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ABSTRACT

AC and DC impedances of switching power converters are used for the stability
analysis of modern power electronics systems at three-phase AC and single-phase DC
interfaces. Therefore, a small-signal characterization algorithm for switching power
converter, which is based on FFT, will be presented and explained. The presented
extraction algorithm is general and can be used to obtain other small-signal transfer
functions of arbitrary power converter switching simulation models. Furthermore, FFT
algorithm is improved by using cross power spectral density functions for identification,
resulting in an algorithm, which is more noise immune. Both small-signal identification
algorithms are validated in simulations, and CPSD algorithm is used in experimental
measurement procedure. Several wide bandwidth injection signals, among which are chirp,
multi-tone, pulse and white noise, are compared and theoretically analyzed. Several

hardware examples are included in the analysis.

The second part of the dissertation will focus on the modeling of small-signal input dq
admittance of multi-pulse diode rectifiers, providing comparison between well-known
averaged value models (AVMs), parametric averaged value models (PAVM), the
switching simulation model and hardware measurements. Analytical expressions for all
four admittances present in the dq matrix are derived and analyzed in depth, revealing the
accuracy range of the averaged models. Furthermore, a hardware set-up is built, measured
and modeled, showing that the switching simulation model captures nonlinear sideband
effects accurately. In the end, a multi-pulse diode rectifier feeding a constant power load is
analyzed with modified AVM and through detailed simulations of switching model,

proving effectiveness of the proposed modifications.



The third part describes implementation and design of a single-phase multi-level single-
phase shunt current injection converter based on cascaded H-bridge topology. Special
attention is given toward the selection of inductors and capacitors, trying to optimize the
selected component values and fully utilize operating range of the converter. The proposed
control is extensively treated, including inner current, outer voltage loop and voltage
balancing loops. The designed converter is constructed and integrated with measurement
system, providing experimental verification. The proposed multi-level single-phase
converter is a natural solution for single-phase shunt current injection with the following
properties: modular design, capacitor energy distribution, reactive element minimization,
higher equivalent switching frequency, capability to inject higher frequency signals,
suitable to perturb higher voltage power systems and capable of generating cleaner

injection signals.

Finally, a modular interleaved single-phase series voltage injection converter,
consisting of multiple paralleled H-bridges is designed and presented. The decoupling
control is proposed to regulate ac injection voltage, providing robust and reliable strategy
for series voltage injection. The designed converter is simulated using detailed switching
simulation model and excellent agreement between theory and simulation results are
obtained. The presented control analysis treats different loads, examining robustness of the
circuit to load variations. Simulation model and hardware prototype results verify the
effectiveness of the proposed wide-bandwidth identification of small-signal dq impedances

via single-phase injections.
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Chapter 1. Introduction

1.1 Background

The power electronics has been widely used for the power processing, power generation and
power conversion purposes in contemporary electrical power systems employed worldwide. One
of the main benefits of power electronics technology is the controllability of the switches,
providing numerous options for the selection of control strategies. Usually, the regulation of output
voltage is implemented, ensuring stable operating point for loads even if variations in the source
side are occurring. However, it has been shown [1]-[3] that output voltage regulation can provide
negative incremental impedance characteristic at converter’s input, which can cause system
instability due to the interaction with the control strategy implemented in the source part of power

system.

1.2 Power systems

Modern AC power systems include power electronics components and converter in larger and
larger scale, offering multiple benefits to the final users like faster response, more user friendly,
more reliable, more efficient, more functional etc. This is especially the case in renewable and
distributed generation systems, which are evolving rapidly in the whole world [4]-[5] in the recent

years.

Furthermore, with the higher enrolment of the distributed generation systems in modern power
systems, nanogrid and microgrid concepts, are being proposed and investigated for implementation
in the modern power systems [6]-[7]. Bidirectional converter called energy control centers (ECCs),
which offer high level of flexibility, are used to realize these concepts and provide hierarchical

structure of the grid.

Figure 1-1 shows the electrical schematic of the modern AC power system that consists of

wind turbine renewable source, classical power grid, typical three-phase AC and DC loads



connected via active front-end rectifiers and typical three-phase AC and DC loads connected via

three-phase diode rectifiers.

The wind turbine source is usually connected to the rest of the power system via two active
bridges, which convert variable frequency power present at the wind turbine output to constant
frequency power transmitted via AC power grid. In order to successfully transform variable
frequency power to constant frequency power, there are two controllers used, one for each bridge,
providing effective decoupling control. Furthermore, due to the increased usage of the power
electronics converters, control is implemented in each load, demanding proper design and
separating of the source and load controller to avoid stability issues. Although, power electronics
converters offer many advantages, proper controller design and stability analysis has to be carried

out to ensure the stable and reliable operation of the power grid.
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Figure 1-1: Electrical schematic of modern power grid with majority of source and
load power electronics converters
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Diode rectifiers are passive as no direct control is used to regulate switching pattern, instead
the bridge switching depends on the applied ac voltage and current commutation. However, diode
bridges map dc side admittance and consequently the control to ac side, imposing stability

challenges to the source side controls.

Furthermore, similar stability challenges exist in smaller power systems, like one in service on
more electric aircraft (MEA) systems, all electric ships (AESs), hybrid electric vehicles and other

vehicular power systems [8].

Modern aircraft power systems use variable frequency generators (360 Hz-800 Hz), instead
the traditional constant frequency (400 Hz) drive generators, which are maintenance intensive, less
reliable and larger in weight and size. Even more, there is a trend to use electric power to replace
parts that are traditionally operated by mechanical, pneumatic, or hydraulic power, improving fuel
efficiency or total power system efficiency together with reducing the size and weight of the related
parts [9]-[10]. A majority of these functions are operated by electric motor drives, which are used
to regulate air conditioning, cabin pressure control, fuel pumping, and flight actuation. The
estimate is that more than fifty percent of electric power is processed using a power electronic
converters. However, it has been already shown that MEA power systems are prone to the

instability due to negative resistance low frequency nature of constant power loads [11]-[12].

Similarly, the power system in AESs has additional power converter load to provide power

used for the propulsion, while keeping other power converter loads as in MEA power systems.

1.3 Stability analysis of AC power systems

A lot of research is being conducted in the field of AC and DC stability of the modern power
electronics systems in the past years [13]-[17], concentrating on defining stability criteria and

performing stability analysis, being more or less conservative.

The stability criteria for DC and AC system are well-defined in terms of small signal source
and load impedances. Thus, the small-signal source and load impedances can give valuable insight
into the system’s stability. The first stability criteria for DC systems were proposed by
Middlebrook [2]-[3], which is shown to be a rather conservative approach. The less conservative

approach included the usage of Nyquist Criterion over equivalent loop gain defined via the source
3



and load impedance ratio [16]-[17], providing very effective tool for accurate and precise stability

analysis.

L(s)= Zasoured) 1-1
Z jet0ad(S)

The presented stability analysis for DC power systems is straight-forward as a steady-state DC
operating point exists in the system. The DC operating point is time changing due to the switching
action in the power converters. The “clean” DC operating point can be obtained by averaging the
voltage and current variables over the switching period, enabling a usage of the well-defined

stability criteria for single-input single output (SISO) systems from the control theory.

The input filter interaction with the converter can lead to the system instability, which has been
previously shown in [110]. The measurement of input and/or output impedances of dc power
supplies and its applicability to the stability analysis has been shown in [108]. Furthermore, the
identification of small-signal transfer functions of dc/dc converters using the cross correlation

techniques is explained in [109].

The stability analysis and impedance specification for the dc distribution system together with

the estimation of stability margins has been performed in [113], [114].

However, this is not the case in AC power systems, where the voltage and current variables
keep changing over the time, with constant or variable frequency, meaning there is no direct
operating point that can be defined via voltages and currents. However, virtual DC operating point
is obtained if current and voltages are transformed to synchronous coordinates via Park’s

transformation.

cos(0) COS(@ - 2?”) cos(@ + 2—7[j

3
qua/abc(g): %—sin(@) —sin[é?—z?”j —Sin(6’+2%j 12

1 1 1
V2 V2 V2

The inverse Park transformation that forms a transformation pair with the previous equation.
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In this manner the voltages and currents in dqo coordinates are obtained by the following

1-3

5= 51-51-

expressions.
vdqo(t) = T;Iqo/abc(g)vabc(t) 1_4
ia’qo(t) = qu/abc(e)iabc(t) 1_5

After applying Park’s transformation the DC operating point for a three-phase power converter
is obtained. However, the obtained DC operating point can be time-varying due to switching
actions in the switching power electronic converters. The averaging concept from DC/DC
converters can be extended to provide well-defined operating point for three-phase power

converters as used in [18].

In this sense the dq impedance matrix is defined as a ratio of voltage and current matrices, as

described with the following matrix expression.
Z,5)= v, 5)2(6) -6

The Generalized Nyquist criterion (GNC) applied on multivariable loop gain defined via the
return ratio product of source dq impedance and load dq admittance to assess the stability of three-
phase AC power system is first proposed by Belkhayat in 1997 [19]. The stability analysis of the
three-phase power systems is focused on a system with constant power loads, which behave as a

negative resistance in the small-signal sense.
L(S) = qusource(S)Zt;qlload(S) = qusource(S)quload(S) 1-7

GNC was introduced for the stability analysis of multi-variable systems by MacFarlane and
Postlethwaite [24]-[25]. The stability of the system is obtained by looking at the characteristic loci
of the return ratio matrix. The method applies Nyquist criteria on eigenvalues, and gives the precise

stability analysis by counting the number of encirclements around critical point (-1,0) in complex



plane. The applicability of GNC to multi-variable systems is treated in classical textbooks like

[26]-[27].

The simplified GNC criteria, obtained by reducing it to SISO Nyquist criteria in case when the
power converter operates close to unity power factor, is presented in [20]-[21]. In this case, the
dominant power flow and coupling in the multi-variable system is happening over a single

coordinate, enabling the reduction of GNC criteria to Nyquist criteria.

The other approach to study stability is to inject a perturbation directly via AC single phase
and perform the small-signal impedance estimation [22]. Furthermore, stability of the three-phase
AC power system can be obtained via the injection of positive and negative sequence impedances
of three-phase AC interfaces and applying GNC over source and load impedance ratios of both
positive and negative sequences [22]-[23]. The explanation for this approach is that even DC
operating point defined in dq coordinates is time variant in nature due to the switching action of
power converter, therefore it makes sense to directly apply positive and negative sequence
perturbation directly to time-varying three-phase AC interface. Although, this approach cannot be
fully explained and validated via equations and theory, it gives reasonable accurate stability

analysis in practice.

The stability of modern power systems with the variable frequency is analyzed in [50]. In this
work nonlinearity nature of the system are taken into the account and Lyapunov based stability

criterions are investigated.

1.4 Impedance measurement techniques for AC power systems

A very detailed survey of impedance measurement techniques in dq coordinates for stability
analysis of AC power systems based on FFT algorithm is thoroughly presented in [28]-[30]. This
work proposes several practical realizations of power converter that can be used as injection
generation circuits. The focus is only on shunt current injection and the proposed solutions are

verified in simulations and experimentally.

One more very interesting solution for the impedance extraction based on unbalanced single-
phase injection is presented in [31]-[33], [52]. In this solution the complexity of the injection

converter is reduced to single-phase, providing small-number of modules and circuit components.
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Furthermore, one converter can be used to access the stability of modern AC power grid on three-
phase AC interface, single-phase AC interface and DC interface, by using the same connection
and converter design. The control needs to be adjusted automatically, depending on the interface

voltage, but with the usage of modern digital signal processors (DSPs) this is not an issue.

Very interesting, alternative approach to previously described techniques that are performed in
frequency domain, is the time-domain identification of impedances via step load changes. This
approach is effectively used to perform black-box modeling, impedance identification and stability
analysis as presented in [34]-[37]. The benefit of this approach is that only two transient responses
are needed to fully characterize the small-signal impedance characteristic in the full frequency
range. However, due to the usage of the step excitation, which has decreasing signal energy as

frequency is increasing, higher frequency range is not so precisely characterized.

The small-signal identification of black-box models of the power electronics converters using
the transient responses is shown in [49], extending the usability of the already proposed procedure.
The unterminated black box modelling of power converters in dq coordinates has been developed

in[112].

Furthermore, the neural network techniques for impedance estimation are successfully used to

characterize dq impedances in the work presented in [38]-[40].

Parametric identification of large signal impedances via the recursive least square estimation
algorithm in complex plane is presented in [41]. Furthermore, a patent for the stability analysis at
a three-phase interface, which is based on the injection of of the suppress carrier injection signals,

is presented in [48]. The proposed signals are effectively used in the stability analysis.

Wide bandwidth identification by injection of white-noise and with the cross-correlation

processing techniques to extract the small-signal dq impedances is presented in [43]-[44].

The impedance measurements of power systems using the power converter and spectrum

estimation are presented in [115]-[118].

Finally, several fully automated solutions are also presented in [45]-[47]. Two solutions rely
on post processing performed with network analyzers or other similar frequency domain
characterization instrumentation. On the other hand, [46] proposes the usage of the chirp signal for

wide-bandwidth identification as chirp signal has optimal crest factor and controller injection
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bandwidth. The automated solution for the extraction of dq impedances via the injection of multi-

tone signal using the power amplifiers is presented in [129].

Once the small-signal impedances are identified, the obtained information can be used to shape
the impedances of the converters connected to the grid [42]. In this way, the adaptive online control
of grid connected converter ensures the stable operation of the grid. The goal is to use identified
impedances to ensure stable operation of the grid in different operating points. The modern power
grid offers capability for the integration of larger number of converter, therefore increasing the

complexity of the grid with an increased potential of the instability in the grid.

1.5 Algorithms for characterization of small-signal transfer functions of power

electronics converters

Furthermore, in order to design the stable system, it is desired to check its stability by
simulations, before constructing a complete hardware system. For that purpose, it is preferable to
use a switching model in the simulations as it captures hardware properties more accurately. The
drawbacks of using the switching model in simulations are following: it is more complicated than
any known averaged models; it takes longer time to be simulated and small-signal analysis in

frequency-domain is still a vague task, which has not been implemented in majority of simulators.

Usually switching simulations models are built using piecewise linear (PWL) models of
switching components, enabling a user possibility to capture the switching behavior nature of the

model and to add other more complex nonlinear components into the simulation model [53].

The time-domain simulations as well as the frequency domain analysis of switching models of
dc/dc power converters in simulation software tools has been widely used. Usually, pure sinusoidal
signal is used to perform ac analysis, but its main drawback is that it requires ac sweeping, which
lasts long. On the other hand, the fastest frequency-domain analysis algorithm is implemented in
Simplis and it uses periodic operating point (POP) calculation to find a steady-state operating
point. Next, AC analysis is performed on top of POP calculation, the small-signal transfer
functions are extracted very fast and accurately form the switching simulation model. The idea of
using impulse response to characterize small-signal loop gain transfer function of dc/dc converter

operating in discontinuous conduction mode (DCM), with the single time domain simulation is

8



shown in [54]. Time-domain simulations of DC/DC converters can be accelerated with the usage
of waveform relaxation method as shown in [55]. AC sweep algorithm which injects sinusoidal
signal with “small” magnitude and performs small-signal analysis to obtain different transfer
functions is presented in [56], and it is based on assumption that small-signal injection will not
change operating point and that the model can be linearized, yielding linear time invariant small-
signal transfer functions. A small-signal simulation algorithm based on the sensitivity matrix used
in shooting method is developed to characterize DC/DC converters [57]. In addition, multi-tone
injection can significantly speed up frequency-domain analysis as shown on boost DC/DC
converter [58], where loop gain is extracted accurately in very fast manner. The identification of
small-signal immittance characteristic of power converter from a detailed switching simulation

models is presented in [119].

Therefore, it is possible to obtain different small-signal transfer functions like input impedance
or admittance, output impedance or admittance, control to output, control to inductor current,
control to voltage, loop gain etc. Therefore, the design of control for dc/dc power converters and
its verification via simulations is relatively straightforward task, which is a task that can be easily

achieved in the numerous software tools.

In addition, there are a large number of software tools to simulate switching and dq averaged
models of three-phase power converters. Although time-domain simulation of switching models
is implemented in numerous software tools, the frequency analysis is still a difficult task which is
not implemented in many of them. AC sweep based frequency-domain analysis is implemented in
PSIM. In this case, fixed-step trapezoidal solver is used for time-domain simulations and on top
of that FFT is applied to characterize small-signal transfer functions. Moreover, the impedance
identification algorithm for three-phase voltage source inverter (VSI), which uses step load to
create step excitation, is shown in [35]. The small-signal dq impedance transfer functions are
characterized with the usage of time-domain identification techniques like ones implemented in

MATLAB software tool and identification toolbox.

Hence, AC sweep algorithm that injects pure sinusoidal perturbation is implemented and
presented in this dissertation, as it is the basic idea to obtain small-signal transfer function

characteristics. The multi-tone and chirp injection signals are implemented to further speed up time



necessary to provide accurate simulation results, providing benefits of the wide bandwidth

identification algorithm.

1.6 Modeling of input dq admittance of nonlinear multi-pulse diode rectifiers

The conventional three-phase diode rectifiers or line-commutated rectifiers are typical
solutions for a rectifier stages in medium-power variable frequency drives, which are commonly
used in industrial as well as commercial applications [62]. Such diode rectifier loads are widely
used in modern distribution systems, industrial facilities, distribution generation and transportation

systems, etc.

AC Power Diode
Source AC Filter Rectifier DC Filter

Distribution

grid or —’W“I’W“— : '_ _'W“I’W“_ DC

rotating T T Load

generator

Figure 1-2: Electrical schematic of commonly used front-end diode rectifier unit
Figure 1-2 shows a typical configuration of front-end diode rectifier unit, where either
distribution grid or rotating generator supplies power to the system. AC and DC filter topology are
optional and usually designed and selected by the system integrator engineer. The AC filter
depends strongly on the application, therefore various topologies are possible solutions, including
phase shifting transformer, or shunt filters to attenuate low frequency harmonics, typically

concentrating on 5%, 7" 11" and 13™ harmonics [62]-[63].

Power system community has extensively researched the modeling and analysis of diode
rectifier in the past [64]-[66], where some of the first work on this topic is published in 1969.
Typically, step load transients and time domain responses are primary concern for power system

engineers, mainly studying the stability of AC power systems in time-domain.

The dynamic averaged models for six-pulse diode rectifiers can be generally derived using two

main approaches. The first approach derives equivalent averaged model by assuming that ripple
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of dc current is sufficiently small, so it can be neglected in the derivation procedure, resulting in a
first order harmonic assumption procedure. The detailed analysis and complete derivation
procedure are presented in [67]-[72]. The important property to notice is the dependence of the
averaged model on the conduction mode of diode rectifier, meaning that analytical expression are
different for different rectifier operating modes. The precision of derived models depend on the
correctness of the used assumptions, resulting in more precise modeling for continuous conduction
mode (CCM) and less precise modeling for discontinuous conduction mode (DCM). The main
reason for this is that small-ripple assumption for DCM is very inaccurate way of representing the
rectifier’s behavior. Additional burden on usability of analytical averaged models is that different
source models yield different averaged models. Especially if source is the generator machine with

complex equations, providing rather complicated averaged model in this case.

The main usage of the derived averaged models is to compare more detailed switching model
with averaged model regarding time-domain transient responses to step load changes and small-

signal output dc impedance frequency characteristic [73].

In order to improve the transient response of the averaged model, a first order Taylor series
expansion term is used in the derivation procedure presented in [74]-[76]. The derivation
procedure becomes even more labor intensive, yielding more complicated averaged model, which
captures transient dynamic more accurately. The improved transient analytical averaged modeling

is successfully applied to multi-pulse diode rectifiers as well.

