Uncertainty
Model) Verification | Validation | Quantification

Steady state voltages and

currents

Inadequate

Unknown
Adequate

72



Table 4-4 shows the gap analysis for the dc link voltage average value SRQ 4 and the dc

link pk-pk ripple SRQ 5 respectively. The three models compared are able to predict both

SRQ’s using the physics known but require additional validation assessments.

Table 4-4 Gap Analysis Applied to the Dc Link Voltage Average Value SRQ 4 and the Dc Link
Pk-pk Ripple SRQ 5 for the Boost Rectifier in a Normal Steady State Operating Environment.

a) Switching Model

Physics Modeling
(Switching Code Model Uncertainty
Physical Phenomenon Model) Verification | Validation | Quantification
Steady state voltages and
currents
b) Ideal Average Model
Physics Modeling
(Switching Code Model Uncertainty
Physical Phenomenon Model) Verification | Validation | Quantification
Steady state voltages and
currents
¢) Low Frequency Large Signal (LFLS) Model
Physics Modeling
(Switching Code Model Uncertainty
Physical Phenomenon Model) Verification | Validation | Quantification

Steady state voltages and

currents

Inadequate

Unknown
Adequate
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Table 4-5 and Table 4-6 show the gap analysis applied to the final important SRQ’s, the

output and input impedance SRQ 7 and 8 respectively. For this case of the boost rectifier,

the output impedance is just a dc impedance, obtained using the tdsa block in Saber and

therefore the code verification is unknown because we are not familiar with the inside of

the block. However, the input impedance for this case is the ac impedance which is

represented by the matrix of four impedances and is obtained using a developed method.

For that, the code verification for this case is adequate.

Table 4-5 Gap Analysis Applied to the Output Impedance (Z,) SRQ 7 for the Boost Rectifier in a
Normal Steady State Operating Environment.

a) Switching Model

Physics Modeling
(Switching Code Model Uncertainty
Physical Phenomenon Model) Verification | Validation [ Quantification
Small-signal transfer function I _ -
d) Ideal Average Model
Physics Modeling
(Switching Code Model Uncertainty
Physical Phenomenon Model) Verification | Validation | Quantification
Small-signal transfer function l _ -
e) Low Frequency Large Signal (LFLS) Model
Physics Modeling
(Switching Code Model Uncertainty
Physical Phenomenon Model) Verification | Validation | Quantification

Small-signal transfer function l

Unknown
Adequate

Inadequate
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Table 4-6 Gap Analysis Applied to the Input Impedance (Z;,) SRQ 8 for the Boost Rectifier in a

Normal Steady State Operating Environment.

a) Switching Model

Physics Modeling
(Switching Code Model Uncertainty
Physical Phenomenon Model) Verification | Validation [ Quantification
Small-signal transfer function I _
f) Ideal Average Model
Physics Modeling
(Switching Code Model Uncertainty
Physical Phenomenon Model) Verification | Validation | Quantification
Small-signal transfer function l _
g) Low Frequency Large Signal (LFLS) Model
Physics Modeling
(Switching Code Model Uncertainty
Physical Phenomenon Model) Verification | Validation | Quantification

Small-signal transfer function l

4.2.3. Code and Solution Verification

Unknown
Adequate

Inadequate

Verification addresses the mathematical accuracy of a given simulation relative to

the exact solution to the model, which is generally unknown. It is decomposed into two
distinct areas: code verification—ensuring that there are no mistakes (bugs) in the
computer code or inconsistencies in the numerical algorithm, and solution
verification—assessing the numerical errors that occur in every computational simulation.

Since the commercial simulation code SABER is used in this work, only limited code
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verification efforts can be conducted. The MAST language of SABER is used for most of
the model coding and is assumed to be similar for all models studied. For simulation of
power electronics systems, the two types of numerical errors that must be estimated are
roundoff errors—the errors due to the fact that only a finite number of significant figures
can be stored in memory, and discretization errors due to the replacement of temporal
derivatives with finite difference or finite element approximations. In this proposed work,
these numerical errors are considered small relative to the other sources of uncertainty in
the system.

However, the verification process will be addressed in a different manner for this
study. The author considered the switching model as the benchmark so it’s a verified and
a validated model and then the verification process can be applied to the low frequency
large signal model (LFLS) against the per cycle averaged switching model. Fig. 4-5
compares the input current for phase A for both switching and low frequency large signal
model for one line period. The left figure compares both models with a 1pus dead time and
the right figure with a 4us dead time. It can be seen that the LFLS model is capable of
predicting the harmonics distortion due to the dead time effect. The deviation percentage
between both waveforms is called based on the accuracy measure defined in Eqn. 2.7. As
mentioned previously this accuracy measure calculates the difference between both
models based on a point by point comparison and defines the error for one line cycle. For
this case in Fig. 4-5, the deviation between the switching and LFLS model is calculated

as o = 0.02 for the 1us dead time curve and o = 0.045 for the 4us dead time curve.
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Phase current for nominal case with 1us DT and switching and LFL S models Phase current comparison with 4us DT

LFLS model 10
= Switching model [{

= Switching model
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_1 0 1 1 I I
8L . s . s J 0.201 0.2015 0.202 0.2025
0.347 0.3475 0.348 0.3485 0.349 Time (s)

Time (s)

0.203

Fig. 4-5 Comparison between the switching and LFLS model input phase current for nominal case

4.2.4. Model Validation

Model validation entails a quantitative comparison between the simulation predictions
and experimental data. Ideally, the experimental data will come directly from an
experiment conducted for the purpose of validating the model, i.e., a validation
experiment. Validation experiments can be conducted at varying levels of system
complexity as shown in Fig. 4-6. At the complete system level, the actual working system
is employed; however, due to the complexity of the system only a few SRQs can be
measured and the uncertainties in these measurements are not well characterized. In
addition, complete system level experiments often do not provide accurate measurements
of the system environment which are needed to run the simulations. Conversely, unit
problems are relatively simple problems involving a single physical phenomenon in
which both the SRQs and the system environment can be extremely well characterized.
Once the validation data has been obtained, simulations should be conducted in such a
manner that only the inputs to the model are known, thus allowing the SRQs to be true
predictions (i.e., a blind comparison) as shown in the validation chart in Fig. 4-7. The
ultimate goal of the model validation step is to estimate the uncertainty due to the choice

of the model, or the model form uncertainty.
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Complete System

Subsystem Cases

Benchmark Cases

Unit Problems

Fig. 4-6 Schematic of the validation hierarchy (from [185]).