Alternative approach to previous analytical modeling is the parametric averaged modeling as
presented in [77]-[82]. If parametric averaged modeling approach is used, the topology of both ac
and dc sides remain unchanged. The controlled voltage and current sources are introduced to
couple both sides of the rectifier. However, the corresponding gains of the controlled sources are
functions of operating point as well as each component value present in the circuit. Therefore, it
is necessary to characterize these gains with respect to any possible change in the circuit. In this
sense, the characterization process becomes very numerically intensive, but obtained numerical
curves can be characterized parametrically via appropriate algebraic expressions. Finally, the
obtained parameterized averaged model can cover much larger range of operating conditions, if

enough data are obtained during numerical simulations.
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In conclusion, the both modeling strategies are fundamentally different, offering advantages
and disadvantages. Thus, both approaches are widely accepted in the engineering practice, as it is

hard to conclude which one is better.

Interesting approach to modeling diode rectifier dynamic is based on deriving approximate
switching pattern signals and applying Fourier series analysis to extract harmonic content as well
as small-signal response [83]. The obtained analytical expressions are matching very accurately

hardware measurements and simulation extraction results.

The dominant modeling approach for twelve-pulse, eighteen-pulse and other multi-pulse diode
rectifiers is analytical averaged modeling, which is derived in similar manner as the derivation
procedure explained for six-pulse diode rectifiers [84]-[88]. Similar conclusions are true for multi-
pulse diode rectifiers. In addition, the Fourier analysis of switching pattern signal is extended to
multi-pulse case successfully [89]-[90]. Furthermore, in this case the commutation period of

switching cycle is modeled via piece wise linear approximation.

The identification of dq impedance of three-phase diode rectifiers with the injection of multi-

tone signal via d channel and q channel is shown in [127].

1.7 Dissertation motivation and objective

In the past several years, a lot of work has been done to develop impedance measurement units,
which would be capable to characterize small-signal dq impedances of source and load side.
Furthermore, a lot of research work has been performed to develop new stability criteria that would
offer simple and effective tool to access the stability of the modern AC power grids. Due to the
successful implementation of measurement units, there has been increasing interest to further push
research in this direction in both academic and industry societies. Although, many new things are

explained and solved, there is still need to solve some challenges.

The first challenge, which engineers often face in the practice, is to perform similar small-
signal analysis in the software simulation environment, preferably using switching simulation
models. Although, the need for such extraction is apparent, only one simulation tool offers
capability to perform such small-signal ac analysis. The developed ac block injects small-signal

sinusoidal perturbation, runs time-domain simulation until the steady-state response is reached,
12



and by applying FFT over the steady-state waveforms, it is possible to characterize small-signal
characteristic at the injected frequency. The implemented algorithm is not fast enough as fixed-
step trapezoidal solver is used to calculate time-domain waveforms. If small enough step is used
precision is increased and vice versa. Therefore, during the survey of different algorithms and
possible injection signals, a small-signal analysis tool that can perform FFT ac sweep algorithm is
implemented in MATLAB using SimPowerSystems toolbox. The next step is to investigate
different injection signals and try to select one that would have optimal properties for small-signal

extraction of transfer functions of three-phase power electronics converters.

The important part of modern power systems are diode rectifiers loads, where power systems
engineers extensively have been studying averaged modeling. The main focus of the research are
time-domain responses due to step load changes. The developed averaged models are very useful
to be used in large scale simulation systems, when the switching simulation models burden
significantly the computational time and available computer resources. In this case, the only way
to perform simulation study is to use simplified averaged models, which capture diode rectifier

dynamic very accurately.

Nevertheless, the small-signal extraction of dq impedances for diode rectifier has been done
with the usage of parametric averaged model and it was not verified. The obtained results claimed
new phenomena that needed verification, both in switching simulation and hardware experiments.
Therefore, there was the obvious motivation to try to characterize the small-signal dq impedances
of diode rectifiers and improve the known averaged models. Similarly, the natural extension of the

modeling of diode rectifiers is to include modeling of multi-pulse diode rectifiers.

Furthermore, the developed impedance measurement units have been designed to characterize
small-signal dq impedances of three-phase AC power systems for root mean square voltages up to
480 V and power levels up to 100 kW-200 kW. There is a great integration of renewable power
systems based on power electronic converters with various control strategies into traditional power
grid, resulting in power systems with stability issues up to medium voltage levels 4.16 kV-13.8 kV
and power levels up to 2 MW-40 MW. This dissertation presents two modular converter, suitable
for the perturbation of three-phase ac and single phase dc power system. The proposed converters
are scalable, making them suitable solution for the injection into medium voltage grid. Therefore,

the research topic analyzed in chapters is to present a design procedure for shunt current and series

13



voltage injection converters, which can be used to generate appropriate injection signals.
Furthermore, the control strategy regarding both injections need to be robust and capable of
decoupling of dynamics coming from either the source or load. In this way, new challenges and

problems, which need to be researched and solved, are addressed and analyzed.

Finally, the switches are utilized in the implementation of injection converters need to switch
at high frequency, to be able to sustain high voltage stress in off state, low loss and easy to use and
maintain. Taking into consideration the described constraints, emerging SiC switches seem to be
obvious choice. In this sense, it is desirable to use minimum number of modules, due to high price
of SiC switches. Minimization of the number of modules can be accomplished by using unbalanced
injection algorithm. The single-phase injection converters are used to generate desired injection
signals, which requires the reduced number of modules. The research topic is to find an algorithm
that could use a wide-bandwidth injection signals, significantly reducing the measurement time

and extracting transfer function at larger number of points.

1.8 Dissertation outline

Chapter 2 of the dissertation describes an algorithm for small-signal characterization of power
electronics converters. The described algorithm is incorporated into MATLAB/Simulink to
identify small-signal transfer functions of switching simulation models of power electronics
converters. The algorithm is further improved by the implementation of the cross power spectral
density function to reduce noise influence. The improved algorithm is used to extract
experimentally and numerically in simulations the small-signal dq impedances of power

electronics converters.

Chapter 3 explains the modeling of input dq admittance of six-pulse diode rectifier and
proposes a modification to obtain a more precise impedance modeling results. Furthermore, new
effect typical for nonlinear systems, namely sideband admittances around multiples of switching
frequencies is shown and contributed to a strong nonlinear behavior of six-pulse diode rectifier.
The new effect is a unique property of diode rectifiers, which is not present in the active front-end

rectifiers.
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Chapter 4 extends the modeling of input dq admittances to the twelve-pulse diode rectifier
case. Similar, sideband admittances effects are found in this case also, as this rectifier exhibits
same nonlinear behavior due the presence of the diode bridges. Furthermore, it has been shown
that in case of balanced power flow through both bridges, the twelve-pulse diode rectifier averaged

model can be reduced to an equivalent six-pulse diode rectifier averaged model.

Chapter 5 shows the complete design procedure for multi-level single-phase shunt current
injection (SCI) converter. The procedure selects and optimizes the inductor and capacitor values,
providing the flexibility to use same components to perturb the three-phase ac power systems as
well as single phase ac and /or dc power systems. The control design is treated in details to ensure
the desired bandwidths necessary to generate injection signals in the full frequency range.
Furthermore, the SCI converter is verified in simulations with the detailed switching model and in

experiments.

Chapter 6 explains the design of the single-phase interleaved series voltage injection (SVI)
converter and proposes the usage of ac decoupling control for the regulation of the injection
voltage. The complete design procedure together with the selection of inductances and
capacitances is presented and included into the analysis. Furthermore, the operation of SVI
converter covers injection of arbitrary series voltage waveform into the three-phase ac power
system as well as single-phase ac or dc system. The designed SVI converter is used in the next

chapter for the online estimation of the dq impedances of the power system under test.

Chapter 7 presents the source and load impedances results obtained via the injection of single-
phase wide-bandwidth signals. Two identification algorithms are presented and compared, namely
FFT algorithm and cpsd algorithm based on Welch periodogram method of estimation of power
spectra. The small-signal dq impedance of the actively controlled voltage source is precisely
identified with both shunt current and series voltage injection. In addition, the small-signal dq
impedance of passive load is accurately estimated. The chirp and multi-tone signals are proposed
to be used in the single-phase injection, providing the identification of dq impedances in the

increased number of points.
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Chapter 2. Identification of Small-Signal dq Impedances of Three-Phase

Power Electronics Converters

This chapter focuses on the small-signal identification of dq and dc impedances of different
three-phase power electronics converters in simulations. Two identification algorithms based on
fast Fourier transform (FFT) and cross power spectral density (CPSD) estimation are presented
and explained. In order to characterize the small-signal dq impedances, the three-phase ideal
current source as well as the three-phase ideal voltage source are used to generate the excitation
signals in dq frame. Several wide-bandwidth injection signals are investigated and used to provide

a wide-bandwidth excitation, reducing the extraction simulation time significantly.

2.1 Introduction

The small-signal ac and dc impedances of switching power converters are used for the stability
analysis of modern power systems at three-phase ac and single-phase dc interfaces. Although, it is
useful to extract impedances from the switching simulation models of three-phase power
converters, still the small-signal frequency analysis is not a straight-forward task in many of the
contemporary software tools. Thus, an FFT identification algorithm that extracts impedances of
the switching simulation models is implemented and presented in this chapter. It is the basic idea
for the small-signal impedance extraction, which is very effective when implemented with a
sinusoidal signal injection. Furthermore, the presented algorithm is significantly improved with
the implementation of wide-bandwidth injection, which enhances speed of the simulation tool
substantially. The identification algorithm is implemented in MATLAB as it a commercially
available software tool, which uses fast and accurate stiff variable-step solvers. Furthermore, the
identification algorithm is validated on the switching simulation models of three-phase VSC when
the converter operates as an inverter feeding a resistive load, grid-tied inverter and rectifier
supplying a resistive dc load. The obtained impedance results are compared to the dq impedances
derived from the classical dq averaged model of VSC. The presented extraction algorithm is
general and can be used to obtain other small-signal transfer functions of arbitrary power converter

switching simulation models.
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The injection of a wide-bandwidth signals is an alternative solution that can significantly
reduce simulation time as it does not require frequency sweeping. The proposed wide-bandwidth
injection solution is first verified in simulations on three-phase two-level VSC switching model.
Moreover, noise was added to obtained simulated variables and small-signal dq impedances are
successfully extracted from the switching simulation model. Cross-correlation is applied to reduce
error that is present due to the noise, but it is found that it only increases signal to noise ratio as it
does not improve the accuracy on impedance evaluation. Finally, frequency averaging was able to

improve the obtained impedance results from simulation models.

CPSD is implemented in MATLAB as a function, which estimates the cross power spectral
density Py(s), of two discrete-time signals, x(f) and y(¢), using Welch's averaged, modified
periodogram method of spectral estimation [91]. It has been shown that when the noise is added
to currents and voltages obtained from the simulations models, the CPSD algorithm can
significantly reduce noise effects on the identification precision. Usage of the proposed CPSD
function and theoretical background will be explained later in this chapter in a separate section.
The CPSD algorithm, which is used in simulation models, has also been used for the extraction of
small-signal dq impedances in the hardware implementation of the impedance measurement unit
[96]. Finally, CPSD function can be used to extract the small-signal dq impedances when single-

phase injection signals are used, which will be introduced and explained in details in Chapter 7.

2.2 Properties of Different Injection Signals

This section of the chapter investigates the properties of different injection signals, which could
be used for small-signal characterization of three-phase power electronics converters. Several
candidate signals are analyzed in depth, namely chirp signal, multi-tone signal, ideal sinusoidal
signal and pulse signal. The signals are compared regarding RMS values, crest factor (CF) values
and content in the frequency domain. The crest factor of the injection signal x(7) is defined in the
following manner.

CF = M 71
XRMS
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Based on the analysis tradeoffs among the injection signals, multi-tone signal has been selected

to perturb switching simulation models as it provides optimum properties for small-signal transfer

function identification.
2.2.1 Sinusoidal Signal

Ideal sinusoidal signal is characterized via magnitude 4, frequency f and initial phase 6 as

described in the equation shown below.
x,,(t)= Asin(27f .t + 6,) 2-3

The straightforward property of the sinusoidal signal is that the frequency domain
characteristics consist of an ideal Dirac impulse at the injection frequency. The frequency domain
characteristics of an arbitrary signal x(#) is obtained with a Fourier transformation pair, as given

below.

+0o0

X(jow)= j x(t)e " dt 2-4
x(t):i]?x( ok do 25

—00

The frequency domain transfer function of sinusoidal signal can be simply written as given

below.

()= e ol0=0,)=¢ ol 0,) 6

Xsin

The sinusoidal signal has single tone in the frequency domain, therefore it is suitable for the
frequency domain characterization of both nonlinear and linear systems. Theoretically, the small-
signals frequency characteristic of the systems at the injection angular frequency w, is defined as
a ratio of the response transfer function Y(jw,) and injected perturbation transfer function X(jw,).

H(jwo)=% 27
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Summary of the properties of sinusoidal injection signals are the following: theoretically the
frequency domain characteristic of both nonlinear and linear systems can be identified, crest factor
of the sinusoidal signal is very good as it a low value of 1.414, whole energy of the time domain
signal is grouped into a single frequency point, resulting in the high signal to noise ratio, and the

only drawback is that ac sweeping is necessary in order to obtain the full frequency domain

characteristics.
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Figure 2-1: Ideal sinusoidal signal (a) time-domain waveform (b) magnitude
characteristic in frequency domain

2.2.2 Multi-Tone Signal

The multi-tone injection signal can significantly reduce simulation time necessary to
characterize small-signal transfer functions as it excites arbitrary number of frequencies
simultaneously. Furthermore, it is the most suitable signal to measure a Bode plot by signal
analyzers based on FFT approach [59]. Several practical considerations for multi-tone signal
injection are presented for frequency analysis of DC/DC converters [58]. Although, these
considerations are similar to one used for frequency analysis in DC/DC power converters, some
differences exists due to the nature of AC/DC conversion. The following considerations of multi-

tone signals are important and need to be taken into account:

e Phase of each tone component: phase is selected to minimize the crest factor of multi-tone
signal as presented in [60]-[61].

e Amplitude of each tone component: amplitude of all components is same, but maximum value
of multi-tone signal should be small enough, not to perturb dc operating point too much.

Otherwise, incorrect results may be obtained.
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e Frequency selection: tone frequencies have to be selected appropriately to prevent overlapping
of responses generated by different tones. Harmonics present in PWM three-phase converters
can be written as a linear combination of line frequency, switching frequency and injected
tones. Therefore, small procedure is written to check whether any tone is a linear combination
of other important frequency components. If any such tone component is found, the tone is
readjusted. Furthermore, sampling frequency has to be taken into account to prevent spectral

leakage when FFT is applied.

Multi-tone signal is generated with the following expression.

1 N ones
xmtone(t) = [ ZSin(a)it + Ho[) 2_8
Ntones i=1
@, =27, f; = f, +ibyf 2-9
0, =—"—(i-1y 2-10

fones

Analytical expression for the frequency domain content of multi-tone signal is obtained by

applying Fourier transform to the time domain signal.

X ("9‘“ So-w,)-e "'5(a)+a)i)) 2-11

mtone(
tone\ i=1

Several signals can be injected into the system, either single tone signal, multi-tone signal or
any other arbitrary signal waveform. Although, multi-tone signal provides faster results than

single-tone, the spectral power of each tone is smaller compared to a single-tone signal. This is a
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Figure 2-2: Multi-tone signal (a) time-domain waveform (b) magnitude and phase
characteristics in frequency domain
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direct consequence of the fact that multi-tone has larger crest factor as more tones are incorporated
into the signal. Obviously, it is preferable to use more components and to obtain as complete as
possible characteristic of the dq impedance/admittance. On the other hand, putting more
components increases crest factor, but maximum signal deviation should be sufficiently small, not
to perturb the operating point too much. In this way, if more components are used, magnitude of
each component has to be decreased, with the potential to reduce signal to down to the noise level.
If obtained results are corrupted with the simulation noise, the simulation step needs to be
decreased to reduce simulation noise level, consequently increasing signal to simulation noise
ratio. The “beauty” of multi-tone signal is in the following facts: it excites only the specified
frequency components (tones) as there is no splitting of the energy on tones that are not of interest,
complete dq small-signal transfer function characteristics is obtained with just two time domain

simulations as frequency sweeping is no longer necessary.

Figure 2-2 (a) shows the time domain waveform of multi-tone signal, which consists of 40
equidistance frequency points in the frequency range 10 Hz-1 kHz. Similarly, Figure 2-2 (b) shows
the frequency domain characteristic of the multi-tone signal. The important property of the
described multi-tone signal is that it has almost constant crest factor when number of tones in the
signal are increasing. The CF of multi-tone signal for different number of tones is shown in Figure
2-3. It can be concluded that CF of multi tone signal converges to the constant value of 1.9 as

number of tones is increased. Even if the low number of tones are used in the generation of multi-
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Figure 2-3: Crest factor of the multi tone with respect to the number of frequency
points
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tone signal, CF of the signal is always lower than 2.2. CF of multi-tone signal is bounded and for

the most of the number of tones, CF is equal to 1.9.

2.2.3  Chirp Signal

A chirp signal with linearly increasing frequency is one more potential wide-bandwidth
injection signal. The chirp signal with linearly increasing frequency has a constant frequency
spectrum in the desired frequency range. Since the chirp signal can be interpreted as a sinusoidal
signal with changing frequency, it can be easily generated with switching power electronics

converters.

The frequency of the linear chirp signal is changing linearly and it is defined with the following
parameters fo: frequency at the time 0, f;: frequency at the time 7, T is the duration of chirp signal.
The equation that describes the frequency of chirp signal is in the form of algebraic equation is

given below as.
f =1, +%t 2-12

The phase of the chirp signal can be calculated as the integral of the frequency for the arbitrary

initial phase 6.

o

6’(1)=27f£(f0 +%rjdt+90 =27r(f0t+%t2j+0 2-13

Thus, the linear chirp signal cab be written in the following way.

sin| 27 fot+ut2 +6, | 0<t<T
2T
0 t>T

xchirp (t) = 2_14

A spectrogram is used for a spectral representation of the chirp signal. A spectrogram is a time-
varying spectral representation (forming an image) that shows how the spectral density of a signal
varies with time. In the field of time—frequency signal processing, it is one of the most popular
quadratic Time-Frequency Distribution that represents a signal in a joint time-frequency domain

and that has the property of being positive. Also, spectrograms are used to identify phonetic
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sounds; and they are commonly used in many other fields including music, sonar/radar, speech

processing, seismology, etc.
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Figure 2-4: Time domain waveform of chirp signal fy=1, fi=20, 7=1

The most common format is a graph with two dimensions: the horizontal axis represents
frequency, the vertical axis is time, a third dimension indicating the amplitude of a particular
frequency at a particular time is represented by the intensity or color of each point in the image.
Although there are many variations of format: sometimes the vertical and horizontal axes are
switched, so time runs up and down; sometimes the amplitude is represented as the height of a 3D
surface instead of color or intensity. The frequency and amplitude axes can be either linear or
logarithmic, depending on what the graph is being used for. Audio signal engineers would usually
represent it with a logarithmic amplitude axis (typical unit is decibels, or dB), and frequency would
be linear to emphasize harmonic relationships, or logarithmic to emphasize musical, tonal

relationships.

The spectrogram is calculated using Short Time Fourier Transform (STFT), which is in its
essence very similar to Welch’s estimation method. Digitally sampled data, in time domain, is
broken up into chunks, which usually overlap and Fourier transformed is used to calculate the
magnitude of the frequency spectrum for each chunk. Braking up the signal into chunks is the same
as applying a rectangular window function to the signal. Hence, it is possible to use other window

functions as Han, Hamming, Blackman-Harris and others to obtain the spectrogram [120]. Each
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chunk then corresponds to a horizontal line in the image; a measurement of magnitude versus
frequency for a specific moment in time. The spectrums or time plots are then "laid side by side"

to form the image or a three-dimensional surface.
STFT is defined with the following equation
+w .
X(m,0)= Zx[n]w[n —me " 2-15

A chirp signal waveform in time domain is shown in Figure 2-4. Spectrogram of the chirp
signal is easily programmed in software by specifying the length of each “chunk”, the number of
overlapping elements, the type of window function, the sampling frequency and other parameters.

The spectrogram of the chirp signal obtained in is shown in Figure 2-5.

Chirp signal spectrogram

0 50 100 150 200 250 300 350 400 450 500
Frequency (Hz)

Figure 2-5: Spectrogram of a chirp signal

In similar manner, the frequency domain content of the chirp signal is calculated by applying

the Fourier transform as written below.

Xchirp(ja)) = jxchirp(t)e_jwtdl 2*16
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Figure 2-6: Waveforms of Fresnel functions S(x) (straight blue line) and C(x) (dashed
red line)

After several algebraic manipulations are used, it is possible to get an analytical expression of
the Fourier transform of the chirp signal, which consists of Fresnel integrals or Fresnel functions.
Analytical expressions of Fresnel functions together with the equivalent power series expansion

are given below.

4n+3

S(x)= Tsin(%rzjdr = %f(— )y —= 2-17

) prs (2n+1)(4n+3)

4n+1

C(x)= Icos(%rzjdr = %g(— 1)’ sl 2-18

0

Signal waveforms of two Fresnel functions S(x) and C(x) are shown in Figure 2-6. In order to
calculate frequency characteristic of the chirp signal, it is convenient to split the chirp signal into

two complex signals as shown below.

X (1) = % (e,a(.,,,,,, () _ o7y <,>) 219
6,1, (t) = 0t + %zz +0, 2-20
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AQ =27AF =27(f, - f;) 2-21

Where the wy is angular frequency of the chirp signal at 0, while the 4Q is the angular
frequency increase at the time #;. The frequency spectrum of the chirp signal is calculated by

applying the Fourier transform on the chirp signal as written below.

X (@)= %( | (’)efwfdt] 2-22
Xchirpl (.]a)) = J‘ejab‘hﬂl‘ (t)e_jwtdt 2_23
X (j@)= [ e 2-24

—00

Fourier transformation of the first complex signal, namely Xenirpi(jw), 1s analytically described

with the Fresnel functions as.

X irpi (J a)) = 2£F eijMTIZAFT e’” [(C(X 2 (nl )) - C(X 1 (nl ))) +J (S (X 2 (nl )) ) (X 1 (nl )))] 2-25

n=22"2 2-26

AQ
|AFT |AFT
X,(m)=n, TaXz(nl):(z"'”l) TS 2-27

Similarly, Fourier transformation of the second complex signal, namely Xcnip2(jw) is

analytically described with the Fresnel functions as written below.

2
T =2arr

X hirp (]a)) = AR et et [(C(Xz (”2 )) - C(Xl (”2 ))) - j(S(Xz (nz )) - S(Xl (”2 )))] 2-28
n, = 2%”" 2-29
X, 0)=m | 5T )=o) [ 22T 230

Finally, Fourier transformation of the chirp signal is calculated as.
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. 1 . :
Xch irp (.] C()) = Z (Xch irpl (J a)) - Xch irp2 (.] 0))) 2_3 1

Analytical expression can be solved using analytical software tools like MATHEMATICA,
MATHCAD or numerically in MatLAB. After the implementation of the numerical solution in
MatLAB with an ode45 solver function and compared it to the FFT of a sampled chirp signal. A
Fourier transform of a chirp signal for different parameter values (fy, f;, T) is calculated using the
derived expressions. Energy is distributed among the whole spectrum bandwidth and all frequency
components can drop to the noise level or even below. This property is not good, because noise
can add considerable error to the impedance measurements. In order to get the steady-state
response for low frequency components a longer chirp signal is needed, but then the magnitude of
the Fourier transform drops down. Therefore, the noise level present in the system determines the
duration of the chirp signal and consequently the lowest frequency of the chirp signal. The
comparison of magnitude characteristics of three different chirp signals is shown in Figure 2-7.
The frequency spectrum of the chirp signal is not a straight line in the injection frequency range.
Instead the spectrum contains so called Fresnel ripple, which cannot be eliminated or attenuated
as it is the inherent property of the chirp signal spectrum. Furthermore, it can be concluded that if

the frequency range of chirp signal is increased, then the signal is equally spread in the whole
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Figure 2-7: Comparison of magnitude characteristics of three chirp signals: f,=10 Hz,
f1=20 Hz and 7=1 s (blue straight line), fy=10 Hz, ;=50 Hz and 7=1s (red dashed line),
fo=10 Hz, =200 Hz and 7=1s (green dotted line)
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frequency range, resulting in the lower energy of each spectral component. Nevertheless, the chirp
signal can significantly increase the speed of small-signal extraction by injecting a wide frequency
range signal into the system. However, if SNR is significantly decreased, the obtained small-signal
transfer function results may be severely corrupted with noise, limiting the usefulness of the

obtained results.

2.3 Implementation of FFT Algorithm in Simulations

The small-signal impedance extraction based on FFT algorithm has been implemented in
MATLAB/Simulink software with the use of SimPowerSystems toolbox. MATLAB has been
selected with SimPowerSystems toolbox as it offers several different solvers and it is commonly
used software tool for the time-domain simulations of switching power converter circuits. In this
way, different wide-bandwidth signals can be tested and compared to the ideal sinusoidal signal.
The small-signal frequency-domain analysis is developed as an automated tool for the switching
simulation models, which can be used on arbitrary switching models of power electronics
converters. Furthermore, the presented small-signal frequency analysis is general and can be used

to extract other transfer functions of interest as loop gain, dc impedance, audio susceptibility, etc...
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Figure 2-8: Shunt current injection dq measurement block, which provides phase to
phase dq impedances
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Several types of the impedance identification blocks are built and included into simulink
library browser. The purpose of the developed blocks is to perturb the system and collect steady-
state responses of voltages and currents, which will be post-processed. The developed blocks can
identify either dq or dc impedances, inject multi-tone, chirp or single-tone signal, do shunt or series
injection, include inner PLL for phase tracking or have separate phase input port. Moreover, either

phase to neutral or phase to phase dq impedances can be identified by dq impedance identification
blocks.

2.3.1 Shunt Current Injection of dq Signals via Three-Phase Source

Figure 2-8 shows schematic of shunt current injection block, suitable for characterization of
three-phase AC system in dq coordinates with the phase to neutral variables. The dq currents are
injected via ideal three-phase current source. In order to characterize dq impedances it is necessary
to sense source and load currents and voltages in abc coordinates at the three-phase interface.
Three-phase currents and voltages are then transformed to dq coordinates using the following dq

transformation.

) cos(@) cos(@ - 2—”} cos(@ + 2—”)
7,(0)=3 3 3 2-32

—sin(@) —sm(e—%’”j —sin(6’+2TﬁJ

During the first perturbation, injection signal is injected via d-coordinate perd(t)=x(t), while q-
coordinate injection signal is equal to zero perq(#)=0. When the first perturbation is being injected
into the power system, the following expression connects dq impedance matrix with the

corresponding voltage and current responses.

MRk
N [Zials

mﬂ {z,qxs

On the other hand, during the second perturbation, injection signal is injected via q-coordinate

)
)
)
)

perq(t)=x(t), while d-coordinate injection signal is set to zero, perd(t)=0. In this way, two sets of
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independent vector responses are obtained, which can be used in the identification of dq impedance

matrix.

Combining previous two equations, the following expression is obtained.
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Finally, the source and load dq impedance matrices are expressed as a ratio of voltage and

current matrices.

std(s) stq(s) _ le(S) de(S) isdl(s) Lo (S) B -39
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Figure 2-9: Series voltage injection dq measurement block, which provides phase to
neutral dq impedances
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2.3.2 Series Voltage Injection of dq Components via Three-Phase Source

T

240

Furthermore, series voltage injection block, suitable for characterization of three-phase ac

power system in dq coordinates with the phase to phase variables is also shown in Figure 2-9.

During the first perturbation the injection signal is injected via d-coordinate, perd(f)=x(¢), while

g-coordinate injection signal is equal to zero perq(f)=0. Similarly, like in the previous case, when

the first perturbation is being injected into the power system, the following expression connects

dq impedance matrix with voltage and current responses.

-2t e
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ol 220
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In a same manner, during the second perturbation, the following expression can be written.

N N
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2-43
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Combining previous two responses to perturbations via d-coordinate and g-coordinate, the

following expressions for the source and load dq impedances are obtained.

o o

iy, (S)
in(s)

{ZM(S) Z,dq(s)}{vm(s) Vi (5)]

Ziya (S) Zqu(S) qul(s) Vig2 (S)_

e

{dz(s)}‘

2-45

2-46

The series voltage perturbation excites the system in a dual way compared to the shunt

perturbation case. The majority of the perturbation excites large impedance, providing sufficient
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excitation to one side. On the other hand, the voltage and current responses of small impedance

side may be very small, resulting in inaccurate impedance identification.
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Figure 2-10: Shunt current injection dc measurement block

2.3.3 Shunt Current and Series Voltage Injection Blocks into DC systems

The schematics of shunt current injection block for the impedance estimation of dc power
system is shown in Figure 2-10. In this case, only a single perturbation signal is necessary to

perform the identification of the source and load impedances.

In this case, dc impedances are identified via the simple expressions as shown below.

stc(S) = ‘.}dc (S) 2_47

248

Furthermore, the schematics of series voltage injection block for the impedance estimation of
dc power system is shown in Figure 2-11. In a dual manner, the source and load impedances in

this case are identified using the following expressions.

Z,.(s)= Viel5) 249

Lye (S )

Zldc(s) == ; (S) 2-50
dc




In the case that dq and dc admittances are of interest for the stability analysis, the admittances

can be calculated via the inversion of impedances.
Y, (s)=2, (s) 2-51

1
Yoo(s)=Zae(s)=——~ 2-52
ch(s)
All the developed blocks are easily used with an arbitrary power converter switching

simulation model and used to identify source and load dq or dc impedances/admittances.
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Figure 2-11: Series voltage injection dc measurement block

2.3.4 FFT Algorithm

In order to characterize the small-signal transfer functions values at arbitrary frequency points,
the small-signal perturbation is injected into the simulation model via the developed blocks. The
assumption is that the model has well defined dc operating point and that small-signal injection
would not change the operating condition. The dc operating point of the three-phase voltage source

converters is defined in dq coordinates.

FFT has been used to provide magnitude and phase of the current and voltage variables at the
injection frequency points. In order to obtain correct results with FFT algorithm, several conditions
need to be satisfied. The equidistant sampling is applied with high sampling frequency equal to
1 MHz. Furthermore, MATLAB models can be easily set to produce time specified output and the
solver would choose step size automatically to fit absolute and relative error requirements.

Interpolating techniques are not used as it is found that they increase error in the model.
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The response due to the injection has to be settled before FFT is applied and the length of data
window on which FFT is applied has to be large enough to capture all the frequency components

present in the signal. In this way, window leakage is prevented and accurate results are obtained.

The tool is further automated in the following ways. The blocks are masked and user can set
couple convenient parameters: start injection frequency, end injection frequency, number of
frequency points between the start and end injection frequency, injection magnitude and frequency
resolution. The user should also provide values for line frequency and response time of the model.
The response time of simulation model is equal to time necessary for the model to reach steady-
state from the arbitrary initial condition. The tool will wait for the response time for the variables
to settle and then FFT is applied. In this way a brute force method for the identification is applied
and automated, resulting in accurate and slow identification process. If pure sinusoidal signal is
injected, then both linear and nonlinear systems can be successfully characterized. Control of the
simulation model and post-processing of the collected data are performed using m-file.
Furthermore, all the injection blocks are parameterized and incorporated into the Simulink library,

providing a flexible and easy usable blocks.

The most important part in frequency-domain analysis using the small-signal injection is to
select appropriate solver. MATLAB software offers large number of different solvers, but only
certain solvers yield correct analysis results. The most suitable solvers for power converters
switching models are variable-step stiff solvers. Four different stiff solvers are incorporated in

MATLAB:

e odelSs
e o0de23s
e o0de23t
e o0de23tb

It has been found that preferable solver is ode23t as it gives fast and accurate small-signal
analysis results. The explanation is that ode23t solver does not have numerical damping as other
three solvers. Of course, other three solvers can give correct results if maximum simulation step is
decreased, thus effectively reducing numerical damping present in the solver. The price paid by

decreasing simulation step is increased time to obtain correct small-signal analysis results.
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In order to perform dq analysis it is necessary to provide phase for the dq transformation block
inside the developed impedance extraction blocks. One possible solution is to implement a
synchronous reference frame PLL (SRF PLL) with center frequency reference as shown in [106],
[107]. It consists of phase detector low-pass filter and integrator, providing phase at the output.
The dq transformation coefficient is selected to be 2/3, so that gain of the phase detector (PD) is

equal to the voltage magnitude V.

\Y 27t
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Figure 2-12: Block diagram of the realized SRF PLL block
Figure 2-12 shows block diagram schematic of the realized SRF-PLL, while Figure 2-13 shows
equivalent linearized model of SRF PLL. The derivation of linearized model for SRF PLL and
analysis of different PLLs is shown in [92]-[93].

The loop gain expression of SRF PLL is derived from the equivalent linearized model as.
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Figure 2-13: Block diagram of the linearized model of SRF PLL
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In some cases, it is necessary to have PLL at the interface point for the phase extraction. In this
case, PLL needs to have lower bandwidth than the lowest injection frequency to minimize its
influence on the extraction process. Although low bandwidth PLL is not a part of the model being
investigated, it would slow the response of the complete simulation model, which is not desirable.
PLL is just added into to model to provide a phase to dq transformation blocks inside the dq
impedance extraction block. Hence, PLL should not slow down the impedance identification
process. Therefore, PLL implementation is left optional in the tool, it can be either included into
the block or phase can be generated in the model itself and then provided as input to the dq

impedance extraction block.

Filtering of the source and load currents to prevent anti-aliasing effect, which is usually done
in the hardware, is not necessary. If sampling is high enough, which is implemented in the tool,
there is no need for low-pass or band-pass filters. We have investigated the possibility to include
either low-pass filter that would have a bandwidth slightly higher than the highest injection
frequency, but it only introduces additional states and makes simulation model more complicated
and it takes longer time to obtain simulation results. Similarly, we have tried to include band-pass
filter, centered on the injection frequency, but again the final conclusion is that the simulation
model would have more states and it would be more complicated to simulate. Furthermore, narrow
band-pass filter has slow response, so it would further increase simulation time and burden the
whole simulation model. Therefore, high frequency sampling of responses is implemented solely,

without any prior filtering.

2.4 Application Examples

Two application examples are presented in this section. Three-phase two-level VSI with inner
current control and outer voltage control feeding a resistive load is used as the first application
example. The effectiveness of the extraction tool is verified on the switching simulation model
with digital control implemented and dead-time included. The incorporated dead-time would affect

the small-signal dq impedances, which is successfully captured via the tool.

The second application example is a three-phase two-level boost rectifier with inner current

loop and dc voltage outer loop controls implemented as digital controllers. In this case, the effect
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of dead-time on dq impedances is successfully captured via the extraction tool. Furthermore,
SRFPLL is used in the model, affecting the small-signal dq impedances of the rectifier via the q-
channel [111]. In this case, PLL effects on small-signal dq impedances are successfully captured

via the extraction tool.
2.4.1 Three-Phase Voltage Source Inverter Feeding a Resistive Load

Three-phase VSI typically used in aerospace application is chosen as the first test case. The
parameters of the used inverter are given in Table 2-1. After applying averaging concept presented
in [18], a classical dq averaged model of three-phase VSI is obtained. The circuit schematics of
both switching and classical dq averaged models are shown in Figure 2-14 and Figure 2-15. The
three-phase VSI is supplied with a dc source, whose dc impedance is modeled with an LC low
pass filter. On the ac side there is a three-phase LC filter, whose main purpose is to filter switching
harmonics generated by the switching converter. The three-phase resistive load is supplied by
capacitor voltages. The three-phase capacitor voltages are regulated in dq coordinates via the
implemented outer voltage loop, while the three-phase inductor currents are regulated in dq

coordinates via the inner current loop.
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Figure 2-14: Switching model schematic of three-phase VSI

The developed impedance identification algorithm together with the developed injection
blocks are used to determine dq and dc impedances from the switching simulation models. In

addition, dq and dc impedances from the averaged model are obtained by the linearization as this
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model has well defined dc operating point. Furthermore, linearization tool based on calculating a
Jacobian of dc model is implemented in MATLAB, and used to calculate small-signal impedances

from the averaged models.

Table 2-1 Parameters of three-phase VSI

IDC voltage V=300V Modulation CSVM

IAC inductor L~180 uH Control Current and voltage
Load R=7Q Dead-time 2 us

DC inductor Ls=80 pH IDC capacitor Cus=40 pF
Switching frequency fsw=20 kHz Line frequency /=400 Hz

PI current loop parameters kpi=0.014; ki=175; |Current loop bandwidth f=1000 Hz

PI voltage loop parameters k»=0.021; k,=200; [Voltage loop bandwidth £=200 Hz

Space vector modulation (SVM) with natural sampling is implemented, although other
possibility is to implement sinusoidal pulse width modulation with third harmonic injection.
Current controller in dq coordinates with an integrator, one zero, two poles, decoupling between d
and q coordinates and anti-wind up is implemented to regulate current delivered to the resistive
load. The voltage controller is implemented as a PI controller, providing the regulation of capacitor

voltages.

iedq irequ vedq Vrefiq
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Figure 2-15: Equivalent dq averaged model schematic of three-phase VSI

39



The VSI small-signal dq impedances are obtained from the switching simulation model by
running time domain simulations. In each simulation, a small-signal perturbation is being injected,

and small-signal impedances are obtained by applying FFT on the settled responses.

The multi-tone signal is injected into the set-up under test in the frequency ranges around the
six times the line frequency (10 Hz-396 Hz, 404 Hz-2396 Hz, 2405 Hz-4795 Hz, 4805 Hz-
7195 Hz, 7205 Hz-9595 Hz, 9605-11995 kHz). In each of the six frequency chunks, the multi-tone
signal will consist of 30 different frequency tones. Therefore, the small-signal dq impedances are
extracted at the total of 280 frequency points. It takes about 90 minutes on a contemporary standard

PC computer to perform time-domain simulations and extract dq source and load small-signal

impedances.

The small-signal dq impedances of three-phase VSI are extracted from the classical dq
averaged model and compared to the dq impedances identified from the switching simulation
model as shown in Figure 2-16. The small-signal dq impedances of the controlled three-phase VSI
are identified in the frequency range from 10 Hz to 12 kHz. The low frequency part of the VSI
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Figure 2-16: Comparison of VSI output dq impedances obtained by switching model
(squared blue line) and dq averaged model (dashed red line) (a) Zu(s) (b) Zuy(s) (¢) Zya(s)
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impedances are shaped via the used voltage and current control, while the high frequency part of
VSI dq impedances match with the open-loop VSI impedances. Furthermore, the resonances
present in the circuit due to LC filters are accurately captured as impedances are extracted at the

sufficient number of frequency points.

If the dead-time is not included, switching model yields same results as dq averaged model.
On the other hand if the dead-time is set to 2us, switching model provides results with resistive
damping on impedance Z,,(s). The modeling of dead-time effect on three-phase VSI with different
SVM techniques is presented in [94]. In addition, the parametric study of the dead-time effect on

the small-signal dq impedances of three-phase VSI is presented in [95].

Similarly, the same dq impedance characteristics is obtained with the injection of sinusoidal
(single-tone) signal. The sinusoidal signal is swept from 10 Hz to 10 kHz in 60 equidistant points
and injected into the three-phase simulation model. In this case, source and load dq impedances
are obtained in about 900 minutes. Comparatively, the achieved speed improvement of the

impedance extraction when multi-tone signal is used, is greater than 20 times.
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In order to perform the stability analysis, both source and load dq impedances are necessary.
The load small-signal dq impedances are successfully extracted as well. The obtained small-signal
dq impedance of the resistive load is shown in Figure 2-17. The three phase resistive load

impedance in dq coordinates is described with the following expression.