Since the boost rectifier is actually a component of the full aircraft electrical power
system, experiments using the boost rectifier can be considered to be at the subsystem
level. Accordingly, the validation experiments planned in support of the boost rectifier
will occur at the subsystem, benchmark, and unit problem levels. The selection of these
experiments is guided by the planning and prioritization work discussed earlier. As a way
to illustrate this process, the following discussion presents the prospective tests to be
conducted with the boost rectifier.
Subsystem level: at this level the boost rectifier is treated as a standalone unit, with
access to its input and output terminals only. The tests that can be conducted are thus
limited, yet fully characterize the impact of the converter at the system level. A
prospective list of tests is:

- Total input current harmonic distortion (THD)

- Input current harmonic spectrum

- Regulation under unbalanced voltage supply

- Synchronous d-q frame input impedance

- Dc voltage peak-to-peak ripple

- Dc voltage harmonic spectrum

- Output impedance
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- Dc voltage and current regulation under voltage supply changes

- Dc voltage and current regulation under line frequency changes
Benchmark level: at this level the boost rectifier can be analyzed in terms of its
subsystems allowing for a more complete and easier characterization of its operation. The
tests in consequence can be set up using better instrumentation taking advantage of a
better accessibility. A prospective list of subsystems and their corresponding tests is:

- Input filter: conducted differential- and common-mode noise, coupling between
the differential- and common-mode paths, insertion impedance, temperature rise,
etc.

- Power stage: input current THD and harmonic spectrum, bare differential- and
common-mode noise measurement, current unbalance under unbalance supply
conditions, dc voltage regulation, output impedance, synchronous frame input
impedance, etc.

Unit problem level: This is the piece-wise level where detailed measurements and
experiments with complete instrumentation are possible in order to model the different
unit-components of the boost rectifier. A prospective list of units and their corresponding
tests is:

- Inductors: measurement of equivalent series resistances (ESR), measurement of
parasitic inter-winding capacitances, measurement and quantification of
parameter variation under different operating temperature, etc.

- Capacitors: measurement of capacitance, measurement of ESR, measurement of
leakage currents, measurements of equivalent series inductance (ESL),
measurement and quantification of parameter variation under different operating
temperature, etc.

- Power stage: measurement and characterization of the converter printed circuit

board (PCB) under double-pulse test conditions, determining per converter
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phase-leg the turn-on and turn-off times of the active switches (MOSFETs),
current overshoot and ringing and voltage overshoot and ringing during turn-on
and turn-off commutations, measurement of parasitic inductance, capacitance and
resistance of the converter PCB, measurement and characterization of the
parasitic capacitances of the semiconductor devices, measurement of the parasitic
inductance of semiconductor packages (TO-220), etc.

- QGate drive: measurement of voltage and current transients of the gate-source loop
of the gate drive in case physics-based semiconductors models are used instead of
ideal switches to model the boost rectifier.

- Control system: characterization and measurement of current sensors and
corresponding  analog-to-digital (A/D) converters, characterization and
measurement of voltage sensors and corresponding analog-to-digital (A/D)
converters, measurement of the digital delay introduced by the digital control

system, etc.

Define the operating space
2kW, 60V RMS ac, 4 A RMS line frequency

Look at the reduced . 0f 400 Hz, RL load J
subset of cases defined
N\ =
I —
Bouncarles 3 - :
. Simulation Results
and Sathegexpaiinenialdata Average & switching model
neminal
Calculated by :
Define Error margin our defined Define Error margin
™ deviation + )
norm
improvo simulation
model
e:rr:ep:?;:n?;la:ac:a No — T No (Example: Add filters.
! 2 :
Repeat the results 3 times ﬂqme/ if:: ::;?ﬁi’::r?
and take average tolerance missing to
Yes match real hardware)

Model Validated

Fig. 4-7 Validation Flow Chart

80



Uncertainty Quantification

In addition to the uncertainties associated with the different physical parameters of a
power converter—the tolerance of components expressed in percentages, there are also
uncertainties associated with the measurements, the model structure, and numerical errors.
There are additionally inherent uncertainties of the system that must be taken into
consideration, for instance, the frequency of the electrical network, its voltage regulation
range, its level of unbalance between phases, of dc offset, the load demand (active power
consumption), the ambient temperature, etc. The effects of all these uncertainties on the

SRQs are generally estimated by propagating them through the simulation model.

Environment
of inferest
| Scenario 1 Seenarig 2 | = » | Seenario m
/ System response

Uncertain Input Quantities p . quantities of interest
System; >

* Gromelry g . »

+ Initial Conditions = Model given h!_l' —

* Fhyaical Modeling Paramseiers - ayatem of PDE's _‘-
Surroundings: - and sub-models —

* Bouwndary Canditicns - J_..-

+Eysiom Excitation - "

A [
ropagation of Input
uncertalnties through the model,

plus model uncertainty

Fig. 4-8 Approach for propagating uncertainty through a simulation tool (from [183]).

Predictive Capability

Assessment of the predictive capability of a given model should account for all of the
possible sources of uncertainty in the simulation prediction discussed above. In addition,
the uncertainty in the prediction must necessarily increase when the model is applied
outside of the validation domain. While many contributors to uncertainty follow a normal
distribution, an important exception is the model form uncertainty, where the uncertainty
is due to a lack of knowledge (i.e., epistemic uncertainty). The presence of both random
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errors and epistemic uncertainty generally requires the use of Monte Carlo sampling, as

depicted in Fig. 4-8.

4.2.5. Model Validation Tests Examples and Results

Subsystem Level Tests: Nominal case and predicting the different SRQ’s

As mentioned in the previous section, at this level the boost rectifier is treated as a
standalone unit, with access to its input and output terminals only. From the list of tests

defined previously, the ones chosen to study for this case are:

Total input current harmonic distortion (THD)

- Input current harmonic spectrum

- Synchronous d-q frame input impedance

- Dc voltage peak-to-peak ripple

- Output impedance

- Dc voltage and current regulation under voltage supply changes
This section will discuss the different validation cases applied to the two-level boost
rectifier in order to predict the system SRQ’s defined during the PIRT process. For the
subsystem level tests, the boost rectifier is tested running under normal conditions: At
57.5V rms input ac voltage and regulating the dc bus to 270V dc with 400Hz line
frequency and 20kHz switching frequency and under transient operation. These different
environments are defined based on the power quality (PQ) and DO-160 standards. These
standards are requirements defined by the industry (for this case aircraft manufactures)
for the hardware delivered to them to meet. For purpose of validation, we propose the
models need to also meet these requirements and if it failed then the hardware prototype
has to fail also. Under these tests and requirements, the different SRQ’s will be measured

and the procedure defined in previous section will be followed.
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a) Normal steady state operation environment:

Fig. 4-9 and Fig. 4-10 shows the results for the time domain analysis and frequency
characteristics of the input phase current respectively. The figure compares the switching
model, LFLS model to the experimental prototype. From these two figures, two of the
SRQ’s can be predicted, the input current harmonics (SRQ1: THD) and SRQ 2 which is
the individual harmonics spectrum. The total harmonic distortion (THD) is calculated till
half the switching frequency for each model and given as shown on Fig. 4-9 where the

results shows less than 0.5% error between the models.