R 0
Z,4,(s)= 0 R 2-54

The matching in the low frequency part can be explained with the ability of the average model
to capture switching model behavior in the low frequency range. The high-frequency range dq
impedance is equal to the open-loop dq impedance as control does not regulate converter
effectively at the frequencies higher than the control loop bandwidths. Therefore, both switching

model and average model predict high-frequency small-signal dq impedances accurately.
2.4.2 Three-Phase Voltage Source Rectifier

Three-phase two-level voltage source rectifier (VSR) for aerospace application is used as a
second test case. The parameters of the used two-level boost rectifier model are given in Table

2-2. The inner current loop regulates the current drawn by the rectifier, providing the high power
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Figure 2-18: Switching model schematic of three-phase boost rectifier
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factor. The outer voltage loop regulates the dc voltage and provides the d channel reference for the

inner current loop. In this way the input active power is related to the output power delivered to

the resistive load. The circuit schematic of the implemented three-phase two-level VSR feeding a

resistive load is shown in Figure 2-18.

Table 2-2 Parameters of three-phase boost rectifier

DC voltage Va~=400 V Modulation CSVM

Output inductor L~0.4 mH Control Current and voltage loop
Resistive load R=40Q DC capacitor Ca=300 pF
Switching frequency fsw=20 kHz Line frequency /=400 Hz

PI current loop kp=0.028, k;i=2.33 Current loop bandwidth =500 Hz

PI voltage loop k»n=0.031, ky=13.96 | Voltage loop bandwidth £=100 Hz

SRF PLL bandwidth Jourw=20 Hz Output power Po=4 kW

RMS of voltage source Vems=120 V Source inductor L~0.1 mH

The averaged model schematics are shown in and Figure 2-19. The dq impedance of the

switching model is obtained via single-tone and multi-tone injection and dq impedance of average

model is obtained by the linearization. Bode plots of obtained input dq impedances of three-phase

boost rectifier are presented in Figure 2-20. The small-signal dq impedance obtained from the

classical dq averaged model is shown in red dashed line, while the blue line with squares represents

dq impedance results obtained from the switching simulation models.
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Figure 2-19: Classical dq averaged model of three-phase boost rectifier
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Similarly in this case both switching model and averaged model yield same results as SVM
with natural sampling is implemented and analog loops are closed. All the conclusions derived for
the first case apply also in this case.

The influence of PLL on small-signal dq impedances of two-level VSR is being studied and
researched intensively in the last ten years [111]. Furthermore, it has been shown that PLL will
mostly influence the small-signal impedance Zy(s), which is correctly predicted in Figure 2-20.
PLL modifies significantly both the phase and magnitude characteristics of the small-signal
impedance Zy(s), which can lead to the instability of the system. In addition, the small-signal

impedance Zg(s) is modified by PLL in the low frequency range, while PLL does not modify
impedance in the high frequency range as it is outside of the PLL’s bandwidth. Since PLL is

realized using the q coordinate source voltage, there is no influence of PLL on the small-signal
impedances Zia(s) and Zya(s).
The bode diagrams of the source small-signal dq impedance are shown in Figure 2-21. The

cross-diagonal small-signal impedances Zi,(s) and Zyu(s) are precisely identified as their
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magnitude characteristic is above the noise level. On the other hand, the main diagonal small-
signal impedances Zy,(s) and Zua(s) have the low magnitude values (close to the noise level) in the
low frequency range. Therefore, the obtained impedance results are not “as clean” as other
impedance results presented. The small-signal impedance of the source side obtained from the
classical dq averaged model can be described with the following analytical expression.

sL.+R, —olL,
stqavg(s) = —wlL sL +R 2—55
s s s Is

Furthermore, due to the implementation of PLL in the model, the small-signal dq impedances

of the source side will be influenced and shaped by PLL.

_. 20 _. 20
: 1] B e
o 0 " — o 0
2 Py g
*é -20 \/ -\\/ \> Y g’ -20
£40 \ 40
10' 10° 10° 10’ 10° 10°
— 200, — 20
£ £
15 S
i-zoo"\"'"- 3.-200
2 AVaN 0Bt 9
§-400 S | §-400
o 600 L a 600
10’ 10° 10° 10' 10° 10°
Fregeuncy [Hz] Freqeuncy [HZ]
() Zaa(s) (b) Zay(s)
. 20 _. 20
3 g
Y U s O
—
2-20 220 R
f = =
8 40 8 4
= s
10" 10° 10° 10' 10° 10°
— 200 — 200
0 [}
Q Q
o ]
{2 j=2
3.-200 8,200
g Q
@ -400 2 -400
T & 600
3 0 102 10°

23
o

! 10° 10

0 0
Freqeuncy [Hz] Freqeuncy [Hz]

(©) Zga(s) (d) Zgq(s)

Figure 2-21: Comparison of boost rectifier input dq impedances obtained by switching
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2.5 Identification Algorithm based on Estimation of Power Spectrum

As mentioned before, a Fourier transform can be applied on a discrete signal x(n) of N samples,

resulting in the discrete Fourier transform (DFT) calculated in N equidistant frequency points.
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x(k)= xn)e " 2-56

1 & Pk
x(n):NZX(k)e v 2-57
n=0

The straight forward implementation of DFT requires N complex operations, where a single
complex operations consists of complex multiplication and complex addition. This especially
becomes rather intensive calculation, when the large array signals are being transformed.
Therefore, the algorithms for the fast calculation of Fourier transform utilize the periodic and
symmetric properties of exponential term ¢7**" to avoid the redundant calculations. The fast
algorithms are known as FFT algorithms. One way to implement FFT algorithm, which is widely

used today in the practice, is presented in [127].

The energy or power of the deterministic signals can be related to the Fourier transform. The

energy spectral density of the discrete time signal x(#) is given below.

2

+00

Zx(n)e_jz’y["

n=—00

(1) = 258

The energy spectrum of the signal can be expressed as a Fourier transform of the auto

correlation function of the discretized signal.

XY = Yo e 259

Where the autocorrelation function rw(m) of the signal x(n) is defined with the following

expression.

+00

T, (m) = Z x(n)x(n + m) 2-60

n=-—o0
The power density spectrum function of discrete signal is simply obtained as:

Pxx(f):% irxx(m)e’”’?ﬁ" :%‘X(fxz > 6l

m=—o0
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The Fourier transform exists only for a signals whose energy is finite. In order to characterize
noise, the stationary stochastic signals can be used as a good representative. Due to the stationary
condition, the stochastic signals are infinitely long and have infinite energy, therefore the Fourier
transform of such signals does not exist. However, for the class of stochastic signals, it is possible

to define the power spectral density as the Fourier transform of the autocorrelation function.

+00
= Z r)oc (m)e_jziylm 2-62

m=—00

Where the autocorrelation function is defined as written below.

v, (m) =F (x(n)x(n + m)) 2-63

In practice, the autocorrelation function of the stochastic signal is estimated in the following

way.
()= — 3 x(aln )| = 01, N1
r.\m)= xin)x\n+m),\m{=0,1,.,N— 2-64
N_‘m‘ n=0

Where its Fourier transform gives the power density spectrum function.
A 1 2
PAf)= X (m)e ™ 265

The estimate of correlation function correctly predicts the autocorrelation value.

N‘m‘l

ZE n + m)) xx(m) 2-66

\M\

The variance of autocorrelation function can be expressed in the following way:

Var (i, (m)) =

+00

T _‘ 7 nzwqr (] + 11—y (04 m) 267

lim Var (7, (m))=0 2-68

N>

In this way, 7, (m) gives unbiased and consistent estimate the autocorrelation function.
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Alternatively, the following expression can be used to estimate the autocorrelation function of

discrete signal of N samples.

~>

N-{m|-1

)= Dokt

n=

=0,1,.,N-1 2-69

In this way, the estimate of autocorrelation function 7. (m) , has the systematic error.

E(? (m))= %N g};(x(n)x(n +m))= (1 = %}rxx (m) 2-70
i £, )= . ) -

The estimate of the autocorrelation function is asymptotically unbiased. The variance of

autocorrelation function is smaller than in the previous case.
Var(7., (m)):% iﬂrﬁ(nf +r (n—mr (n+ m)) 2-72

Finally, it can be concluded that the estimate of autocorrelation function is asymptotically

unbiased and consistent.
2.5.1 Periodogram identification method

The previously used estimate of the correlation function can be used for the estimation of the

power density spectrum function.

N-1
o (me 2" 273
m=—(N-1)
. SN L B
> (f)= v > x(ne = N‘X(fx 2-74
n=0

The last two expressions are the basis of the power spectra estimation and they are known as
periodogram method. The estimate of the periodogram is obtained by applying the estimation

operator on the previous equation.
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The last expression can be understood as a Fourier transform of autocorrelation function

multiplied with a triangular window.

7. (m)= [1 - ‘%}”xx (m) 2-76

Finally, the estimate of the periodogram can be written as:

N-1 +

X i 1
er‘c (m)e s = Z J.Pxx(G)/VTR (C()— g)de 2-77
—(N-1

N-1)

£ ()=

m -

Where W, (a)) is a Fourier transform of the triangular window function. The estimate of power

spectrum obtained by a periodogram is actually a convolution of the real power density spectrum

and triangular window transfer function. As a number of samples goes to infinity

{ N_lﬁ(M)e"‘z”f”’}Pm(f ) 2-78

Thus, it can be concluded that the periodogram is asymptotically unbiased estimate of the
power density functions. However, for the variance of the periodogram for the Gaussian noise is

given below.

Var( Axx (f)): P (f 1+ [%j 2-79

i varle, (1) 72(7) 2 50

N—>w

Meaning that the periodogram is not a consistent estimate of the real signal spectrum. There
are two ways to calculate periodograms, directly from a DFT of signal x(n) or by applying FFT on
the correlation function 7, (m) Due to the given drawbacks of the periodogram method, a more

advanced techniques based on the sectioning and averaging can be used.
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2.5.2 Bartlett method

It is possible to obtain the power spectrum by splitting the sampled data into K equal segments,

whose length is M.
x\n)=x\n+iM),
ilz(O),l,...,(K—l;n): 0L,..., M —1 S
The periodogram of each sequence is separately calculated as
LIS (e 2 2-82
Mz

After that, the Bartlett power density spectrum estimate is obtained by averaging the calculated

periodograms of each segment.

B BES

2-83
K':o

Estimate of the power spectrum via the Bartlett method is described with the following

expression.

)L 8ol )40

Which is the expected result, as it is same as the expectation of the periodogram method. The

variance of the Bartlett method is given with the following expression.
. ! . 1 .
VarlB2(1) =5 X VarlPi )= varlp () 285
n=0

Similarly, variance of the Gaussian noise signal obtained by a Bartlett method is obtained in

the following manner.

Var(ﬁxf ( f)): %Pjﬁ (F)1+ [%I 2-86

The variance of Bartlett method is K time smaller than the variance of the periodogram method.
The described method is more computationally intensive, but offers the way to reduce the variance

of unwanted noisy signal.
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2.5.3 Welch’s averaging method
The Welch’s method divides the captured sampled signal into L segments, where each
segments consists of M samples and overlapping of segments is allowed.
X, (n) = x(n + iD),
i=0l,.,L-1n=0]1,.,M-1

2-87

If the segments are not overlapping, then D=M, and for the case of 50% overlap the D=M/2.
The periodogram of the i segment is obtained after windowing the segmented data.

2

M-1
P(1)= g 2 s e 2 88
The U represent the normalization factor, calculated as.
1 M-l 5
U=— _
M n=0 " (n) >

The estimate of power spectrum is calculated as a mean value of modified periodograms.
. =
Pl(f)= ZZP)& (/) 2-90
n=0

The expectation of power spectrum obtained via Welch’s method is as below.

e () S o) 22, 0) 20

HO )5 2 o o) o 2 92
021 3 Sty o= 25
el (1) [ (s > o

Where
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2

1 M-1 )
W(w)=——]) wn)e 7" 2_05
(o) Stk
The normalization constant is used to satisfy the following condition.
1 V4
l=— jW(co)dco 2-96
2r

L1, N .
> > B2 (R ) (e (1) 297
It has been shown in [91], that if there is no overlap among segments, the variance is.

Var(ﬁg(f)):LiVar(RT(f))z%Pfx(f) 2-98

If the overlap among the segments is 50% and triangular window is used, then the variance of

the power spectrum calculated with Welch’s method is:

9

VarlP2 (1)~ < P2(7) 2-99

In this case the number of segments is almost doubled compared to no overlap case, therefore
the overlapping provides further reduction of noise. If other window function is used instead of

triangular window, the variance of Welch’s method will have different value.

Comparatively, all three methods yield same power spectrum estimate of deterministic signals.
However, it is obvious that the Welch’s method with 50% overlapping the most effectively
attenuates the noise. This is especially important in the identification of small-signal dq

impedances, since the sensed current and voltages may be very corrupted with the noise.
2.5.4 Impedance Identification

The identification of spectrum can be performed via the estimation of cross power spectrum
density (CPSD) by any of the described methods. Usually, the noise present in the sensing of
voltage and current signals, therefore the Welch’s method is used to estimate the cross power

spectral density.
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The algorithm is as follows, output signal is equal to convolution of system impulse response

and input signal plus some added noise.
()= h(t)®x(t)+nlt) 2-100
Now we will correlate the previous equation to the input signal, so we can write
P.(j)=H(jo)P,(jo)+ P, (jo) 2-101

If the input signal is not correlated to the added noise Pu(jw)=0, then the transfer function can

be estimated as written below.

)= YGo) _ R le) 102

U= o)~ o)

Theoretically other approach is also possible, we can correlate equation 2-15 with the output

signal and obtain the following expression.

P, (jo)=H(jo)P,(jo)+P,(jo) 2-103

If the output signal is not correlated to the noise present in the system, then the transfer function

can be estimated as

H(jo)=—12 =20/ 2-104

The first approach, where the input signal is correlated to the system equation, is called H;
estimate. The second approach, where output signal is correlated to the system equation is called
H> estimate. Usually, H; estimate is used more often in the practice, because the clean input signal

or reference signal is generated inside the DSP.

Stream1l Stream3 Stream5  Stream?7 Stream2n-1 Stream2n+1

Stream?2 Stream4 Stream6 Stream8 Stream2n

Figure 2-22: Splitting of a signal into the overlapping stream of sections
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In our case the reference signal, which can be chirp, multi-tone or sine is a clean input signal,
while whatever signal is measured, either voltage or current is the output signal that is usually
corrupted with the noise. In order to estimate power spectral density functions we will use the cpsd
function in Matlab. The CPSD function divides input signal into the overlapping sections. Next,
FFT is applied to the each section and obtained FFTs are averaged, resulting in the reduction of
noise power. It has been proven that such an algorithm reduces the noise present in the signal and
correctly estimates the wanted transfer function. Figure 2-22 shows an example of overlapping

sections with 50% overlap.

Once functions P, and P are estimated, transfer function of H; can be calculated. After we
obtain all the transfer functions from references to the currents and voltages we can estimate

wanted impedances.

In order to estimate the small-signal impedance, during the first injection via d channel, dq

currents and voltages of one side can be related to the perturbation signal in the following way.

idl(s)_ = _G’dpd(s) Gldpq(s)_ _pl (S) _
L‘q](s)__ Gypa(s) Gopals) | 0 } 2-105
le(S)_ _ vdpd(S) vdpq(s) b, (S) i
|:Vql(s)_ - vqu(s) vqpq(S) 0 } 2-106

Similarly, during the second perturbation, the perturbation signal is being injected via the q-

channel. The sensed dq currents and voltages can be related to the perturbation signal.

{idz(s)_ Gigpd) Gy s )] 0} 2-107

)
12()] T Gpals) Gup(8)] pa(5)
de(s)_ . Gvdpd(s) vdpq( ) 0 _
qus)_‘ Gopels) Gopals) Laz(sﬂ 210

Same signal can be injected via both channels, p;(s)=p2(s)=p(s), enabling the estimation of the

following transfer function with the power spectrum methods.

Gidpd(s) = ldl—(S) 5 G,‘dpq(s) = Z‘ZI—(S) 2-109

pls)
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(s)= i‘“(s);G. (s)= ii(5) 2-110

G0 () Pt

_ le(s). < Vql(S) -
Gypals)= 8 :Gp(5) 2 2111
qupd(s) =t (S) Gy (S) L (S) 2-112

Next, the small-signal dq impedances are calculated using the identified transfer functions,
yielding that the dq impedance is ratio of voltage and current transfer function matrices. The main
benefit of this approach is that the identified transfer functions will have reduced effect of the

noise.

20| k) S k) G,.d,,q<s>}* s

qupd (S) qupq(s) qupd(s) qupq(s)

The previous expression is used to characterize the source and load small-signal dq

impedances.

Figure 2-23 shows noisy current signal and ideal current signal. Amount of noise was selected

to cover load current “completely”, so one cannot recognize current shape within the noisy signal.

Load currents
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Figure 2-23: Noisy current signal (green curve) and ideal current signal (blue curve)
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This amount of noise was added to source and load currents and to voltages. Then FFT and CPSD

algorithms are applied to those noisy signals.

Figure 2-24 and Figure 2-25 show a comparison of FFT and CPSD algorithms on source
impedance Zs and load impedance Z4, respectively. We can see that source impedance Zsu
results are accurate for both algorithms because the added noise is below the source current signal
level. Hence there is not a big difference in the applied algorithms. Load impedance results are not
very accurate when the FFT algorithm is applied, because the noise level is high. The important
conclusion is that the cpsd algorithm can clean noise from the load current signals and yield very

clean load impedance result.
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Figure 2-24: Source impedances Z;ss comparison for FFT and CPSD algorithms
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Figure 2-25: Load impedance Z,;,; comparison for FFT and CPSD algorithms
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If we use a longer signal which is split into more windows then obtained impedances will be
even more accurate. Inherent property of the algorithm is that there is an error in low frequency
bandwidth, which can be verified easily in previous graphs. The error cannot be avoided, but a
longer data stream should be generated, so low frequency error would be moved to lower
frequencies. By doing it, an error in the low frequency part can be moved outside of the frequency
region of interest. The price paid by applying this approach is that a longer injection is needed and

more computational resources will be used.

2.6 Summary

Chirp and multi-tone signals have been successfully used for the small-signal dq impedance
extraction. First ideal chirp signal is generated with ideal current and voltage sources. It has been
shown that balanced passive networks can be identified accurately with chirp and multi-tone

injection signals.

Furthermore, the multi-tone signal has been successfully used to characterize the small-signal
dq impedances of three-phase VSI, behaving as an active source with current and voltage loops
closed, feeding the three-phase passive load. In this way, the identification of dq impedances is
performed in the larger number of points. The effect of dead time on the small-signal dq impedance

of three-phase VSI is captured and accurately predicted by FFT extraction algorithm.

The three-phase VSR rectifier feeding the dc resistive load is the second test-case for the small-
signal dq impedance identification. The switching simulation model of three-phase VSR, which
behaves as an active source with the inner current loop, outer dc voltage loop and PLL for the
synchronization. The multi-tone signal was used to identify the small-signal dq impedances of
active source, providing the small-signal dq impedance results in the increased number of points.
The effect of PLL on the small-signal dq impedances is captured and extracted with FFT

identification algorithm.

Even though the noise was added in a small amount it still can significantly make impedance
simulation results erroneous. The big problem in instantaneous source and load impedance
identification is that the signal is splitting to the source and load side. In the worst case, a small

amount of the perturbation signal will go to one side, while a much larger amount of perturbation
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signal will go to other side. This happens if the impedance is larger than the other one by the order
of the magnitude value. This is the case in one of the examples presented, so we can see that even
a small amount of noise can severely corrupt impedances. Therefore, it is very important to find a

way to deal with the noise issues.

Finally, in the last part of the chapter the identification algorithm based on the estimation of
periodograms is introduced and explained. It has been used on simulation models in order to
understand its properties and verify its effectiveness. Obtained impedance results prove that CPSD
algorithm can yield clean impedance results in the presence of a substantial amount of noise. An
important condition for the usage of the algorithm is that a clean reference signal is necessary to
provide a good performance in reducing the noise. The algorithm based on the estimation of power
spectrum is general and can be applied with any type of injection signals like chirp, multi-tone,

sinusoidal or other wide-bandwidth signals.
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Chapter 3. Modeling of Small-Signal Input dq Admittance of Six-Pulse Diode

Rectifiers

This chapter focuses on the modeling of small-signal input dq admittance of six-pulse diode
rectifiers, providing comparison between well-known averaged value models (AVMs), the
switching simulation model and hardware measurements. The analytical AVM (AAVM) is a
widely used solution for modeling a six-pulse diode rectifier, but it is found that it has to be
modified in order to model the input dq admittance more accurately. Analytical expressions for all
four admittances present in the dq matrix are derived and compared to switching model small-
signal dq admittances, proving that modified AAVM match small-signal dq admittances of
switching simulation model. Furthermore, a parametric AVM (PAVM) is included into analysis,
“slightly modified” and analytical expressions for all four dq admittances are derived in this case
also. PAVM match dq admittance resonance points somehow better. However, it is concluded that
both AVMs predicts two admittances, Yaq(s) and Y,u(s), very precisely even beyond the switching
frequency. On the other hand, the prediction of other two admittances, Yi,(s) and Yy(s), is accurate
only up to one third and one half of the switching frequency, respectively. The main sources of
differences are found to be sideband resonant points that are mainly present in the response to q-
channel injection. The main reason is that q-channel injection modulates commutation angle and
yields significant sideband admittances around multiples of the switching frequency, which is
typical behavior for nonlinear systems. Furthermore, a hardware set-up is built, measured and
modeled, showing that the switching simulation model captures nonlinear sideband effects
accurately. In the end, a six-pulse diode rectifier feeding a constant power load is analyzed with
modified AAVM and through detailed simulations of switching model, proving effectiveness of

the proposed modifications.

3.1 Introduction
Modeling of the input dq admittance of three-phase AC systems has been a “hot research topic”

in recent years as there is a need to estimate stability of the modern electric and ship power systems.
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Generalized Nyquist Criterion (GNC), which is based on the source small-signal dq impedance
and the load small-signal dq admittance, can be used to estimate stability of the power systems at
a three-phase interface in a dq rotating frame. This approach has been used in several different
publications regarding stability of the power systems as it is widely used tool for small-signal

stability analysis [19].

However, still there are not many papers published, which address modeling and
characterization of the small-signal input dq admittance of six-pulse diode rectifier, although diode
rectifiers are very commonly found in many power systems. A number of averaged models of six-
pulse diode rectifiers have been developed, trying to capture inherent nonlinear behavior of the
rectifier as shown in [67]-[69]. All the developed AVMs can be grouped into two groups, based
on the derivation approach used. The first approach is analytical average modeling, where the
model is derived analytically from the state-space equations, describing physical behavior of the
diode rectifier. Analytical modeling maps AC side filter to DC side and in some cases the complete
derivation of the model is very cumbersome and algebraically intensive. In the second approach,
a voltage controlled voltage sources and current controlled current sources are used to describe
averaged model, where parameters of AVM are obtained numerically from the switching
simulation model. In this way a parametric AVM (PAVM) is obtained. PAVM does not require
mapping of AC side parameters to DC side, but it does require intensive simulation of the
switching model to obtain appropriate characterization of the model’s parameters [76]-[78].
Therefore, both approaches are investigated in this chapter and used to identify small-signal input
dq admittance of AVMs. However, it is found that both models need to be somehow modified to
provide more accurate small-signal dq admittance results. The modification takes into account the
nature of dq injection, thus yielding correct small-signal dq admittance characteristics. Through
the detailed analysis it is found that both AVMs are simplifications of the switching model and
both models fail to predict the complete small-signal dq admittance characteristic of the six-pulse

diode rectifier, especially in the frequency range beyond the switching frequency (360 Hz).

Many of AVMs have been validated through detailed comparison with the switching
simulation model as shown in [73]-[75]; steady-state values of voltages and currents are matched,
transient step load comparison is investigated and small-signal frequency identification is
performed only through the validation of dc impedances. Nevertheless, there have not been many

results published on estimating input dq impedance/admittance from the averaged models and/or
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from the switching models, although there is an apparent need for such analysis. Small-signal dq
admittance identification from PAVM is performed in [78], but obtained results are generalized as
correct without comparison to the switching model dq admittance or hardware measurements.
Therefore, the focus of the paper is to identify input dq admittance from already known AVMs, to
obtain the input dq admittance from the switching simulation model, and to compare those results
with hardware measurements. A six-pulse diode rectifier with a simple inductor filter on the ac
side and an LC filter on dc side is selected to be a test case model. Schematic of the six-pulse diode
rectifier, which is used in hardware set-up, switching simulations and in averaged modeling, is

shown in Figure 3-1. The parameters of a six-pulse diode rectifier are given in Table 3-1.

Dy D¢\ D

Figure 3-1: Schematic of six-pulse diode rectifier with resistive load.

Furthermore, all the models used throughout the paper, namely switching, AAVM and PAVM,
are built in MATLAB using the SimPowerSystem toolbox. The input dq admittances of the
switching simulation model are obtained via small-signal identification using an FFT algorithm.
For that purpose, series voltage AC sweep small-signal injection in dq coordinates is performed,
where the injection voltage root mean square value (RMS) is set to 4 V, which is around 2.5% of
the voltage at the three-phase interface. The FFT algorithm was applied at 68 points in a frequency
range | Hz-1000 Hz.

Finally, the accurate small-signal model in dq coordinates of six-pulse diode rectifier is also

necessary to properly close the loops and design the controller for voltage generators used in power
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systems. Therefore, the usability of the work presented in the paper is not restricted only to the

small-signal dq impedance/admittance identification for stability analysis.

Table 3-1 Parameters of six-pulse diode rectifier

Parameter name Parameter values
Voltage source Verms=120 V f=60 Hz
AC Inductor L~0.22 mH Ri=30 mQ;
DC Inductor L4=0.9 mH Ria=60 mQ
DC Capacitor Ca~=1.05 mF Reac=30 mQ
Load Resistor R=12.8 Q Pa~6 kW

3.2 Analytical Averaged Value Modeling (AAVM)

AAVM is a widely used solution to model six-pulse diode rectifier [65]-[66], which is derived
analytically, using the analytical description of the physical behavior of diode rectifier. The
AAVM is described using state-space equations for both commutation period (three diodes
conducting) and for conduction period (two diodes conducting). The averaged model is obtained
with summing both equations and averaging over a switching period, the so called switching
averaging, where in this case the switching frequency is equal to six times the line frequency.
Obtained averaged model correctly mimics behavior for the mode that was assumed during the
derivation procedure. If a diode rectifier works in some other mode, no matter whether it is a
discontinuous conduction mode (DCM) or continuous conduction mode (CCM), it is necessary to
derive average model again using the equations specific for that mode. Moving average that is

used in the derivation for arbitrary state variable is defined below, where T is the averaging period.

I
Z?J- cond comm(T))dT 3-1

Furthermore, the following Park’s transformation, which is magnitude invariant, is commonly

used in the derivation process, where 6 is angle of the voltage source.

) cos(8) cos(@ - 2—”] cos(@ + 2—”)
T, == 3 3 32

dg —
3| sin(0) —sin(@—%z) —sin(9+2?ﬂj

62



The main assumption made during a derivation process is that the dc side current has small
ripple, which depends strongly on circuit components values. This fact severely limits the usability
of the model as it provides modeling with smaller and larger error values depending on the filter
parameters on the dc-side. Therefore, the more accurate is the assumption, the more accurate
results with AAVM will be obtained and vice versa, the less accurate is the assumption, the less
accurate results with AAVM will be obtained. In the used example, it is shown that AAVM fails
to predict correct steady-state value of current source q-axis component, which leads to noticeable
error in small-signal analysis when AAVM is used. The error is relatively easily eliminated, if the

proper scaling is applied.

Figure 3-2: Equivalent averaged circuit schematic of AAVM.

3.2.1 Equivalent equations of AAVM
The equations, which describe AAVM, are given below.

isa’ = ﬁ d (ILI )idc + Gd (/u )Vsrms;
isq = ﬂq(ﬂ)idc +Gq(/u)vsrms; 3-3
Viect = Adcvsrms = Adc\/o_'s \ vszd + Vszq = ch (D)ldc

Equivalent averaged circuit schematic is shown in Figure 2. The parameters used in the
previous equations are function of commutation angle u, source angular speed s and commutating

inductance L.
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ul)= 22 ok, )=~ 22 s
Adc = ﬁ’ Rekv = iLCa)s;
i " 34
Gyl = 222 L (cos(2) 4cos(s) + 3}
s—C
6,)= 22 L sin(ou)- 4sin(u)+ 20

In order to obtain a small-signal dq input admittance of the AAVM, (3) has to be modified.
AAVM without modification predicts two admittance Yu(s) and Yy(s) to be equal to zero.
Therefore, the modified AAVM can be written as given below.

isdm _ |:COS(5) - Sll'l(5):| ﬂd (/u)idc + Gd (lu)vsrms 3.5
i sin(6)  cos(8) | B, (e + Gy ()

Where cos(0) and sin(0) are defined via dq parameters of the source voltage.

sqm

cos(5) = Y sin(5) = e 3-6

Ve Ve, Ve Ve
3.2.2 Small-signal dq admittance of AAVM

In order to derive the small-signal dq admittance of modified AAVM, it is necessary to

linearize (5) with respect to input voltage variables vss and vy.

3-7

Y(S){Ydd@ qu(sq 7) 7l

qu(S) qu(s)

After several algebraic manipulations of (5) using (6), simple expressions for small-signal dq
input admittances are obtained. The analytical expressions for small-signal dq input admittances

of modified AAVM are provided below.

=+/0.5 IS””S 3-8
(quch(S)Adc +Gq) sl

srms

I,
{Ydd(s) qu(s)} (BaYae($) A +Gy) — %
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The admittances Yau(s) and Yg(s) map DC side admittance Yu(s) via simple algebraic
expressions, where different parameters are used in each mapping as shown in (8). On the other
hand, the admittances Yya(s) and Yy4(s) consist of resistive part only, predicting that there is no
influence of the DC side impedance. The resistive part is solely determined by the ratio of dq
source currents and source rms value. The scaling of admittances is necessary for Yu,(s) and Yya(s)

as they depend on f,(«) and G4(u), which determine ig,.
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Figure 3-3: Small-signal input dq admittance of six pulse diode rectifier: obtained from
switching simulation model (green line with squares), analytical expression of modified
AAVM (red dashed line) and scaled up expressions of modified AAVM (purple dashed line).

3.2.3 Small-signal dc impedance of AAVM

It is well known and already shown in several previous papers that AAVM captures very
accurately small signal output DC impedance of the six-pulse diode rectifier. The analytical
expression of the output impedance can be easily derived from 3-3. Furthermore, bode plot
comparison of small-signal output dc impedance from switching simulation model and analytical

expression given in 3-7 is shown in Figure 3-4.
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Obviously, small-signal dc impedance of AAVM matches switching simulation model in a
complete frequency range (1 Hz - 1000 Hz), implying that matching is achieved even beyond the
switching frequency (360 Hz). In this case the output impedance is simple LC filter, whose

resonant frequency point is at 123 Hz, where this resonant point is determined with both AC side

inductance L. and dc side La.-Ca low-pass filter.
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Figure 3-4:  Small-signal output DC impedance of six-pulse diode rectifier: obtained
from switching simulation model (green line with squares) and analytical expression of
AAVM (red dashed line)

3.3 Parametric Averaged Value Modeling (PAVM)

A second averaged model used in the analysis is a PAVM presented in [77]-[78], in this case
parameters of the model are calculated using steady state values of the currents and voltages from
the switching simulation model. Equivalent circuit schematic of PAVM is shown in Figure 3-5,
the equivalent model consists of two current controlled current sources to establish a relationship

among dc side current and dq side currents; similarly there is a single voltage controlled voltage
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Figure 3-5: Equivalent circuit schematic representation of PAVM
source to establish a relationship among dq side voltages and dc side voltage. Furthermore, same

equivalent resistor that is present in AAVM is used in PAVM, providing damping in the averaged
model that happens in switching model due to commutation angle. Parameters of the controlled

sources are derived from phasor diagram shown in Figure 3-6.

q

Figure 3-6: Phasor diagram of dq currents and dq voltages used in PAVM
3.3.1 Equivalent equations of PAVM
The equations, which describe PAVM are given below, where cos(J) and sin(d) are defined in
similar manner as in (6), but ac voltages at diode bridge are used instead of voltage source.
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cos(d)= zvd =, sin(5) = 2vq =
Vi v, Ve v,

di
. sd P .
Vsd _Rlclsd —Lc dt slely = Vas

) dig,
Vg — Ricly, —LC? o,Li; =v,

iy = Zc cos(5 + @), i iy, = k—sm(§ +0);

1 1

[.2 2 _ LN
Viect = kv rms _k Va +Vq _ch(D)ldc9

3-11

Similarly, the input dq admittance of a PAVM is derived via the linearization of (11) with

respect to vyq and vy.
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The derivation process is even more cumbersome than in AAVM case, thus only the final

expressions are provided below.
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L s ki =—x k, 3-17
cos(9) sin(g))
3.3.2 Small-signal dq admittance of PAVM

In this part obtained dq admittances from AVMs are compared to corresponding dq

kid =

admittances of the switching simulation model. By applying the linearization techniques around
dc operating point, it is possible to obtain small-signal dq admittance of AVMs. Either the derived

analytical expressions or small-signal frequency characteristics obtained by the linearization
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Figure 3-7: Diode rectifier input dq admittances: switching model (green squared straight
line), analytical expression of modified AAVM (red dashed line), analytical expression of

PAVM (blue dashed line) (a) Yau(s) (b) Yay(s) (¢) Yyu(s) (d) Yyy(s).
technique can be used to identify the small-signal dq admittance, as both approaches yield same
results.
The comparison of input dq admittances, obtained from the switching model and analytical
expressions of AAVM 3-5 and of PAVM 3-7 to 3-9, is shown in Figure 3-7. It can be concluded
from the figure that all four admittances have the resonant point at 123 Hz, which is the resonant

point of LC filter present in the rectifier. Obviously, the input dq admittance derived from the
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AVMs match the two admittances obtained from the switching model, Yui(s) and Y,a(s), even
beyond the switching frequency. This is explained by the fact that d-channel injection behaves like
a magnitude injection, which is obviously more linear as it does not modulate commutation angle.
Furthermore, both AVMs accurately model admittance Y,4(s) up to half the switching frequency
(180 Hz), predicting that Y,4(s) behaves like a resistor in the low frequency range. In the high
frequency range (above 180 Hz) there are resonant points present that are not captured by AVMs.
Similarly, both AVMs predict admittance Y, (s) correctly up to 100 Hz, but there is also significant
dynamic present in the admittance Y4, (s), which is not captured by AVMs. Furthermore, q-channel
injection generates significant sideband admittance response at 237 Hz, at 483 Hz, at 597 Hz, and
at 843 Hz due to the modulation of the commutation angle, which is the typical behavior of

nonlinear loads, behaving more like a nonlinear injection.

3.4 Modeling of a hardware set-up

This section describes a hardware example and input dq admittance measurement of the six-
pulse diode rectifier obtained with dq impedance measurement unit (IMU). It is shown that a
switching simulation model can predict hardware dq admittance if all the components are known
and precisely modeled. For this purpose a six-pulse diode rectifier is built and measured with the

three-phase AC IMU, which is developed to measure dq impedances/admittances at three-phase
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Figure 3-8: Time-domain comparison of simulation model (dashed black line) with
hardware waveforms (straight blue, red and green lines)
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AC interfaces [96]. The IMU hardware is modeled in Simulink and built model is compared to
hardware in both time-domain and frequency-domain. Figure 3-8 shows steady-state time-domain
comparison ac side currents of the diode rectifier from the simulation model with corresponding
waveforms of the hardware set-up. The obtained waveforms show almost perfect matching
between a simulation model and hardware set-up, which is achieved by tuning process throughout
several iterations. At the beginning of the tuning process the matching was not achieved as IMU
adds parasitic inductive value to the AC side, thus it required an adjustment of the simulation
model accordingly. Only after the adding 80 uH parasitic inductor to AC side, the commutation

angle of the rectifier was modified to match the one happening in the hardware.

Figure 3-9 shows comparison of small-signal dq admittances obtained by hardware
measurements and by switching model simulations. The extraction of small-signal input dq
admittance from the switching simulation model matches hardware measurements in the whole

frequency range of interest, where nonlinear sideband effects on admittances are captured
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simulation model (green squared line) and by hardware measurements (purple straight
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accurately. New poles, around multiples of switching frequency, are identified from the switching
simulation results with the usage of MATLAB identification toolbox and identification functions.
This proves that small-signal analysis performed on switching simulation model is very close to
the real hardware measurements. The linearized AVMs are correct only up to certain frequency
point, providing not so accurate modeling results in the higher frequency range. The nature of
averaging is such that it can be trusted mostly up to half the switching frequency, especially if the
considered model exhibits strong nonlinear behavior. The strength of the shown modeling is that
it captured nonlinear effects, which were not observed by AVMs as they are just linear

approximations of the switching models.

In order to fully characterize the usefulness of AVM model it is necessary to perform several
comparisons like the steady-state and transient analysis in time domain, but it is also necessary to
fully characterize the used AVM in the frequency domain. It is not enough to look only at DC side
as AVMs predict small-signal DC impedance very accurately. The explanation is that DC side
injection mainly affects d coordinate of currents and voltages, which behave very linearly. By

looking into dq small signals characteristics the complete evaluation of AVM is performed.

3.5 Six-pulse diode rectifier feeding a constant power load

This section describes an example of six-pulse diode rectifier feeding a constant power load
that behaves like negative resistance in the small-signal sense. The constant power load is realized
as a three-phase voltage source inverter (VSI) with inner current loop and outer voltage loops

closed. The circuit schematic of the described example is given in Figure 3-10: Circuit schematic
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Figure 3-10: Circuit schematic of a six-pulse diode rectifier feeding a three-phase voltage
source inverter
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Figure 3-11: Circuit schematic of AAVM of six-pulse diode rectifier feeding a three-phase
voltage source inverter

of a six-pulse diode rectifier feeding a three-phase voltage source inverter. Three-phase VSI is
realized as a conventional two-level converter that has a simple L-C filter with a pure resistive
load on AC side. The inner current loop is closed to have approximately 700 Hz bandwidth and a
phase margin of 70 degrees, while the outer voltage loop is designed to have 200 Hz bandwidth
with a phase margin of 65 degrees. Same parameters of the six pulse diode rectifier are used in this

section. The parameters of three-phase VSI are given in Table 3-2.

Table 3-2 Parameters of three-phase VSI

Parameter name Parameter values
AC Inductor L~0.44 mH Ri=50 mQ;
AC Capacitor C=50 pF R=10 mQ
Resistors R=7Q Ra4~=100 Q

This example is only analyzed in the simulations with the help of MATLAB and
SimPowerSystems toolbox. In order to obtain input dq admittance of a switching model, small-
signal analysis 1s performed. Series voltage injection is used to perturb AC side of the six-pulse

diode rectifier in dq coordinates. The obtained small-signal dq admittance is shown in Figure 3-12.