Phase B current for nominal case with 1usDT

6L | T LFLS model |
= Switching model

4 Experimental
E‘ 2 THDLFLS = 287%
g o
E THDs.. =2.67%
(5]

-2 4

THD:, =3.09%

6|

0.346  0.3465  0.347  0.3475  0.348
Time (s)
Fig. 4-9 Phase B input ac current for nominal case for switching model, LFLS model and the
experimental prototype.
For the SRQ 2: individual harmonics spectrum, the limit for which the harmonics can’t
exceed is defined from the power quality standards as shown in Fig. 4-11. Table 4-7
shows the actual values for each harmonic for the different models and experimental
prototype that are also presented by the black lines in Fig. 4-10. It can be seen that on the
low even harmonics (2™, 4™ and 6™), both models and experimental prototype violate the

standards which is a good sign for validation since when the model is bad, the prototype
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is also bad. In order to quantify the error more, the deviation accuracy measure defined in
Eqn. 2.7 is used to calculate the error based on the 5™ harmonic which for this case has
the largest difference. The deviation between the experimental prototype and the
switching model is given as: o« =0.416 and the deviation between the experimental
prototype and the LFLS model is given as: 0 o 1ns = 0.645. This shows that the converter
model needs more improvement from that aspect. There are some explanations for this
mismatch; however, more investigation needs to be done for this point. From these
reasons is the effect of the source and how good is it. The model used ideal voltage
source and didn’t consider the output impedance of the source, however as we saw from
Fig. 2-22, by using different ac sources, we can get very different currents and harmonics.
Another reason can be the uncertainty in the dead time. There can be some delays that are

missing in the models and would cause these distortions.

Frequency characteristics for nominal case with 1us DT
04 T . . ;

= LFLS model
0.351 = Switching model 1

0.3} = Experimental prototype

/PQ Standard Limit

Current (A)
o
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N &)

e
—
(8]
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0.1
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0 | S AN
0 2000 4000 6000 8000 10000

Frequency (Hz)

Fig. 4-10 The frequency characteristics of the phase input current for nominal case for switching

model, LFLS model and the experimental prototype.
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Harmonic Order

Limits

3, 5" 7" I,=0.021;
Odd Triplen Harmonics I,=0.11;/h
(h=9,15,21,...39)

1 0.1,

13" 0.081,
Odd Non Triplen Harmonies 17, 19 0.041;
Odd Non Triplen Harmonics 23, 25 0.031,
Odd Non Triplen Harmonics 29, 31, 35, 37 I,=03I;/h

Even Harmonics 2 and 4

I,=0011) /h

Even Harmonics > 4
(h=6.8, 10. ..., 40)

I, = 0.0025 I

Fig. 4-11 Limits for the current harmonics from PQ standards.

85



Table 4-7 Complete Harmonic Analysis for Switching, LFLS Models and Experimental Prototype.

Experimental Switching LFLS
Prototype Model Model

0.06985 ‘ 0.05996 “

0.01097 ‘ 0.02037

Harmonic

PQ Limit

Number

0.08671

[ oo
| oo
| o
| e
| o
| oo
[ o

2 (800 Hz) 0.02518

3 (1200 Hz) 0.10072
5 (2000 Hz) 0.10072
‘ 9 (3600 Hz) 0.0559
! 10 (4000 Hz) 0.01259
‘ 13 (5200 Hz) 0.40288
m 0.01259

0.03541

0.03071

0.0009803 m
0.05901 0.03597
0.007382 ‘ 0.02228 |
0.0001872 0.004102
0.0002367 m
0.01378 ‘ 0.02222 |
0.0004123 m
0.000328 m
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0.10092

0.006024

0.06448

0.004538

0.007445

0.005846

0.01054

Y
133330033330000

0.001166

0.01093

0.0004962

0.004216

0.004178

e




17 (6800 Hz) I 0.007894 0.0178 ‘ 0.02734 \

18 (7200 Hz) 0.00165 ‘ 0.0001584 0.01036

19 (7600 Hz) 0.008948 ‘ 0.01484 0.03143
20 (8000 Hz) 0.004572 ‘ 0.0032 0.004572

The other important system response quantities (SRQ’s) that was discussed earlier in the

PIRT stage are SRQ 4: dc link voltage average value and SRQ 5:Pk-pk differential dc
link voltage ripple. Fig. 4-12 shows the results for comparing the dc link voltage for the
switching and LFLS model versus the experimental prototype. As can be seen from Fig.
4-12, the average dc link voltage value is 269.92V for the LFLS model, 269.91V for the
switching model and 269.9V for the experimental prototype. Therefore if calculated the
error for this SRQ, it can be seen that the error between the experimental and switching
model is Errorg,ysw=0.0037% and the error between the experimental prototype and the

LFLS model is Errorgyprris=0.0074%.
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Fig. 4-12 Dc link voltage comparison for nominal case and the zoomed version.

87



For the differential voltage ripple system response quantity (SRQ 5), the LFLS model
ripple voltage is found to be 0.015V, the switching model is 0.065V and the experimental
prototype is 0.12V which means the model can’t predict this SRQ accurately since the
error between the experimental prototype and the switching model is about 45.8% and
between the experimental prototype and the low frequency large signal model (LFLS) is
87.5%. This can be due to the different sampling in the oscilloscope versus the model, the
time step of the simulation and the amount of data points saved.

Finally, the last two SRQ’s studied for the normal steady state operating conditions are
the input and output impedance. For this case (two-level boost rectifier), Fig. 4-13 shows
the experimental setup and where the impedance analyzer that is used to measure the ac
impedance is injected. For the dc impedance, the tool is injected the same way but on the

dc side.

6-pack IGBT IPMs from Fuji (6MBP30RH060) (600V, 30A)

nects to R load of 15Q

Fig. 4-13 Experimental setup for impedance measurement
The output impedance of the boost rectifier is dc impedance and Fig. 4-14 shows the

comparison between the measurement results and the two models. It can be seen that the
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low frequencies can be predicted well and for this case it is representing the dc output
capacitor of the system which is equal to 520uF. However, there are some mismatches at
the high frequencies which are not shown in Fig. 4-14 and this is because of using wires
in the real experiment which are not modeled in the simulation. It is seen from the

experimental result that the wires are equal to around 15uH.