Furthermore, an averaged model is developed to characterize the small-signal dq admittance
of six-pulse diode rectifier feeding a three-phase VSI. Modified AAVM according to (5) is used
to model a six-pulse diode rectifier, while the well-known classical averaged model is used for a
three-phase VSI as shown in Figure 3-11. Although it is possible to use either PAVM or modified
AAVM for modeling of six-pulse diode rectifier, due to the space limitation only one averaged

model is presented in the analysis. However, there are no any restrictions to generalize the results
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to PAVM. Input dq admittance of the averaged model is calculated by the linearization of model
around steady-state DC operating point. Once dq admittance is calculated, the comparison of

small-signal dq admittance of both switching and averaged model is shown in Figure 3-12.

oy oy
20, A 20 ;
% N <2 |
320 ual T 320 1
‘E _ € 40 e ]
B 2 i | T T
10° 10’ 10 10 10 10 10 10
— 200 = , —
o9 —— o0 0 / I ||
S, T £ 200 1l
[ 0 © ‘
© 2400 |
K £
0 200 o -600 : i
10° 10’ 10 10° 10° 10' 10° 10°
Frequency [HZ] Frequency [Hz]
(a) Yaa(s) (b) Yae(s)
3 20 T g 20
o 0 o 0
5'20 =T T S T T 5'20 N
S -40 T £-40 S
§_60 2 i 3 §_60 0 1 2 i } 3
10° 10’ 10 10 10 10 10 10
— — 100
8 -200 g ° -
£ 400 T & 400 LT MIT
10° 10’ 10 10° 10° 10’ 10° 10°
Frequency [Hz] Frequency [Hz]
() Yqa(s) (d) Yeq(s)

Figure 3-12: Input dq admittance of diode rectifier feeding a constant power load obtained
from the switching simulation model (green straight line with squares) and by
linearization of averaged model (red straight line) (a) Yau(s) (b) Yay(s) (¢) Ygu(s) (d) Ygqu(s)

3.6 Summary

This chapter compares input dq admittances obtained from AVMs, switching simulation model
results and hardware measurements. AAVM is modified to correct low frequency values of
admittances Yu4(s) and Yy(s) and PAVM model is modified to include damping resistor Rexy.
Furthermore, analytical expressions of the input dq admittance of both AVMs are derived, proving
that AVMs can predict precisely admittances Yai(s) and Yqq(s) even in the frequency range beyond
the switching frequency as d-channel injection behaves as linear injection. Admittance Yy4(s) is
predicted accurately up to half the switching frequency, while admittance Yu(s) is predicted
accurately up to one fourth of the switching frequency. This is explained by the fact that there are

sideband admittances around multiples of switching frequency in admittances Yuq(s) and Yyq(s),
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due to the g-channel injection. Finally, it is shown that if the hardware set-up is modeled precisely,
then the switching simulation model can provide accurate small-signal input dq admittances in the
entire frequency range of interest, capturing nonlinear sideband effects. This chapter shows new
effect, sideband admittances around multiples of switching frequency, which was not previously
observed in the six-pulse diode rectifiers. The new phenomenon is accurately captured both in
hardware measurements and in switching simulation model with the use of developed small-signal

extraction technique.
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Chapter 4. Modeling of Small-Signal Input dq Admittance of Twelve-Pulse
Diode Rectifiers

This chapter focuses on the modeling of small-signal input dq admittance of twelve-pulse diode
rectifiers. It provides a comprehensive comparison of small-signal dq admittances between well-
known averaged value model (AVM), switching simulation model and experimental
measurements of a hardware set-up. Analytical AVM (AAVM) is used in the analysis as it has
been commonly used to model diode rectifiers. In order to predict small-signal dq admittance
accurately, AAVM had to be modified. The modification describes injection properties in a more
natural way by considering a d-channel perturbation as magnitude modulation and by considering
a g-channel perturbation as phase modulation. Analytical expressions for dq admittance of AAVM
of twelve-pulse diode rectifier feeding a resistive load are derived and presented in the paper.
Furthermore, it has been found that sideband admittances around multiples of switching frequency
exist in the small-signal response due to the nonlinear behavior of the rectifier. The new
phenomenon is analyzed theoretically, characterized in simulations with the extraction of small-
signal response from the switching simulation model and captured experimentally by the hardware

measurements.

4.1 Introduction

Modern power systems commonly used in aircraft, ship, automotive and grid vehicles, as well
as synchronous generator and wind power generator microgrid systems have three-phase ac
interface feeding different electronic power loads. Almost all of the electronic loads in such system
exhibit negative resistance small-signal impedance behavior due to the wide usage of constant
power control. In many such applications, the small-signal stability of these systems becomes an
important issue. Although, there are numerous approaches to investigate and estimate stability of
those systems, the most commonly used approach is determination of the stability through the

input/output ratio of small-signal impedances. If system stability is investigated at dc interface,
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measurements and analysis of the impedance ratio is relatively straight forward task. However, in
the case of three-phase system, stability analysis can be performed at three-phase interface via the
measurements of small-signal impedances in rotating reference frame, for example magnitude
invaraiant dq transformation, as used in the previous chapter.

cos(@) cos(@ - 2?7[} cos(@ + 2?”)

1
2

1
2

1
2

4-1

Obtained small-signal dq impedances are extracted in the matrix form and the return ratio
becomes product of source dq impedance and load dq admittance as written below. The stability
of such power system is assessed by Generalized Nyquist Criterion (GNC) or simplified GNC
[19]21].

L(s)=Z, ()i (5) 4-2

2 0-[240) 0 g 1) 0T .

Zyals) Z,,(s) Yls) ¥, (s)

Matrix Zay(s) 1s the small-signal dq impedance of the source side, with two impedances Zaa(s)
and Zya(s), standing for the responses to d-channel perturbation, and other two impedances Zuy(s)
and Z,4(s), being response to q-channel perturbation. Similarly, matrix Y(s) is the small-signal
dq admittance of the load side, with two admittances Yau(s) and Yya(s), standing for two admittances
that are responses to a small-signal voltage perturbation via d-channel. In a same manner,
admittances Y4, (s) and Y,a(s) are defined as admittances, which are obtained as current responses

to small-signal voltage perturbation via g-channel.

d(S) vy (S

Z44(8) = %(S) [ (6103 Z4a(8) = () (503 44
7 (s) v,(s)

Z = j rd ;Z = j = ; —

dq(S) iq(S) |ld(5):0 qq(S) iq(S) i(s)=0 45
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One typical rectifier circuit in such three-phase power systems is a twelve-pulse diode rectifier
feeding resistive load or constant power load. This paper concentrates on the modeling of input dq
admittance of twelve-pulse diode rectifier using the test-case model given in Figure 4-1. The
considered rectifier consists of phase shifting transformer followed by two sets of inductors L.;
and L.,, two three-phase diode bridges, an 1:1 transformer operating as an inner phase reactor
(IPR) and a low pass La-Cac filter feeding a resistive load. Parameters of a twelve-pulse diode

rectifier are depicted in Table 4-1.

Table 4-1 Parameters of twelve-pulse diode rectifier

Source voltage Ven=120V IDC inductance Ls=1.6 mH
Source frequency f=60 Hz Ser. resistance Ria=60 mQ
Leakage inductances of the Ly/=200 uH  |Magnetizing inductance of I =830 uH

inner phase tranformer Ly>=200 uH  tthe inner phase tranformer " K

. L=220 pH . _

IAC inductance L=220 pH IDC capacitance Cu~1.05 mF
Series resistance Riei=Ri:2=30 mQ [Series resistance Rea=30 mQ
DC resistance Ru=12.8Q Parasitic inductance of dc Luc=10 uH

side resistor

The previous research on small-signal modeling of multi-pulse diode rectifiers mainly
concentrated on dc impedance characterization. In addition, time-domain modeling main focus
was on harmonic content of input currents of the rectifier under unbalanced load conditions,
unbalances in the voltage source, load step changes, etc. The small-signal modeling of ac side of
line commutated rectifiers using a positive sequence perturbation and negative sequence
perturbation is explained in [23], [83]. The proposed method uses switching mapping functions
and Fourier series analysis to calculate response to small-signal perturbation, effectively providing
an analytical way to calculate small-signal ac impedance. In this case, the obtained small-signal ac
impedance maps dc side impedance via the used current and voltage switching mapping functions.
The previous approach is successfully extended to general frequency domain modeling of multi-

pulse diode rectifiers using double Fourier series analysis in [90].
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?
Figure 4-1: Switching model of twelve-pulse diode rectifier with resistive load.

Furthermore, multi-pulse diode rectifier is analyzed with respect to positive and negative
sequence perturbations in [89], additionally in this case the effect of front end inductance value on
the commutation angle is included in the analysis. A generalized modeling approach for six-pulse
diode rectifier with respect to positive and negative sequence perturbations, which includes both
ac and dc side filter dynamic is presented in [121]. The accuracy range of the presented model is
improved, showing the matching between small-signal impedances of the switching and averaged
model several times beyond the switching frequency. Large-signal and small-signal evaluation of

averaged models for multi-pulse diode rectifiers is given in [79].

The extensive modeling of small-signal input dq admittances of six-pulse diode rectifiers using
both analytical and parametric averaged value models is carried out in the previous chapter. The
sideband admittances around multiples of switching frequency are captured both in simulation
results and by the hardware measurements. The presence of the sideband admittances is
contributed to the nonlinear behavior of the rectifier. The explanation is that q-channel injection

behaves like phase modulation, which modulates commutation angle of the rectifier, yielding
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responses around the multiples of the switching frequency. Furthermore, the presented modeling
of the rectifier is validated with the constant power load. This chapter extends the modeling story
previously explained to the twelve-pulse diode rectifier case, providing accurate model for the
extraction of small-signal input dq admittance. Nevertheless, the presented model is easily

expandable to multi-pulse diode rectifiers, as well as to phase-controlled line-frequency rectifiers.

The chapter is organized in the following manner, the first section derives equivalent AAVM
equations and provides analytical expressions for small-signal dq admittances. The comparison of
averaged model and switching model admittances is presented and validity range of the averaged
model is estimated. Small-signal dq admittance of switching simulation model is obtained in 121
frequency point via series voltage injection, by applying FFT algorithm and by sweeping the
frequency of voltage soruce. Second section gives experimental validation by providing
comparison of dq admittances obtained by hardware measurements and by small-signal extraction
from switching simulation model. In all the presented test-cases sideband resonant responses
around multiples of switching frequency are captured and contributed to the nonlinear behavior of

the rectifier.

4.2 Analytical Averaged Value Modeling (AAVM)

The analytical AVM (AAVM) is a widely used solution for modeling a twelve-pulse diode
rectifier [84]-[85]. AAVM has been derived using equations that describe physical operation of
twelve-pulse diode rectifier. The key assumption used in the derivation procedure is to neglect
current ripple of DC side inductor current, concentrating only on a dc current component. This fact
severely limits the usability of the model as it provides modeling with smaller and larger error
values depending on the filter parameters on the dc-side. Therefore, the more accurate is the
assumption, the more accurate results with AAVM will be obtained and vice versa the less accurate
is the assumption, the less accurate results with AAVM will be obtained. In the used example it is
shown that AAVM fails to predict correct steady-state value of current source g-axis component,
which leads to noticeable error in small-signal analysis when AAVM is used. The error is

eliminated if proper scaling is applied.
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AAVM maps all the dynamics from AC side to DC side as depicted in the equivalent averaged
model circuit given in [83]. The complete derivation of AAVM is algebraically intensive and
already covered in several publications [86]-[88]. This chapter goal is to focus on modeling of
small-signal dq admittances, thus the equivalent AAVM equations for a twelve-pulse diode

rectifier are only stated here.

The first set of equations describes the first diode bridge behavior using the parameters, which
are aligned with the input voltage. Similarly, the second set of equations describes the second diode

bridge using the parameters, which are aligned with a voltage shifted by 30 degrees.

isld = Igdl (lu)idcl + Gdl (lu)vslrms;
islq = ﬁql (/u)idcl + qu (/u)vslrms; 4_8

_ _ / 2 2
Vieert = Adcvslrms - Adc 0.5 \Y Vsia + Vslq

lg = Pastaer + GaaVerrms

ls2q = ﬂqZZdCZ + GqZVSZrmS; 4_9
_ _ / 2 2
Ve = AchSZrms - Adc 0.5 \V Viaa + VSZq

The three-phase phase shifting transformer is assumed to be ideal and influence of the phase

shifting is modeled via the following equations.

ig] [i - 5
.sd _ .sld i 2 2 .s2d : 4-10
lsq lslq \/g ls2q

The parameters used in the previous equations to describe the average model are functions of
the diode bridge commutation angle u, source line angular speed ws and commutating inductances

Lcrand Leo.
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Figure 4-2: Averaged model of twelve-pulse diode rectifier with resistive load.
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4.2.1 Small-signal model of AAVM

In order to obtain accurate estimate of the small-signal dq input admittance of AAVM, 4-3 has

to be modified in the following manner.
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Where cos(d;), sin(d;), cos(d2) and sin(d2) are defined via dq parameters of the source voltage

as follows.

COS

\Y sld +vslq
Sln

V sld +v9]q
COS ——,

\ s2d +V52q

52

sin(5, ) = #;

92d + v92q

The proposed modification tries to model d-channel perturbation as a magnitude modulation,

while it models the g-channel perturbation as a phase modulation. Moreover, the described

modification does not change the operating point, leaving the large signal nonlinear averaged

model same, but modifying only the small-signal perturbation influence. The modified AAVM of

twelve-pulse diode rectifier are written below.

lsldm _

lslqm
lsZa'm _
ls2qm

Vs1a _ Vsig
\/ Vsid +V51q \/ Vsla +v51q ﬂdl(lu)idcl + Gdl(lu)vslrms:|
Vsig Vsid _:Bql (Iu)idcl +G, (Iu)vslrms
\/ Vsia +vs1q \/ Vsia +Vs1q |
Vs2d _ Vs2q |
\/ Voa T+ Vqu \/ Via T stq ﬂdZ (fu)idcz + GdZ(ILl)VSZrms:|
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Figure 4-3: Circuit schematic of simplified AAVMs of twelve-pulse diode rectifier
feeding a resistive load.

Obviously the described model is rather complicated as all the expressions, which describe six-
pulse diode rectifier, are being doubled in order to describe accurately the twelve-pulse diode
rectifier. However, in the case of balanced power flow, where equal power is delivered through
each diode bridge, averaged model of the rectifier can be reduced to the simple schematic given in

Figure 4-3.

Furthermore, the averaged model of twelve-pulse diode rectifier can be reduced to the averaged
model of six-pulse diode rectifier model as shown in Figure 4-4. The parameters used in the

simplified models are given below.
Rekv = Rekvl ” Reka;
Loy, = (Lekvl + Ly, ) [ (LekVZ + szz)

B (,u) =P (;U)Q
G, (/”) =G, (,U);

4-21

4-22

4.2.2 Small-signal input dq admittance of AAVM

After linearization of small-signal model of AAVM, analytical expression of small-signal input
dq admittance of twelve-pulse diode rectifier is derived and written below, where Yau(s) is

admittance seen at dc side.
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In order to provide a more direct verification, rather intensive simulation study using switching
simulation model is performed. The small-signal extraction is automated in MATLAB\Simulink
software tool using the SimPowerSystems toolbox. The series voltage injection of magnitude equal
to 2% of nominal voltage is injected into the twelve-pulse diode rectifier. The input current and
voltage responses to the perturbation are simulated to reach the steady-state operating point, when

the small-signal identification using FFT algorithm is applied on the steady state responses.

lsd
- -—

I7sd ﬂ d id 2 desrms

is /i (i)A de Vsrms

7., DD 8,7D26,7, 1

Figure 4-4: Circuit schematic of further simplified AAVMs of twelve-pulse diode
rectifier feeding a resistive load.

In a similar manner averaged model is also built in the same software tool. The small-signal
extraction is simply performed via the linearization of the model, as well defined DC operating
point exists. As expected the analytical expressions matched with the small-signal results obtained
via the linearization, verifying the described derivation. In this sense, either numerical results or
analytical expressions could be used to describe small-signal input dq admittance of the averaged

model.
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Figure 4-5: Small-signal input dq admittance of twelve-pulse diode rectifier: obtained from
switching simulation model (green line with squares), analytical expression of modified
AAVM (red dashed line).

The comparison of input dq admittances, obtained from the switching simulation model and
analytical expressions of AAVM are shown in Figure 4-5. Several conslusions can be drawn from
the shown comparison. The first one is that AAVM predicts admittance Yqu(s) correctly in the
whole measurement frqequency range, even beyond the switching frequency. Other three
admittances have additional dynamics in the response that is not predicted by the averaged model.
Additonal dynamics are especcially noticeable in admittances Yuq(s) and Yy4(s), as they represent
response to the g-channel injection, which is more nonlinear. The additional resonant points show
left and right around multiples of switching frequencies (720 Hz, 1440 Hz, 2160 Hz etc) and there
are additional resonant points in the response at odd multiples of 360 Hz (360 Hz, 1080 Hz,
1800Hz etc). Such responses are typical for nonlinear systems, where injection at one frequency
point yields several responses that are strongly coupled each to other. The described behavior is
explained with the fact that gq-channel injection modulates phase, thus it modulates commutation
angle and yields significant sideband response around multiples of the switching frequency. Diode

rectifiers are strongly nonlinear systems, hence such response is not suprising. Still to the best of
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the author’s knowledge sidebands admittances response as well as similar small-signal frequency

domain analysis of twelve-pulse diode rectifiers have not been reported in the literature before.

Furthermore, the prediction of other two admittances, Yu,(s) and Yy(s), is accurate only up to
one fourth and one half of the switching frequency, respectively. The presented frequency domain
analysis reveals accuracy of the averaged model to be around one fourth of the switching frequency
for responses to the nonlinear injection, while it provides extremely accurate prediction for

responses to the linear injection.

If small-signal is injected on the DC side to provide a perturbation for a small-signal dc
impedance characterization. The averaged model would match the switching model very
accurately in the frequency range beyond the switching frequency. The explanation is that main
coupling between dq side and dc side happens via the d-channel, which is the linear one as it
mainly modulates the magnitude of the ac side voltages. Therefore the injected signal mainly
perturbs d-channel and the generated response on the dc side behaves very linearly, yielding very

accurate matching between averaged model and switching simulation model.

4.3 Experimental validation of nonlinear sideband effects

The described twelve-pulse diode rectifier is build and characterized with the impedance
measurement unit (IMU). The details on IMU design and construction are explained in sufficient
details in [99]. The switching simulation model is calibrated to match hardware set-up and the
comparison of small-signal dq impedances of hardware set-up and switching simulation model is
given in Figure 4-6. Excellent agreement between the obtained hardware measurements and
switching simulation results is presented. In addition, the resonant points due to sideband effects
around switching multiples are also almost perfectly matched. Obviously, the switching simulation
model accurately captures behavior of the hardware set-up in the whole frequency range of interest,

capturing sideband admittances.

Frequency-domain validity range of the averaged model is estimated, the discrepancy is
contributed to the strong nonlinearity of twelve-pulse diode rectifier. Finally, it is shown that if the
hardware set-up is modeled precisely, the switching simulation model can provide accurate small-

signal input dq admittances in the entire frequency range of interest, capturing nonlinear sideband
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Figure 4-6: Small-signal input dq impedance of twelve-pulse diode rectifier: obtained from
switching simulation model (green line with squares), experimental measurements (purple
line)

effects. Furthermore, the sideband admittances, which are the new effects, are characterized and

explained.

4.4 Twelve-Pulse Diode Rectifier Feeding a Constant Power Load

The modeling of twelve-pulse diode rectifier feeding the constant power load (CPL) has been
presented in this section. The circuit schematic of twelve-pulse diode rectifier feeding the actively
controlled three-phase VSI is shown in Figure 4-7. The three-phase VSI is supplied by a twelve-
pulse diode rectifier, while it regulates the voltage across the three-phase resistive load. Due to the
voltage regulation via the inner current loop and outer voltage loops, the three-phase VSI behaves
like a constant power load as seen by dc side of twelve-pulse diode rectifier. LC filter is on ac side

of the inverter, filtering the switching harmonics and providing clean voltage for the resistive load.
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Figure 4-7: Twelve-pulse diode rectifier feeding an actively controlled three-phase VSI

Parameters of the components used in the described twelve-pulse diode rectifier test-case are
given in Table 4-2. The outer voltage loop is designed to control the capacitor voltage in dq
coordinates with 400 Hz bandwidth. The inner current loop regulates dq inductor currents with

decoupling control, whose bandwidth is designed around 700 Hz.