Zdc LFLS model
40 —— Zdc Measurment

201 —— Zdc Swit model

Magnitude (dB)
(=]

Fhase (deqg)
o

10° 10 10°

Fraquency (radisec)

Fig. 4-14 Output impedance of the two-level boost rectifier comparison

The input impedance of the two-level boost rectifier is ac impedance as discussed in

Zy qu
Z Z |

chapter 3 and is represented in the dq frame by a matrix as follows: [Z ]dq :[
qd 99
Fig. 4-15 shows the input impedance for the switching, LFLS model and for the
experimental prototype. It can be seen that the error is in 2-3dB which is within the
equipment measurement error. If we analyzed the results, it can be seen that the
beginning is the effect of the voltage loop where the phase is going to -180 degrees then
the effect of the current controller till 500Hz which is the bandwidth of the controller and

finally the resonance is due to the EMI filter with the boost inductance. Fig. 4-16
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compares the full model impedance measurement with the impedance simulated if there
is no EMI filter. This is to prove that the resonance in Fig. 4-15 is coming from the EMI

filter resonating with the boost inductor.
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Fig. 4-15 Input impedance of the two-level boost rectifier comparison
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Fig. 4-16 Input impedance of the two-level boost rectifier comparing the full measurement with the

simulation with no EMI filter.
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The capacitance and inductance value can also be calculated from the slopes and it is
found to be 1uF which is equal to the differential capacitor in the filter. Fig. 4-17
compares the effect of the current bandwidth and it can be seen that when the current

loop bandwidth is increased from 500 Hz to 1300 Hz, the impedance is also higher.
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Fig. 4-17 Input impedance of the two-level boost rectifier comparing two current loop bandwidth

a) Normal transient operation environment:

Following the PIRT approach, there are two environments defined, the normal and
abnormal steady state operation and normal and abnormal transient operation. This
section will discuss the validation tests that were applied to the boost rectifier under the
transient environment. From Table 4-2, it can be seen that the important physical
phenomenon is the time domain transient and the 2 SRQ’s are dc link voltage and input
current time domain performance. There are different transient’s tests that are defined

using the PQ standards like voltage transients, frequency transients and load transients.
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Voltage transient:

Fig. 4-18 shows an example from the transient validation cases. For this case, the boost
rectifier is operated for five minutes with an ac input voltage of 57.5 V rms at equipment
terminals, then the voltage is cycled three times as follows: the voltage is increased to
75V rms, in less than 1ms, and the rectifier is operated for 30ms. Then the voltage is
returned to 57.5V rms, in less than 1ms, and operated under normal conditions for five
seconds. The voltage is then decreased to 35V rms, in less than Ims, and operated for
30ms. Finally, the voltage is returned to 57.5 V rms, in less than 1ms, and operated under

normal conditions for five seconds.

30ms

>

75Vrms
57.5Vrms |
35Vrms

Fig. 4-18 Normal voltage transient from the PQ quality standards
Fig. 4-19 shows phase A voltage when the voltage transient pattern defined in Fig. 4-18
is applied to it. As a consequence of applying this voltage transient, the ac input current is
changed as seen in Fig. 4-20 till it regulated back to its nominal value. Fig. 4-20 shows
the response of both switching and LFLS models in addition to the experimental
prototype. It can be seen from the time domain analysis that the models can predict the
transient response as close to the experimental one. However, it is hard to predict the
error percentage from looking at the waveform in Fig. 4-20. Therefore, in order to have a
more accurate measurement, the moving rms of the phase current is calculated for both
models and experimental prototype and compared. It can be seen from Fig. 4-21 that all

of them can meet the power quality standards defined by the black curve. The power
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quality standards states that when the voltage step is applied the current cannot exceed

150% of the nominal value and have to be able to go back to 125% of the nominal value

after 100us from the start of the transient. The system can then stay at 125% of the

nominal value for 1.5s then has to go back to the normal operation. The percentage error

is calculated based on the maximum deviated point and this is found at time is equal to

0.416s. The error between the experimental prototype and the models at this point is

around 9%.

Ac phase voltage transient applied

T T — i Model
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Fig. 4-19 Ac voltage with the step up voltage transient

from 57.5V rms to 75V rms
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Fig. 4-20 Resultant phase current to the step up

voltage transient from 57.5V rms to 75 V rms
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The moving RMS for phase current A under a voltage transient
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Fig. 4-21 Moving RMS for phase current under the step up voltage transient from 57.5V rms to 75 V rms
Fig. 4-22 shows the other part of the transient pattern shown in Fig. 4-18 where the
voltage changes from 35 V rms to 57.5V rms. It can be seen that the resultant phase
current doesn’t go to steady state which means the settling time is much longer than the

30ms duration of the transient. However, for validation purposes, this is a good case

Voltage transient by applying step from 35V rms to 57V rms
T T T T T T Phase curent under a voltage transient by applying step from 35V rms to 57V rms

B0} | —— Switching model 4 T T T T —— Switching model
— Experimental prototype | Experimental prototype
60 |— LFLS model - 10F f —— LFLS model
401 o
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20
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& o
£ o
2 20
-40 5
60} v B
4D 1017 1
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0.72 0.725 0.73 0.735 0.74 0.745 ) ) ) . ) ) )
Time (s) 0.715 0.72 0.725 0.73 0.735 0.74 0.745
Time (s)
Fig. 4-22 Ac voltage with the step from 35V rms to Fig. 4-23 Resultant phase current to the step in
57.5V rms voltage from 35 V rms to 57.5V rms
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Input RMS current moving average
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Fig. 4-24 Moving RMS for phase current under a voltage step from 35 V rms to 57.5V rms
where it shows that the experimental prototype settling time and that of the models is the
same which shows that the controller performance in both models and experiment is
close. The percentage error is again calculated based on the maximum deviated point and
this is found at time is equal to 0.733s which is the point where the voltage is stepped.
The error between the experimental prototype and the models at this point is around 2%.
The second important SRQ during transient is the dc link voltage time domain
performance. Fig. 4-25 shows the dc link voltage response under normal operation
voltage transient. The power quality limit is defined by the two black lines where it can
be seen that the dc link voltage meets the requirements during the step up of the voltage
but violates the standard during the step down and this is the same conclusion that was
found from the current waveform which is not settled. This shows the performance of the
controller and how it is slow and it also shows how the model predicts well the correct
performance. Fig. 4-26 and Fig. 4-27 shows the zoomed version of the dc link voltage
under the step up and down voltage transient respectively. It can be seen that models and

prototype matches pretty well and that the error doesn’t exceed 0.5%.

95



Dc link voltage under normal operation voltage transient
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Fig. 4-25 Dc Link voltage response during the ac voltage transient
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Dc Link Voltage under an input voltage transient from 35 V rms to 57 V rms
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Boundaries and Uncertainty Quantification Cases:

Fig. 4-27 Dc link voltage to the step in voltage from 35V rms

As mentioned in the previous section, for each environment and scenarios there are some

uncertain input quantities that need to be considered for a complete validation process.
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These uncertainties as discussed come from either physical parameters of the power
converter or from the surroundings as the operating conditions and the boundaries of the
system operation. This section will give different case examples for the converter

surroundings and how the models are validated.

Case 1: Converter operating at maximum allowed input voltage (61Vrms)

This case shows the model ability to work under the full range of input voltages defined
by the power quality standards. From the PQ standards, the nominal voltage applied to
the converter should be increased to the maximum allowed voltage which for this case is
61 Vrms. The converter is then required to regulate the input current and the dc voltage
and perform normally under these conditions. Therefore, the operating conditions are
compared for the different models and experimental prototype and validated against the
power quality standard requirements.

Phase current for case with Vrms=61V and line frequency=400 Hz
8 T T T T T

= LFLS model
|| = Switching model
Experimental prototype

Current (A)

0.296 0.2965 0.297 0.2975 0.298

Time (s)

Fig. 4-28 Phase current with 61Vrms ac voltage applied and line frequency = 400Hz
Fig. 4-28 shows the input current response to the increase in the input voltage. It can be
seen that the converter is able to regulate the current to its nominal value. As a

comparison point between the different models and experimental prototype, the input
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current rms value is calculated for each of them and a percentage error is found. It can be
seen that the input current rms value for the LFLS model is 4.631 A rms, switching
model is 4.7489 A rms and the experimental prototype is 4.79349 A rms. The percentage
error calculated based on these value shows an error of 3.38% between the experimental
prototype and the LFLS model and 0.93% between the switching model and the
experimental prototype. The other system response quantity to look at is the regulated dc
link voltage. Fig. 4-29 shows the dc bus voltage regulated to 270 V. The average dc link
voltage is calculated as the measurement performance measure. According to the power
quality standards, the dc link voltage is required to stay between 250 V and 320 V and the
peak to peak ripple shouldn’t exceed 16 V. For this case, it can be seen that the average
dc link voltage for the LFLS model is 269.575V, for the switching model is 269.58V and
for the experimental prototype is 269.56V. Therefore, if the percentage error is
calculated, we can find an error of 0.0056% between the experimental prototype and
LFLS model and 0.0074% error between the switching model and the experimental
prototype. For the peak to peak differential voltage ripple, it is found to be 0.004V for the
LFLS model, 0.05V for the switching model and 0.09V for the experimental prototype. It
can be seen that both models can hardly predict the exact voltage ripple as there is a 94%
error between the experimental result and LFLS model and 44.4% error with the

switching model.

98



Dc link voltage for case with Vac=61V rms and line frequency f=400Hz
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Fig. 4-29 Dc link voltage with 61Vrms ac voltage applied and line frequency = 400Hz

Case 2: Converter operating at different line frequency (f=800 Hz)

Another uncertain quantity of the boundary conditions is the frequency of the system.
The converter studied is capable of working under all line frequencies in the range of
360Hz to 800Hz. This case discusses the performance of the boost rectifier under the
maximum line frequency (800 Hz). The same analysis is done as the previous case where
both the input current rms value and the average dc link voltage SRQ’s are predicted. Fig.
4-30 shows the input current response to the change in frequency. It can be seen that the
converter is able to regulate the current to its nominal value. As a comparison point
between the different models and experimental prototype, the input current rms value is
calculated for each of them and a percentage error is found. It can be seen that the input
current rms value for the LFLS model is 4.8571 A rms, switching model is 4.858 A rms
and the experimental prototype is 4.7913 A rms. The percentage error calculated based
on these value shows an error of 1.373% between the experimental prototype and the

LFLS model and 1.37% between the switching model and the experimental prototype.
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Phase current for case with 61Vrms and line frequency f=800Hz
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Fig. 4-30 Phase current with 61Vrms ac voltage applied and line frequency = 800Hz

The other system response quantity to investigate is the regulated dc link voltage. Fig.
4-31 shows the dc bus voltage regulated to 270 V. The average dc link voltage is
calculated as the measurement performance measure. According to the power quality
standards as mentioned in the previous case, the dc link voltage is required to stay
between 250 V and 320 V and the peak to peak ripple shouldn’t exceed 16 V. For this
case, it can be seen that the average dc link voltage for the LFLS model is 269.55V, for
the switching model is 269.54V and for the experimental prototype is 269.535V.
Therefore, if the percentage error is calculated, we can find an error of 0.0055% between
the experimental prototype and LFLS model and 0.0018% error between the switching
model and the experimental prototype. For the peak to peak differential voltage ripple, it
is found to be 0.02V for the LFLS model, 0.06V for the switching model and 0.09V for
the experimental prototype. It can be seen that both models can hardly predict the exact
voltage ripple as there is a 77.7% error between the experimental result and LFLS model

and 33% error with the switching model.
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Dc link voltage for case with 61Vrms and line frequency f=800Hz
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Fig. 4-31 Dc link voltage with 61Vrms ac voltage applied and line frequency = 800Hz

Case 3: Converter operating under normal operating conditions with 4us dead time:
One of the main features of the low frequency large signal (LFLS) model as
described in the previous chapters is that it can predict the low frequency harmonics due
to dead time and non-linearities in the system. Therefore, it is important to study this case
as part of the validation tests. For this case, the converter is operating under normal
conditions with a 4us dead time. Fig. 4-32 depicts the phase current for the three different
models, the ideal average model that is not capable of predicting any harmonics (just the
fundamental frequency), the LFLS and switching models with harmonics and the
experimental prototype. The first SRQ to predict is the input current rms value and for
this case, the rms value for the tdeal average model is 5.035A rms, for the LFLS model is
5.026 A rms, for the switching model is 5.045 A rms and the experimental prototype is
5.0346 A rms. The percentage error calculated based on these value shows an error of
0.206% between the experimental prototype and the switching model, 0.17% between the

LFLS model and the experimental prototype and 0.079% between the experimental
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prototype and the ideal average model. One can conclude from that the ability of all types

of models to predict the rms value.

Phase current comparison with 4us deadtime
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Fig. 4-32 Phase current for nominal condition with 4us dead time

The other SRQ that is important to predict especially for this case is the total harmonic
distortion. The harmonics analysis is done till half the switching frequency and each
harmonic is compared to the power quality limit defined in Fig. 4-11. The total harmonic
distortion for the low frequency large signal model is calculated as, THD.ns =4.91% , for
the switching model as, THDs.=5.1% and for the experimental prototype to be
THD:, =5.6% . It can be seen that the THD increased around 2% by adding the dead time
of 4us and that both models could predict the correct harmonics like the experiment. Fig.
4-33 depicts the frequency spectrum for phase current with the 4us dead time. It can be
seen that the largest discrepancies is in the 5%, 7™ and 11™ harmonics. The deviation
accuracy measure defined in Eqn. 2.7 is calculated for the 5" harmonic for both models

and experimental prototype and it is found to be around o ey =0.089 between the
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experimental and the switching model and around o s =0.087 between the

experimental and low frequency large signal model.