Table 4-2 Parameters of twelve-pulse diode rectifier feeding actively controlled VSI

Source voltage Ven=120 V IDC inductance Ls=1.6 mH

Source frequency f=60 Hz Ser. resistance Ria=60 mQ

Leakage inductances of the Ly=200 uH  |Magnetizing inductance of I =830 uH

inner phase tranformer Ly>=200 uH  (the inner phase tranformer " K

. L=220 uH . _

IAC inductance L=220 pH IDC capacitance Cu4~1.05 mF

Series resistance Rici=Ri2=30 mQ  [Series resistance Rea=30 mQ

DC resistance Ru=250¢Q  [arasitic inductance of de Lu=10 pH

side resistor

Inverter ac inductance L=440 uH Inverter ac capacitance C=50 pF

Load resistance Ri=T7 Q Output power P,.=4375 W
L=25 A V=175V

Output dq current L=0 A Output dq voltage V=0V

VST switching frequency fsw=20 kHz ac frequency of inverter fim=400 Hz

The schematic of averaged model of twelve-pulse diode rectifier feeding the three-phase
inverter is shown in Figure 4-8. The twelve-pulse diode rectifier is modeled with the modified dq
averaged model derived previously in this chapter. The three-phase inverter is modeled in dq

coordinates with the classical dq averaged model.
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Figure 4-8: Reduced order AAVMs of twelve-pulse diode rectifier feeding an actively
controlled three-phase VSI

The identification of small-signal input dq impedances of the switching simulation of the
twelve-pulse diode rectifier test-case is obtained with FFT algorithm. The single-tone and multi-
tone voltage perturbation signals from, whose magnitude is around 2% of nominal voltage, are
injected and identification of small-signal transfer functions is performed on steady-state
responses. The small-signal dq admittance of switching simulation model is characterized in 120
points between 10 Hz to 1 kHz as shown in Figure 4-9. In addition, the small-signal input dq
admittance, which is obtained by the linearization of dq averaged model, is plotted and shown with

dashed red line in Figure 4-9.

The comparison of small-signal dq admittances identified from the switching and averaged
models show good matching in the whole frequency range. The identified admittance Ya4(s) has a
resonant point around 108 Hz, which occurs due the resonance between dc inductance and dc
capacitance. The averaged and switching model admittances Ya(s) are matched in the full
frequency range, even in the high frequency range beyond the diode rectifier switching frequency
(720 Hz). Furthermore, the low frequency range of admittance Ya(s) behave as a negative
resistance due to the constant power load behavior of the three-phase inverter. The negative
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Figure 4-9: Small-signal input dq admittance of twelve-pulse diode rectifier feeding a
constant power load: switching simulation model (green line with squares), averaged model
(dashed red line)

resistance is accurately captured by numerical extraction from the switching simulation model and
via modified averaged modeling of diode rectifier. The admittance Y,a(s) has a same resonant point
accurately predicted with both switching and averaged models. The matching between averaged
and switching model admittance is up to 360 Hz. Due the coupling between d and q coordinates
small sidebands around multiples of switching frequency shows up in magnitude characteristic. In
addition, a multiple of resonant point excites third switching harmonic (1080 Hz) and shows up at
60 Hz. The low frequency phase characteristics of admittance Y,4(s) tends to zero because of active

control of three-phase inverter.

The averaged model predicts the admittances Yu(s) and Yy4(s) as resistor values in the whole
frequency range. Due the interaction between resonance point and switching harmonics a sideband
admittance occurs at 60 Hz. Resonance at 108 Hz as well as sideband admittances around
multiples of switching harmonics are present in both small-signal admittances. The injection of

voltage signal via gq-channel modulates commutation angle of both diode bridges, yielding a strong
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nonlinear responses. Thus, the sideband admittances are amplified and strongly present in the

small-signal admittances.

The modified dq average model of twelve-pulse diode rectifier is general and accurately
predicts the small-signal input dq admittance of rectifier with both passive and actively controlled

constant power loads.

4.5 Summary

This chapter presented comprehensive comparison of input dq admittances for twelve —pulse
diode rectifier feeding a resistive load, which are obtained from AAVM, switching simulation
model and hardware set-up measurements. AAVM is modified to predict more accurately small-
signal input dq admittance characteristics of twelve-pulse diode rectifier. AAVM is further reduced
to equivalent circuit model of six-pulse diode rectifier, providing very simple averaged model
solution. Furthermore, analytical expressions of the input dq admittance of modified AAVM are
derived, revealing the analytical connection between dq side admittance and dc side admittance

and showing inherent impedance mapping property.

Frequency-domain validity range of the averaged model is estimated, where the discrepancies
are contributed to the strong nonlinearity behavior of twelve-pulse diode rectifier. Finally, it is
shown that if the hardware set-up is modeled precisely, the switching simulation model can provide
accurate small-signal input dq admittances in the entire frequency range of interest, capturing very
precisely nonlinear sideband effects. This chapter shows the new effect, sideband admittances
around multiples of switching frequency, which was not observed previously in the twelve-pulse
diode rectifiers. The new phenomenon is captured both in hardware measurements and in

switching simulation model using the developed small-signal extraction technique.
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Chapter 5. Multi-Level Single-Phase Shunt Current Injection Converter used

in Small-Signal dq Impedance Identification

This chapter describes a detailed design procedure of a single-phase multi-level single-phase
shunt current injection converter based on cascaded H-bridge topology. The shunt current injection
converter can inject an arbitrary current perturbation at three-phase power system interfaces, in
order to identify small-signal dq impedances. Special attention is given toward the selection of
inductors and capacitors, trying to optimize the selected component values. The proposed control
is extensively treated and inner current and outer voltage loops are completely analyzed.
Furthermore, voltage balancing is included into the control to assure dc voltage control for each
H-bridge module. Analytical expressions, which describe the design procedure, are derived and
verified to be accurate. The designed converter is simulated using detailed switching simulation
model and excellent agreement between theory and simulation results are obtained. The proposed
multi-level single-phase converter is a natural solution for single-phase shunt current injection with
the following properties: modular design, capacitor energy distribution, reactive element
minimization, higher equivalent switching frequency, capability to inject higher frequency signals,
suitable to perturb higher voltage power systems and capable of generating cleaner injection

signals.

5.1 Introduction

Modern power systems commonly used in aircraft, ship, automotive and grid vehicles, as well
as synchronous generator and wind power generator micro-grid systems have three-phase ac
interface feeding different electronic power loads. Various types of the electronic loads in such
systems exhibit negative resistance small-signal impedance behavior due to the wide usage of
constant power control. In many such power systems, the small-signal stability becomes an
important issue, which needs to be addressed by the system integrators, in order to ensure stable
and reliable operation of the system. Although, there are numerous approaches to investigate and

estimate stability of those systems, the most commonly used approach is determination of the
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stability through the input/output ratio of small-signal impedances at the injection interface.
Generally, in the case of three-phase AC power systems, the stability analysis can be performed at
AC three-phase interface via the measurements of small-signal impedances in the rotating
reference frame, for example using dq transformation. The magnitude invariant dq transformation,
which is commonly used in the impedance identification process, is defined below. The chapter is
organized in the following manner, the second section describes design of the proposed single-
phase multi-level cascaded H-bridge converter. Third section validates the design of shunt current
injection converter with the time-domain simulations of the equivalent model in
MATLAB/Simulink environment. Furthermore, SimPowerSystem toolbox is used as it provides
piece wise-linear models (PWLM) for switching power electronic devices, enabling a fast and
precise solver, with sufficient precision. Finally, the fourth section gives summary, conclusions

and future work.

The main scope of this chapter is a design procedure of multi-level single-phase cascaded H-
bridge injection converter, which generates perturbation current for dq impedance identification.
Multi-level topology offers several advantages, that are especially important for the shunt current
injection application: the possibility to perform impedance identification of higher voltage power
systems, generation of cleaner current injection signal, modularity of the design, distribution of
the energy storage among module capacitors, usage of smaller inductor and capacitor components,
usage of low voltage high switching frequency modules, identification of the impedances in higher

frequency range, etc...

This chapter is organized in the following manner, the second section describes the design
procedure for the proposed single-phase multi-level cascaded H-bridge converter, including
operating point principles, component value selection and PLL implementation. Third section
focuses on modeling plant transfer functions using dynamic average value modeling and controller
design. Fourth section validates the design of shunt current injection converter, with the time-
domain simulations of the equivalent converter model in MATLAB/Simulink using
SimPowerSystem toolbox. Furthermore, the fifth section presents experimental verification of the
proposed design via the presented experimental results and its comparison to the developed
switching simulation model waveforms. In the end, the sixth section gives summary, conclusions

and future work.
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5.2 Design of multi-level single-phase cascaded H-bridge converter

This section describes the design procedure of a multi-level single-phase cascaded H-bridge
converter. The main focus of the section on selecting the appropriate modulation technique, value
of AC inductance, value of DC capacitance, implementation of synchronous reference frame phase
locked loop (SRF-PLL), and design of several different controllers used to regulate the injected
current. In this way, the multi-level cascaded H-bridge converter is optimized to perform current

injection into ac power system.

N

Z source

iy}

r-oridge 1 Ly

LYY Y\
Ri1S Cue '“#}

H-Bridge 2 Ly

LYY Y\
Ry Cys '“#}

H-Bridge 3 Lgs

e o g gWum
Rdc3 Cdcg -Iﬂ

Figure 5-1: Multi-level single-phase shunt current injection converter based on cascaded H-
bridge topology

The proposed single-phase multi-level cascaded H-bridge converter, which operates in rectifier

N

A

A

mode, is shown in Figure 5-1. The proposed solution consists of three H-bridge modules connected
in series. AC inductance is used to filter switching voltage and create a clean current that is injected
into the grid. On dc side, there are also three capacitors to store reactive energy used for
perturbation and keep dc voltage at desired level, ensuring stable operating point conditions. Multi-

level converter offers several benefits: dc voltage is distributed among modules, thus the voltage
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stress on each module is lower, which enables the usage of faster switches; equivalent switching
frequency seen by AC inductances is three times higher, thus the generated current will have
cleaner waveform, each module is switching at same frequency thus the switching losses are
minimized, although very clean current waveform is generated; smaller current ripple in the

inductor current will cause smaller core losses.

The parameters of the power system, for which a shunt current injection converter is designed,
are shown in Table 5-1. Three-phase power systems up to 250kW can be perturbed via the
proposed shunt current injection converter. Nominal value of line to line RMS voltage is 480V,

but the converter will operate properly even if nominal RMS value is changed by several percent.

Table 5-1 Three-phase power system specifications

System parameter Value Base parameter Value
Power rating 250 kW | Base resistance: 0.92Q
Line to line rms voltage 480 V Base inductance: 2.4 mH
Phase current rms 300A Base capacitance 2.9 mF
System frequency 60 Hz

The parameters of converter and component values obtained by the design procedure are given

in Table 5-2.

Table 5-2 Single-phase injection converter parameters

System parameter Value Base parameter Value
DC voltage 400 V Inductance 0.66 mH
Switching frequncy: 10 kHz Capacitance 32 mF
Equivalent switching freqeucny 60 kHz DC resistance 1kQ
Injection frequency range: 10 Hz-1 kHz | Number of modules 3
Injection rms current values 3A-30A  |Peak dc voltage 460 V

5.2.1 Modulation technique

The modulation of multi-level cascaded H-bridge converter can be realized via several
different techniques, where the most popular are pulse-width modulation (PWM), pulse frequency
modulation (PFM), delta modulation etc. In the design of the converter, two PWM techniques are
considered, unipolar and bipolar. Unipolar and bipolar PWM techniques for arbitrary simulation
waveform are shown in Figure 5-2. As shown in the harmonic plot, unipolar PWM produces lower

switching harmonics, while bipolar PWM produces harmonic content at twice the switching
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frequency. The advantage of bipolar PWM is that it effectively doubles switching frequency of the
bridge [103]. A direct consequence is that the generated current will contain smaller number of
switching harmonics. In a sense, the inductor current will be less contaminated with unwanted

switching harmonics.

Vapsw = 2V 3.M c0s a)t Vd“ Z z m7zM sm(n;jcos(ma)ct+na)st) 5-1
m=ln=—0
Vabsw = 2V .M cos a)t Vdc Z Z J2n I m7zM)cos([m+n—1] )cos(Zma)ct+[2n—1]a)5t)
m=1n=—0
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Figure 5-2: Unipolar PWM technique (a) time-domain waveforms (b) frequency-domain
content, and bipolar PWM technique (c¢) time-domain waveforms (d) frequency-domain
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However, bipolar PWM technique will increase the switching losses of H-bridge, but the
efficiency of the converter is not a critical design constrain. Therefore, a bipolar PWM technique
is suitable solution for H-bridge control and modulation. Furthermore, bipolar PWM is
implemented in all the simulation models used throughout the paper. The harmonics content of
both unipolar and bipolar PWM techniques can be analytically treated via double Fourier analysis.
Analytical expression for harmonic content of the switching voltage, assuming there is no

significant ripple on dc capacitors, are given with 5-1 and 5-2.

5.2.2 Operating point calculation

The operation of the multi-level cascaded H-bridge converter is determined via control of the
applied duty-cycles for each H-bridge cell. The duty cycle consists of two components, system
component at line frequency, which controls power transfer and injection component at the
specified injection frequency, which generates desired perturbation current. Due to the switching
behavior of the converter, additional switching harmonic components would exist in the duty
cycle, but with the proper design its influence can be minimized. The first harmonic component,
the one at line frequency, is responsible for maintaining dc voltage equal to the specified reference
value. Active power drawn from the grid only covers the power losses in the bridge, resulting in
small current drawn at line frequency. Analytically, line frequency component of duty-cycle is

described with the following expression.

i lf:{’[( )+ Vsab (t) 5-3

Assuming small active power consumption of converter, which is reasonable assumption as

NV, d,(t)=L,

sys

converter exchanges reactive power with the system, then inductor voltage drop can be neglected.
In this way, simple analytical duty-cycle expression is obtained, having enough precision to

describe operation of the converter.
d,(6)= VNLV(t) E % sin(w,, 1 +6,,,) 54

de de

The primary purpose of the converter is to generate a perturbation current that would ideally
replicate desired signal. In that sense, injection component of duty cycle dii(t) would be
responsible to generate injection current. Equation which describe relationship between injection

duty cycle and injection current is as
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dilﬁnj (t)

i (ONV e = Ryl () + L, o 5-5
. dl inj (t)
lellﬁnj (t)+ Lf IJET;
dinj (f ) = NV >-6
dc

If the desired current is of sinusoidal form with frequency different than harmonic frequencies
present in the grid (multiples of system frequency), meaning that the desired perturbation current
is solely generated by the converter. Following this reasoning, the analytical expression of duty-

cycle component corresponding to the injection frequency is derived below.

iy (€)= Ly, sinl@,8 +Wio } @y # ko ke =1,2,.. 5-7
dmj (t) NII/ (le ],fm sm( Oyit + Wi )+ Lf m]llfm cos((om]t + Wino )) 5-8
dc
d, ()= L \/(R”]z/szLFL il )Z ( Dt + Voo +1//), W= arctan{—L’;e j’"f J 5-9

In the case that chirp signal with linear frequency progression is selected for the injection, the

general analytical expression of desired chirp signal is as follow
Ui (t) =1y, sin(H(t)), t=[0,T) 5-10

iy (£) = ]lﬁnsm(Zﬂ(fol‘—Ff Jo 2)+0Jr=[O,T) 5-11

Frequency increases linearly from fy to f; for a specified time T. Variable T represents the
duration of the chirp signal, and after that time the chirp signal can be repeated, resulting in
periodical injection signal, providing fair comparison with sinusoidal and multi-tone signals,

which are periodical signals by definitions.

1 dolr
0= Byt i) £, 201, co(00) =10, 512
dc
I, \/ R+ ( L, dfz( )) L do(r)
d, (t)= N sin(é?(t)+ l//), y = arctan R—dt 5-13
de If

Maximum frequency of chirp signal does not exceed maximum frequency of sinusoidal
injection signal, implying that maximum injection value of injection duty cycle din;(f) will remain

99



same as for sinusoidal injection case. It means that the analysis of the injection duty cycle din(¢)
can be performed for sinusoidal case, implying that same conclusions will hold for chirp injection

signal.

Using same reasoning, similar kind of analysis can be performed for a multi-tone signal. The

ideal multi-tone signal used as injection current is defined as

N
i_lﬁnj (t):Ilﬁn lem( ln11t+l//m]l +l//0) 5-14

Injection duty cycle, which is responsible for a generation of multi-tone signal is
m] lf l)‘m ZSH’I( ll’ljlt + WI}’UZ + l/lo)+ L Ilf Z zn]z cos(a)mﬂt + ijz + wg) 5-15

Lo
mj lfm Z mjl Sin(a)[njit + l//inji + Vi + WO)’ V= arCtan[ ];e L J 5-16
i

Injection duty cycle can be bounded using following expression

dznj( < Ilme\/R + L mjk)z Sin(a)injkt + l//injk + Vi + l/lo)V

Lo, 5-17
v, = arctan( fR ik } (o :max(a)mﬁli =1,.,N
I

Equivalent magnitude is equal to magnitudes of tones multiplied with a number of tones N,
providing a magnitude constrain. Therefore, for the analysis of the injection duty cycle limitation
it is enough to focus on sinusoidal injection and then generalize it to chirp and multi-tone, while

keeping magnitude constrained for a multi-tone signal.

The first constraint used in design procedure states that total duty cycle cannot exceed value
of one, meaning that pulse width cannot be larger than the switching period. In order to keep some

margin duty cycle should not exceed constant £, resulting in the following inequality.

a(e) =

d,(t)+d,,; (1) <k,k=0.95 5-18

sys inj
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5.2.3 Design of AC inductance
The purpose of the inductor is to act as a low-pass filter, which attenuates switching harmonics
present in the switching voltage generated by H-bridges. The used inductor filter behaves as a first

order low-pass filter with attenuation of 20db/decade.

_ 1
iy ()= Vasmu (5) 5-19
f

In order to provide very clean current, it is desired to use large inductance value. However,
large inductance value would yield large voltage drop during high frequency injection, causing the
converter to operate in overmodulation region, which would result in losing controllability.
Previously derived inequality for duty cycle should be satisfied for all operating conditions, which

would result in an inequality that limits maximum allowable inductance value.

dy () +|d,y () < K 5-20
—slim_ sm(a)syst+6?syso + Mcos(a)i,y-tﬂ//mjo < sl T W g 5-21
N Vdc N Vdc N Vdc N Vdc

If the following inequality is satisfied, which is derived for a sinusoidal injection, then

converter will stay away from overmodulation region.

kNVdc B Vsllm

L,< P 5-22
inj Ifim

L, <2mH 5-23

The second inductor value inequality can be determined by imposing constrain on the
maximum allowed current ripple value, limiting amount of switching noise in the generated
current. Starting from equation for inductor current and approximating a source voltage vsas(f) with

dNVyg, the inductor current equation becomes:

L%y 5-24
——=Nv, —v _
f dt dc sab
d=sw
2N

Inductor current change during the first switching subinterval is obtained by rearranging

previous equation.

101



Iy = dz(lL_—;\i)v”’c 5-26

Y sw
Maximum current increase occurs when duty cycle is equal to 0.5, resulting in the following
expression for the maximum current change. By imposing constrain on maximum allowed current
change lower bound limit for inductance is obtained. In this way, unwanted switching current

noise, which is generated by switching H-bridge converters, is limited.

Ve 527

Y sw

By rearranging the previous equation, the second inductor value inequality can be rewritten.

Ly >t —0278mH 5-28
NS, max(Ailf)

Inductor value is selected to be 2 mH as it satisfies both inductor inequalities derived in this
section. In this way it is ensured that converter will stay away from overmodulation region and

maximum ripple current within a switching cycle will be bounded.

5.2.4 Design of DC capacitance

The main purpose of dc capacitors is to maintain desired dc voltage, enabling proper dc
operation point for the converter and to store reactive energy during low frequency injection. The
proposed converter needs to be designed for a low frequency injection in sub line harmonic range,
yielding a design with bulky capacitors compared to active power filter and statcom application.
The dc capacitor is designed with respect to the maximum allowed voltage ripple for the lowest
injection frequency point. The H-bridge modulates the switching voltage, but it also determines

the current flowing through the dc capacitor via the following equation.

icqe(£)==d(2)iy (1) 5-29
The dc capacitor current is obtained by using previously derived expressions for duty-cycle
and inductor current.
e (4 0y ad (Wi ()i (1) 530
e g inj sys \" I N'ifinj Isys
By expanding a product of duty-cycle and inductor current, dc capacitor current turns out to
be a sum of four product terms. After, integrating capacitor current expression, capacitor voltage

is determined via expression written below.
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1 . 1 : 1 . 1 :
Vede (t) == C_ .[ diry' (t )l[ﬁnj (t )dt T j dinj (t )llfsys (t )dt - C_ I dsys (t )Zlﬁry' (t)dt - C_ .[ dsys (t)llfsys (t )dt
dc dc dc

Cdc
5-31
In a typical converter operation mode, current isy(¢) is much smaller than ij(7), so the dc

capacitor current can be simplified to a nices expression.