Frequency spectrum for phase current with 4usDT
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Fig. 4-33 Phase current frequency spectrum for nominal condition with 4us dead time

The other system response quantity to investigate is the regulated dc link voltage. Fig.
4-34 shows the dc bus voltage regulated to 270 V. The average dc link voltage is
calculated as the measurement performance measure. According to the power quality
standards as mentioned in the previous cases, the dc link voltage is required to stay
between 250 V and 320 V and the peak to peak ripple shouldn’t exceed 16 V. For this
case, it can be seen that the average dc link voltage for the LFLS model is 269.48V, for
the switching model is 269.5V and for the experimental prototype is 269.49V. Therefore,
if the percentage error is calculated, we can find an error of 0.00371% between the
experimental prototype and LFLS model and 0.003% error between the switching model
and the experimental prototype. For the peak to peak differential voltage ripple, it is
found to be 0.02V for the LFLS model, 0.055V for the switching model and 0.1V for the

experimental prototype. It can be seen that both models can hardly predict the exact
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voltage ripple as there is a 80% error between the experimental result and LFLS model

and 45% error with the switching model.
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Fig. 4-34 Dc link voltage for nominal condition with 4pus dead time

4.3. Conclusion

This chapter gave a complete validation process applied to a power electronics
converter. It first presented a literature review on the VV&UQ processes both within
the power electronics area and in related disciplines, e.g., mechanical engineering
and aerospace engineering. A two-level boost rectifier was taken as an example to
apply the VV&UQ processes on. The rectifier was modeled in Saber, where
switching, average and LFLS model are developed. Then an experimental prototype,
including power stage, input filter, power supply and load is developed. The
planning and prioritization task came next where the phenomenon identification and
ranking tables (PIRT) and gap analysis tables are developed for the different
environments and scenarios. The different models were then verified against each
other then experiments were conducted to provide validation data for the simulation

tool. These experiments include simple unit-level experiments as well as the full
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rectifier system. In addition, the validation space is designed so as to capture in the
best possible way the intrinsic operation of the converter subsystems, e.g., input
voltage level, ac supply frequency, load level, controls bandwidth etc. With all these

steps completed, the validation process should be done.
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Chapter 5 SYSTEM MODELING AND PERFORMANCE EVALUATION

5.1. Introduction — System Description

The power system under study combines different types of components. The different
components are modeled in the stand-alone operation and then interconnected to study
the interaction of the different models together. The object of this chapter is to present the
power system and provide a description of the models of the main components. It will
then propose a different modeling methodology where it combines switching model with
low frequency large signal (LFLS) models and describe the main modeling requirements.
Fig. 5-1 shows the circuit schematic of the system under analysis with all the power

ratings of the components.
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Fig. 5-1 Schematic of a hybrid ac/dc power system used for the study.

The system consists of a three-phase, synchronous machine generator power source

with variable speed and remote regulation. It consists of a single machine that is
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represented in the d-g-0 synchronous reference [174]-[176]. This source is feeding

multiple ac-dc and ac-to-ac power electronic loads. The main loads that will be discussed

in this chapter are the multi-pulse transformer rectifier (MPTR) [177], comprised of a

transformer and directly paralleled three-phase diode bridges as shown in the left of Fig.

5-2, three phase active rectifier (3®AR) in Fig. 5-3, and single-phase active rectifiers

(1DAR).
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5.2. Proposed Modeling Methodology

The power system under study combines different types of components which can
make the system complicated and very hard to simulate and analyze. Therefore we had to
come up with a different methodology that would allow us to study the system but with
much simplified but accurate models. The different components of the new system are
average and low frequency large signal circuit-based models modeled in the stand-alone
operation and then interconnected in the circuit simulator (Saber) to analyze the system
performance and to study the interaction of the different models together. The terminal
characteristics of the models reflect the real detailed model. However, the inside of the
model can be a simplified version, with or without detailed control or a sophisticated one
depending on the application the system will be used in.

Connecting the subsystems can become an issue especially when the model terminal
and inside characteristics are different and transformations are required. For example,
some models are designed in dq coordinates, however, the outside terminals are in abc
coordinates and this would require measuring the voltages and current fed into the model
in line-line order to avoid any ground connections, which usually creates numerical
convergence problems afterwards. In addition to the outside connections, the inside of the
models are implemented in a non-ideal way that can capture the performance more
accurately. These phenomena are discussed in detail in the next section. Since these are
stand alone models with realistic terminal characteristics, a mixed system of the new
average and LFLS models and the detailed switching models can be designed and used
depending on the system application as discussed in the objectives section in the last
chapter. For example, if the user is interested in stability studies at one terminal, then
average models can be used for that. However, if for example, harmonic distortion is of
interest, a detailed switching model that can capture this phenomenon would be more

applicable.
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5.3. Practical Considerations for System Modeling

There are issues faced while modeling the studied average power electronics system.

These issues are based on our recent experiences but are worth mentioning because they

can be seen in all types of models.

5.3.1. Modeling that captures transients

Power flow directionality

When the average model is designed using the mathematical functions of the models

and not the real circuit components, the current direction can be a problem. The average

model will not realize the real characteristics of the model and therefore the actual model

characteristics have to be integrated by the model developer. For example, some

converters, like the multi-pulse transformer rectifier, don’t allow current to flow back into

the converter (negative current), however, the mathematical function model will limit the

current iz so in order to accommodate that, a diode (D) is required at the output to

provide unidirectional current, as shown in the right figure of Fig. 5-2. Fig. 5-4 shows the

dc link current being negative at the transient without a diode and when the diode is

added, the negative current is eliminated.
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Fig. 5-4 Dc link current at output of MPTR without (left) and with diode (right).

Another example of this phenomenon is seen in the generator model (GEN in Fig.

5-1), a diode is also needed in the controller loop to provide a unidirectional excitation

current. In all practical applications, the synchronous generator is limited in its excitation

circuit to only excitation currents in one direction [178].
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Inrush current

Another phenomenon that is usually not modeled in average models is inrush current.
The inrush current is a form of over current (large transient current) that can be large
enough to saturate the inductors or even fail the model components. For example, the
boost rectifier in Fig. 5-3, has the advantage of a continuous inductor current in the ac
line that can be controlled to obtain a unity power factor. However, there is an inherent
disadvantage—the existence of uncontrollable range when the output voltage is below the
peak value of the source voltage [179]. This results in the start-up inrush current. The
ideal average model cannot capture this phenomenon therefore, the model developer will
also need to add an extra part to model inrush. For the sample system studied here, there
are two examples of these converters, the two-level boost rectifier (3®AR) and
single-phase active rectifiers (1®AR). The average boost rectifier power stage in abc
coordinates can be realized using Eqn 5-1. However, a diode bridge has to be added in
parallel as shown in Fig. 5-3 (right) to generate the inrush current. Fig. 5-5 left shows the
current waveform having a huge inrush current of 2kA, which has to be eliminated by
adding a precharge circuit. The precharge circuit consists of a resistor (R,) in parallel to
an ideal switch at the dc link as shown in Fig. 5-3. Fig. 5-5 right shows resultant current

with the precharge circuit added.
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Fig. 5-5 Phase A current with inrush (left) & with precharge circuit (right).
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Operating in a no load condition

Another transient phenomenon that is not related to the type of model (whether
average or switching model) but needs to be considered is the operation of the model in a
no load case. Most converters are followed with an LC filter and when there is no load,
there would be a huge overvoltage that is stored in the capacitor and could destroy it.
Therefore, a precharge circuit is required to avoid any overvoltage. An example of that in
this system is in the multi-pulse transformer rectifier model where the dc link voltage in
the no load case with no precharge circuit has an overvoltage of 200V. While with the

precharge circuit added, this overvoltage disappears as shown in Fig. 5-6.
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Fig. 5-6 DC link voltage without a precharge circuit and with one respectively.

In addition to this transient behavior, the average models used can capture some low
frequency harmonics that are only seen in switching models. From these low frequency
harmonics phenomena are the dead time effect, the distortion due to the inherent
characteristics of the switching devices such as the voltage drop, the output voltage
transition slope and the turn on/off time and finally due to the minimum pulse width. The

details of these new results are explained in Chapter 3.

5.3.2. Subsystem connections

There are some issues that could arise when different subsystems are connected
together. Some of these issues are system problems and don’t rely on the type of models

used. From these issues is the sharp change in one parameter or instant connection of a
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subsystem. This phenomenon is seen clearly in this type of system studied because of the
combination of the different models. For example, in the multi-pulse transformer rectifier
model since it is a mathematical function model, many functions like square root,
trigonometric functions are used. These functions result in the abrupt change that usually
leads to a system crash. Therefore, a valid solution is to add a filter with a high
bandwidth to smooth the change without affecting the system characteristics.

In addition when different models with various characteristics are connected together,
they may interact or reflect on each other. For example, in this system distortions arose
on the ac bus due to the switching converters. This required adding filters in the GEN in
Fig. 5-1 to clean those unnecessary distortions. This phenomenon is a physical system
one, since the generator control unit (GUC) will not work properly if low pass filters
weren’t added in the regulation loop (Ven in Fig. 5-1). Fig. 5-7 shows the waveforms for

the output voltage of the generator with and without the filter.
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Fig. 5-7 Generator output voltage without and with filter respectively.

5.3.3. System grounding

For any simulator to run the system it has to have a ground node, however, for some
models the realistic operation should actually be floating. Therefore, in order to solve this
problem, literature usually uses high impedances to ground. This is not always a good
solution especially inside the models because it can create a different path through the

ground, which may be incorrect. An example of this was seen in this system for the boost
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rectifier, where an RC high impedance network was added to ground on the dc link as

shown in Fig. 5-1 with “avoid”. This high impedance caused resonance, which doesn’t

actually reflect the real performance of the model as shown in Fig. 5-8.
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However, for the model to run, there must be a connection between the output and

the input. For the 3®AR case, this was implemented using the resistors R, where each

ideal diode has a resistor in parallel to it of the magnitude of mega ohms to represent the

physical real system as shown in Fig. 5-3. The high impedance problem is also common

on the system level modeling since sometimes a user adds high impedance grounding on

the buses to avoid numerical convergence. It might help but can cause unrealistic

scenarios in the system. A solution for this issue is to add a small series resistance in the

wires to provide the needed damping but not affect the system itself as shown in Fig. 5-1.

performance of the switching models system to the low frequency large signal models

5.4. Switching Versus Low Frequency Large Signal

Fig. 5-9 shows the block diagram for the system used in comparing the

System

Models

system. The system as shown in the figure below consists of a synchronous generator that

is regulated from the ac bus and feeds different loads. There are three main branches fed

by the generator. The first is a multi-pulse transformer rectifier (MPTR) that converts the
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generator ac voltage to dc voltage and feeds two 100 kW motor controllers. The second
branch is a 25 kW two-level boost rectifier feeding a small motor controller and finally
the last branch is a three phase step down transformer that is feeding small 3.3kW power
factor correction circuits. Both systems are simulated in Saber and their performance is
compared. It is found that the LFLS models system takes 4.83min versus the switching
models system that takes 115 min to simulate 0.2s simulation time. This means the LFLS
system is around 23 times faster than the switching system. In addition, there are several
simulation parameters that need to be adjusted in Saber in order to ensure a robust
simulation process, namely the time step that is chosen 100 times less than the converters
switching frequency, the number of target iterations and the truncation error which are
chosen from the algorithm selection and calibration parts respectively. The latter ones has
an effect of reduction of the time steps as its value increases [186], while the former will
affect the overall numerical convergence. Since the LFLS models system is an improved
average, and is not concerned with the high switching frequency, the time step of the
simulation can be increased and for this case it is 20us versus 1us in the switching system
due to the switching frequencies of the converters. And regarding the target iterations, the
LFLS system worked with 55 but the switching model needed 400 which means the

LFLS system is more robust.
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Fig. 5-9 Block diagram for the system used for comparison.

The other benefit of this modeling methodology as mentioned before is being models in a
circuit simulator which means there is capability to mix different types of models and see
the system performance so switching or average models can be used together depending
on the study. The same system in Fig. 5-9 is used to prove this capability. The LFLS
model is simulated with changing only the multi-pulse transformer rectifier shown in the
blue box to switching model and both systems performance is compared. It can be seen
that by changing the MPTR to a switching model, the simulation type is increased to
10.37 min which means its doubled from the pure LFLS system. However, this increase
is not bad if compared to the whole switching system so with this capability, one can
predict a particular study without the necessity of simulating a large complicated system.

Fig. 5-10 shows the three phase input current and the harmonics for each of them and it is

found to be around 3%.
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Three phase currents at ATRU branch
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Fig. 5-10 MPTR input current harmonics.

5.5. Regeneration Study

The low frequency large signal (LFLS) models will be used for a regeneration study to
validate their correct operation. One of the characteristics of this inverter is being
bidirectional which means it has the capability to handle power flow in both directions
(source to the load and the opposite). The regenerative mode is a typical mode of
operation for flight control actuators. A system is defined in Fig. 5-11 for the
bidirectional power flow analysis. The analysis will show the effect of regenerative
power flow on the overall system performance characteristics such as dc bus power

quality and system efficiency.
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The problem here comes from the fact that the energy coming from a regenerating
subsystem tends to raise the dc bus voltage unless this energy is utilized by certain means.
When no other load with sufficient power consumption is present at the moment of
regeneration, and no measures are taken to utilize that regenerative energy, the dc bus
voltage can easily rise beyond allowable power quality limits. This phenomenon may
affect normal operation of the system and cause damage to the equipment connected to
the bus. There are several possible ways to deal with regenerative energy in the system
proposed in literature. From these solutions is:

1. to dissipate it in resistors connected to the bus at the time of regeneration,

2. let it go back to the engine by using the generator and three-phase-to-dc
power converter in regenerative mode,

3. use large capacitors in order to store the regenerative energy either in the dc
bus, or in the regenerating subsystem,

4. use a DC bus conditioner (a power converter that stores the extra energy
from the bus in a large capacitor and returns the energy to the bus when
loads are available).

This next section will explain the modified models for the regeneration study and the

results.
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5.5.1. New models for regeneration study

Electromechanical Actuator

The electromechanical actuator consists of a gearbox and a ball screw mechanism, which
transmits motion from the motor to the flight control surface of an aircraft. Fig. 5-12

shows the block diagram representing the model and
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Table 5-1 presents the parameters of the model and its description.
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Fig. 5-12 Electromechanical actuator block diagram.
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Table 5-1 Electromechanical Actuator Parameters and Description.

Parameters
Force (F)

Surface Dynamics

Description

Load force applied to the actuator from the

surface (N)
Angular velocity of the motor shaft (rad/s)

External torque applied to the motor shaft (N.m)

Effective ball screw displacement (m)

Ball screw position (m)

Motor-to-actuator gear ratio
Actuator stiffness (N/m)
Structure stiffness (kg.m)

Ball screw mass(kg)

Ball screw damping(N.s/m)

Surface dynamics is model of aircraft surface displacement mechanism. Fig. 5-13 shows

the block diagram representing the model and

Table 5-2 presents the parameters of the model and its description.
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Table 5-2 Surface Dynamics Parameters and Description.

Parameter Description

H,, Hinge moment created by the air flow
(N.m)
Xa Effective actuator displacement (m)

Theta (0)  Surface position angle (rad)

KI Horn stiffness(m.kg)

o Surface inertia(m.kg.sz)
Bsur Surface damping (m.kg.s)
h Horn radius (m)

5.5.2. Case Study and Results

Fig. 5-14 shows the Saber schematic for the simplified system used for the
regeneration study. The system consists of a synchronous generator feeding an active
front end (two-level boost rectifier). The electromechanical actuator (EMA) is driven by
a three-phase permanent magnet synchronous motor drive. A three-phase DC-AC
inverter (motor controller) converts the 650V DC available on the DC bus to the three
phase AC voltages required by the motor drive. The control objective is to drive the
surface in response to a deflection command 6, in the presence of a wind load

disturbance. The origin of regenerative power is explained in the following.
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Fig. 5-14 System configuration for regeneration study in Saber.
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The simulation results for the above system are shown in Fig. 5-15. A surface
deflection command to drive the surface from zero to a given reference position is issued.
In response to this command, the motor drive accelerates the control surface to drive 6
toward 0,,. During the acceleration, the motor draws large power which is for this case
around 18 kW. The motor speed steadies at its maximum allowable as the deflection
increases linearly in the presence of the wind load. For this simulation results, the wind
load is in the same direction as the motor torque. Hence, in order to maintain the linear
surface deflection profile, the EMA controller makes the motor acts as a generator,
absorb the energy from the wind load and put it back to the DC bus. This is represented
by the large negative power which is the regeneration. The same sequence of events is

repeated when the surface is commanded to return to its original position.
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Fig. 5-15 Results on the motor controller side (from top: Power, speed, and electrical torque).
Fig. 5-16 shows the results for the case study on the AFE dc side. It can be seen that
when regeneration happens, the dc link voltage increases from 650V to 680V which is
around 30V increase. Fig. 5-17 shows the results for the case study on the generator side
where one can conclude there is a very small change on the ac bus. This can be because

the power of the load is just 10% (25kW) compared to the generator power (250kW). It
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can be concluded from this section that the LFLS models are also capable of predicting

the regeneration phenomena and can be used for these types of studies.
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Fig. 5-16 Results on the AFE dc side (from top: Fig. 5-17 Results on the generator side (from top:
Power, dc current, and dc link voltage). Power, phase voltage, and phase current).
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Chapter 6 SUMMARY AND FUTURE WORK

This chapter presents the conclusions obtained from this work and also discusses the

future work that can be done.

6.1. Summary

This work focused on modeling ac/dc hybrid power systems with large number of
power converters, which can be used for a variety of applications like automotive, ship
spacecraft or aircraft to be used for stability and power quality analysis. The work
examined the different types of models know in literature and emphasized the benefits
and drawbacks of each type in regards to the studies needed. This analysis raised a big
challenge of developing new types of models that are more accurate, faster and carry
enough information needed for these types of studies. These new models are called low
frequency large signal (LFLS) models and they are some type of average models that can
capture many of the large-signal phenomena that are only seen by the switching models.
This work presented one of these LFLS models in detail, a voltage source inverter (VSI),
and explained how the model can be modified to capture low frequency harmonics that
are usually phenomena modeled only with switching models. The models are
implemented in a circuit simulator as electrical circuit based models to be able to
combine them with switching models in one system and mix them depending on the
application of the system. The system is capable of capturing the real transient behavior
of the system, such as the startup, inrush current and power flow directionality, in

addition to some low-frequency harmonic distortion phenomena.

After these models were implemented, they had to be evaluated to understand

how accurate they are, and what assumptions they undergo, therefore a validation
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procedure was developed and applied to one power electronics converter (two-level boost

rectifier) of the system as an example.

6.2. Future Work

Some possible ideas for future work continuing the development presented here are
discussed in the following paragraphs.

First, more evaluation needs to be done to the frequency characteristics analysis in
concern with some of the harmonics (like the 5™ harmonic) to get better matching results.
There are different things that need to be taken into consideration as mentioned in the
dissertation, like the effect of the impedance of the sources and loads. In addition, the small
uncertainties in the dead time, passives tolerances which may be causing these
discrepancies.

Second, the low frequency large signal (LFLS) model concept can be applied to
different topologies for validation; in this dissertation a voltage source inverter working as
an inverter and a rectifier was tested but the same concept can be applied to multi-level
converters although the type of non-linear phenomena to be added might be different
depending on the topology.

Third, more stability analysis and impedance measurement validation can be done,
one example is connecting the two converters back to back and studying the interaction
both on dc and ac sides.

Fourth, the study can be expanded by adding these low frequency large signal (LFLS)
models to a larger system and evaluate the system behavior in comparison with the detailed

switching models system.
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