1 ) 1 .
Vede (t) == C_ j diﬂf (t)llﬁnj (t)dt - C_ .[ dsys (t)llﬁﬂf (t)dt 5-32
dc dc

The biggest voltage ripple happens for low frequency injection current. In that case dyys(?) is

much bigger than d;,(f), so the dc capacitor becomes.

Av,.(t)= —é _[ % sin(a)syst)lm sin(a)m/-t + @ )dt 5-33

After several algebraic manipulations, the voltage ripple present on dc capacitor is calculated

via the following expression.

Av Vsllmllmmax )< kl/;,c 5-34

edema = 2NVchdc 27[( sys ﬂnj

Finally, a capacitor value inequality is obtained by rearranging the previously obtained

expression.

V

slim

Ilm max 5-35

- 4Nkazc”( sys _finj)

Cdc

If maximum allowed voltage ripple is set to be 15% (k=0.15, kVdc=60 V) of nominal dc

voltage, then the capacitor value inequality becomes.

Cye >320mF;Af = f,s = [y =0.1Hz
Cue >32mF; A = [ — foy =1Hz 5-36
Cue >32mE N = [ — f,,; =10Hz
In the design specifications, it is stated that frequency difference should go as low as1 Hz, so
the capacitor is selected to be 32 mF. In this case, we will allow voltage ripple to be 15% of nominal
capacitor voltage. Furthermore, if maximum current that can be injected in the low frequency is
lowered to half, the selected capacitor value will satisfy capacitor inequality in the lower frequency
range also. The last constrain is that the cut-off frequency of the low-pass filter, which is formed

between ac inductor and dc capacitors, should be several times below the switching frequency.
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5.2.5 Phase-locked loop (PLL)

In order to generate desired current signal it is necessary to sense frequency and phase of the

5-37

voltage at injection point. One possible solution is to implement a synchronous reference frame
PLL (SRF PLL) with center frequency. It consists of phase detector low-pass filter and integrator,
providing phase at the output. The dq transformation coefficient is selected to be 2/3, so that gain

of the phase detector (PD) is equal to the voltage magnitude V.

Vga E Zﬂfo
ng
abc/dq +
Vee LYK K /st /s =3
A
(a)
2nf,

 J

+
Bref_t@_> PD > {K,+Ky/s|if sy

eT'
(b)

Figure 5-3: Block diagrams of the realized SRF PLL block (a) Equivalent shematic (b)
Equivalent small-signal linearized model

) cos(0) cos(@ - 2—”] cos[@ + 2—7[)
T- 3 3 5-38

3 _sin(o) - sin[@ - 2?”) - sin(@ " %”j

Figure 5-3 shows schematic and linearized model of SRF PLL. The derivation of linearized

model for SRF PLL and analysis of different PLLs is shown in previous chapters. Equation, which
describes PLL loop gain, is derived from the equivalent linearized model.

K.
S S
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5.3 Dynamic average value modeling and design of digital control

The purpose of the control part is to regulate injected current, while maintaining capacitor
voltages of H-bridge voltages to be equal to desired dc values. Furthermore, the control needs to
compensate any mismatch between modules by regulating dc side voltage of each module
separately, providing effective voltage balancing control. There are different control schemes for
multi-level cascaded H-bridge rectifiers, which include voltage balancing control among modules
[122], [123]. The complete block diagram of the proposed digital control is shown in Figure 5-4.
The outer voltage loop regulates the averaged value of H-bridge module voltages to be equal to
the referenced dc value. The inner current loop reference is obtained by multiplying output of
voltage compensator with sinusoidal signal obtained from the output of PLL. The purpose of this
part of the loop is to keep the dc voltage of modules equal to voltage reference by providing small
amount of power from the voltage source, compensating the power losses of the multi-level current
injection converter. The desired injection current waveform added on top of the already obtained
current reference, thus the current controller will generate both the current that will regulate the

capacitor voltages and injection current.

Vsab

Vde] —™ v
desum
Vdc2—>]
Vae3 1k
d
—

v

Y

o\ Ad; d;

Figure 5-4: Block diagram of digital controller including high bandwidth current control,
dc voltage regulation and voltage balancing among modules
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The bottom part of control block diagram provides voltage balancing among modules. Without
this part the mean value of capacitor voltages is regulated to be equal to desired dc value (400 V),
while there might be difference among voltages due to any kind of mismatch among modules. By
applying the proposed control, each capacitor voltage is tightly regulated to the desired dc voltages
value. The voltage balancing controller and outer voltage control should have much slower
dynamic, below 0.1 Hz. On the other hand, the inner current controller is designed to have 3 kHz
bandwidth. In this way, the controller ensures the generation of current with the high tracking in

the frequency range of interest, 10 Hz-1 kHz.

Design of several different control loops is explained and analyzed in depth in this section.
Dynamic average value modeling approach is adopted for the modeling and small-signal analysis
of the proposed converter [124], [125]. Figure 5-5 shows equivalent switching model of the
converter, while Figure 5-7 shows equivalent averaged model of the multi-level shunt current

injection converter.

H-Bridge 1 Ly Ry iy Zsab
—

Rdd% Cdd% 1!#} B

Figure 5-5: Equivalent switching model multi-level cascaded H-bridge circuit
The model is reduced to single-phase system supplied with line to line voltage, including
source and load impedances. In order to model converter more precisely, reduced order modeling
approach is used in this paper. The reduced order modeling reduces multi-level cascaded H-bridge
topology, reduces to a single H-bridge model, which is shown in Figure 5-7 (a). The equivalent

averaged model of converter, obtained with reduced order modeling is shown in Figure 5-7 (b).
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5.3.1 State-space modeling of cascaded H-bridge converter
Using reduced order average model it is possible to design all the loops in the proposed digital
controller. Applying a quasi-stationary linearization approach, small-signal models are derived and
used to design loop bandwidths and margins. Equations, which describe operation of the reduced
order model of the converter, are obtained by applying Kirchhoff’s laws on the given circuit as
00

dt R
de 5-40

W60 (0= 2y ) £, S0t

Directly from previous equation, average model state-space equation is as follow

dv,, 1 —-d (‘9) 0

dt Cchdc Cdc Ve 1

C o= + 5-41
diy Nd(©) Ry Lf L, Vab

=
R %Cdcl% Vdel -d iy

-dsiy

=
5
|§+
S ol &

Figure 5-6: Equivalent multi-level cascaded H-bridge circuit
As mentioned, assuming quasi-stationary operating point, it is possible to linearize average
model around each operating point separately, and design control for each operating point, being
sure that control will have same bandwidth for all quasi-stationary operating points. The small-

signal model obtained via reduced order modeling is written below.
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The plant transfer function that represents duty cycle to inductor current can be calculated from

the previous equation.

d(s) 1
Gls)=| ~ =(s/—-A4) B
6)=| 503 |~61-
d(s)
_ 1 d(eo) _lzf(eo)
Cchdc Cdc Cdc
A= Nd(6,) Ry B= NV,
Ly Ly Ly
_—— E_—Brglgi —_—- Lf R’f llf Zs‘ab
| —> ‘

Lf R if ilf Z sab

(b)

Figure 5-7: Reduced order modeling of multi-level cascaded H-bridge converter (a)
switching model (b) averaged model
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The linearized transfer functions strongly depend on the values of the injected current and
applied duty-cycles values. The steady-state values of inductor current and applied duty-cycle are
ac variable, thus the linearized transfer functions are obtained for several operating point, covering
whole period. Therefore, the quasi-stationary operating approach is a meaningful way to design
current control. Several control duty-cycle to inductor current transfer functions for different pairs
of d(6y) and ij(6o) are shown in Figure 5-8. The common property of all the presented graphs is
that the dominant behavior in high frequency range is purely inductive, thus it is possible to reduce
control duty cycle to inductor current transfer function to equivalent plant transfer function of
inverter, assuming all the dynamic coming of dc capacitor will influence only low frequency part.
Z}(S)_ NVie _ NV

Gi_lfdcommon (S) ~ =

= = 5-46
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Figure 5-8: Family of bode plots of control duty-cycle to inductor current plant transfer
functions: straight lines represent bode diagram of Giju(s), dashed line is bode diagram of
Gilfdcamman(s)
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The initial design of the current controller can be done with the simplified transfer function,
while after that the design can be verified by plotting several bode plots of current loop using

different plant transfer functions.

Nvdc B l'lf P
Gsvdci(s) - Gsilfd(s) -

1IN I/F
A
Y H;(s)
H vdc(s ) Gsdelay(s )
N\ A
d

Csnotch(s ) Csvdc(s) Csilf(s )

N\
vg‘

—> H,(s) PLL

Figure 5-9: Transfer function block diagram of proposed control
5.3.2 Design of high-bandwidth inner current control

The high bandwidth inner current control is designed using a transfer diagram shown in Figure
5-9, which takes into account modulator delay due to digital implementation, sensor transfer

functions and small-signal gain of modulator carrier.

The current compensator transfer function is designed to behave as a low-pass filter with

integrator, low frequency zero, and a high frequency pole, ensuring a high gain in the low
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Figure 5-10: Bode plot of the current controller transfer function
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frequency region. Bode plot of the designed current compensator is shown in Figure 5-10. The

complete expression of used current controller is as

S S
. (co + IJ[CO + lj
il zilf' 1 zilf 2
C ” (S): W 5-47
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Figure 5-11: Family of bode plots of current loop gain transfer functions

Current loop gain is defined as a product of control duty cycle to inductor current transfer
function, digital delay transfer function represented via second-order Pade’s approximation and
current compensator transfer function. Figure 5-11 shows current loop gain for different control
duty-cycle to inductor current transfer functions, verifying that bandwidth of the loop is high for
all the quasi-stationary operating point. The compensator current transfer function is designed to
provide phase margin of 90 degrees, gain margin of 24 dB and bandwidth of 3 kHz for all given
current loop plots. The analytical expressions of current loop gain, closed loop gain and Pade’s
approximation of digital delay are written here. The used digital delay is equal to one and half of
switching period, where delay of digital modulator one half of the switching period and a delay
due to DSP implementation is equal to one switching period.

1
Ey (S ) = F H ilf (S )Csilf (S )Gilfd (s )Gdelay (S ) 5-48
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In this way a high bandwidth current control is closed, providing fast and accurate generation
of the different injection signals. Furthermore, fundamental frequency component at line frequency
is generated very precisely as current loop gain is high in low frequency region, enabling

decoupling of the dc voltage control from the fast current control.

5.3.3 Design of outer voltage control

The dc voltage loop is designed to have slow dynamic, assuming the current loop dynamic is
much faster and can be assumed as ideal control that can perfectly reproduce input reference signal.
In this sense, the closed loop gain of current control can be assumed ideal with unity magnitude
gain and zero phase delay, resulting in accurate reference tracking. The voltage loop is slow and
needs to be at least one decade below the lowest frequency injection point, providing decoupling
between fast current loop and slow dc voltage loop. The power balance modeling is used for plant
transfer function derivation, which is typically used in PFC circuits and grid connected converters

[97], [98], [126]. The power balance equation of the injection converter circuit is as follows,

Nv,i, =v 5-51

srmsl[frms

2 .
vd(' — llﬁ” 5_52
ch (S ) vsrms \/5

The inductor current magnitude to output dc voltage is derived by linearization of the power

N

balance equation, yielding the following results.

W5, i
N dc”dc — V _ym 5_53
ch (S) srms \/5
Gsvdci( S) _ Ve (S) _ Vsrms ch ( S) Vsrms Rdc 5-54

Caal(s) 2v2N7, 22NV, sChRy +1

If big resistor is placed in parallel with dc capacitors, then previous plant transfer function

reduces to the following expression
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The previous derived plant transfer function can be used to design a low bandwidth dc voltage
loop, ensuring precise regulation of the mean value of dc capacitor voltages. Equivalent transfer
function diagram of the proposed controller is obtained via reduced order modeling and it includes
fast inner current loop and slow outer dc voltage loop as shown in Figure 5-9. The designed voltage
compensator consists of integrator to ensure accurate dc reference tracking, one zero in the low

frequency range and the high frequency pole above the dc voltage loop bandwidth.

Csva’c(s)zkii S+deC) 5-56
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Figure 5-12: Bode plots of dc voltage loop gain transfer functions: 7,..(s) (straight red
line) and 7y4cie(s) (dashed blue line)

The dc voltage loop is designed to have 2 Hz bandwidth and phase margin equal to 70 degrees.
Notch filter is used only when current is injected close to line frequency, resulting in low frequency

ripple with significant magnitude on dc side.

1
N Gsvdci (S )dec (S )Csnotch (S) 5-58

Similarly, voltage loop gain expression using Gsvacidef(s) plant transfer function is:

Tvdc(s ) =
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Addition of the notch filter will attenuate propagation of low frequency ripple into the control
part and consequently into converter itself, enabling generation of inductor current without
unwanted low frequency components. The dc voltage loop gain including Civic(s) and Canorcn(s)
compensators is shown in Figure 5-12. In this case a notch filter, which attenuates ripple at 10Hz

is used to plot bode diagrams of dc voltage loop gain transfer functions Tvac(s) and Tyacaef(s).

5.3.4 DC voltage balancing control

The voltage balancing control is designed to have approximately same bandwidth as the dc
voltage loop. However, the control is tuned by running extensive simulations and observing
settling time of the responses. The used voltage balancing control consists of integrator, one low

frequency zero placed below the control’s bandwidth and one high frequency pole.

Csvbal (S) = @ i Doval ) 5-60
s \s+ a)pbal

5.4 Validation of the design procedure in simulations

The time domain switching simulation model of the multi-level shunt current injection
converter is built and extensively tested in MATLAB/Simulink software with the usage of
SimPowerSystems toolbox. The software environment is used to simulate switching model and to
characterize the properties of the injected signal and to verify the described designed procedure.
This section describes and shows two different simulated operating points, verifying design of the
converter regarding capacitor and inductor value selection and validating design of several control

loops.

The first simulated operating point investigates waveforms when low frequency (50 Hz)
current is being injected into the grid, this operating point is equivalent to 10 Hz injection in dq
coordinates. Thus, in this operating point a low frequency voltage ripple at 10 Hz is present in dc
capacitor voltages. Other critical operating point is a high frequency injection of 30 A rms, 1 kHz
current into the system. Figure 5-13 shows simulation waveforms that verify proper operation
when converter is injecting a 50 Hz sinusoidal signal. The dc voltages are balanced among

themselves and 10 Hz ripple is slightly below 60 V, which is correctly predicted by analytical
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expressions. Furthermore, current control ensures that generated current ij(f) tracks perturbation
reference signal precisely.
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Figure 5-13: Simulation waveform signals for 30A rms, 50 Hz sinusoidal current injection
operating point (a) inductor current ij(f) and current reference i,./(¢) (b) dc voltages vai(?),
vac2(t), vac3(f) and dc voltage reference vacre/(f) (c) duty cycles di(), dx(t), ds(f) (d) switching
voltage vicon(?).
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Figure 5-14 shows simulation waveforms of same variables when 1000 Hz 30A rms sinusoidal
injection current is being generated by shunt current injection converter. Obtained inductor current

ij(f) waveform shows that current control has high bandwidth capable of generating 1 kHz current,
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Figure 5-14: Simulation waveform signals for 30A rms, 1000 Hz sinusoidal current
injection operating point (a) inductor current ij(f) and current reference i../(?) (b) dc
voltages vaci(f), vic2(f), vic3(f) and dc voltage reference vacre/(?) (¢) duty cycles di(z), dx(t), ds(f)
(d) switching voltage vacow(?).
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All three dc voltages vaci(f), vac2(t) and vac3(f) are balanced and accurately regulated to follow
400 V dc reference. Furthermore, duty cycle peak values are as specified in design procedure
below 0.9, keeping the converter in the operation range outside the overmodulation region. It is
verified when 1 kHz current is being injected duty cycles are near the limit as predicted in design

procedure.

5.5 Experimental Verification

The hardware prototype, which is shown in Figure 5-15, of a multi-level single-phase shunt
current injection converter is built to experimentally prove feasibility of the proposed multi-level
solution. The experimental set-up consists of three H-bridge modules, which are connected to a
programmable voltage source (20 A, 120 V, 60 Hz) via six inductors (0.33 mH). Furthermore,
each H-bridge module has a dc capacitor (220 pF) and a dc resistor (500 Q). The control board
hardware includes Texas Instruments control card TMS320C28343, together with CPLD chip and
analog part for sensing currents and voltages, providing effective resources for a control of the

implemented converter.

Figure 5-15: Hardware prototype of the designed multi-level single-phase shunt current
injection converter.

The proposed seven-level single phase shunt current injection converter is connected in parallel
with programmable source, which is feeding high-power factor resistive-capacitive load (17 Q,
99 uF). The converter is run to inject a perturbation into a described system. Figure 5-16 shows
steady-state experimental waveforms for a twelve line periods (20ms) when 5A current at S00Hz

is being injected, verifying that the proposed controller regulates current iy and dc voltages vaci,
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vac2, and vae3 accurately follow de reference. In order to maintain dc voltages, inductor current i
has dominant line frequency component, which provides active power to cover losses in bridges

and dc resistor dissipation.
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Figure 5-16: Experimental waveforms of converter current ij(f), load current ij.a(?), de
voltages vici(f), vac2(t), vac3(f), and source voltage vgq(?).

In addition, Figure 5-17 compares spectrums of inductor current iy obtained via simulation and
experiment, showing excellent matching of developed switching simulation model with

constructed shunt current injection converter hardware.
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Figure 5-17: Spectral content comparison of inductor current ij(7) obtained via simulation
(dashed red line) and experiment (straight blue line).
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5.6 Summary

This chapter describes the detailed design procedure for a multi-level single-phase cascaded
H-bridge converter, which is suitable for the shunt current injection. The design procedure includes
parameters selection, component value optimization, minimization of the size and weight of
inductors and capacitors. Furthermore, the design of the inner current control, voltage balancing
among modules, and outer capacitor voltage regulation is presented. Analytical expressions are
derived for each critical design step. In addition, the design procedure is completely verified in the
simulations using switching model, dead-time and digital controller, proving the effectiveness of
the proposed approach. Excellent agreement between analytical expressions, detailed switching
simulation model and experimental results is presented. Reduced order dynamic average value
modeling approach is used and shown to be very effective tool in the design procedure. A new
solution for shunt current injection used for small-signal dq and dc impedance identification is
proposed in this paper, consisting of multi-level cascaded H-bridge converter structure, improving
overall performance of the converter compared to classical single-module H-bridge converter
solution. Finally, the multi-level SCI converter is constructed and experimentally tested, proving

feasibility of the proposed concept.
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Chapter 6. Interleaved Single-Phase Series Voltage Injection Converter used

in Small-Signal dq Impedance Identification

Stability analysis of modern three-phase ac power systems is performed using small-signal
impedances identified in synchronous reference dq frame. A single-phase series voltage injection
is used to perturb ac and dc systems in order to perform small-signal impedance identification.
This chapter explains the design of the interleaved cascaded H-bridge converter, which is used to
generate a single-phase voltage perturbation in series with power system. Special attention is
focused on the design procedure, including the selection of inductors and capacitors values, trying
to optimize converter’s performance and maximize injection range. The decoupling control is
proposed to regulate ac injection voltage, providing robust and reliable strategy for the regulation
series voltage injection. Furthermore, a low bandwidth dc voltage control is included into the
control, assuring dc voltage control for each H-bridge module. The dc voltage control regulates
average value of capacitor dc voltages by aligning the line frequency reference of injection voltage
with system current. Analytical expressions, which completely describe the control procedure, are
derived and presented in the analysis. The proposed converter is extensively simulated using
switching simulation model and excellent agreement with the developed design procedure is
presented. Simulation model and hardware prototype results verify effectiveness of the proposed

series voltage injection solution.

6.1 Introduction

Apparently, there is a need to inject voltage and current perturbations into a system to obtain
accurate identification of load and source small-signal dq impedances. Therefore, the scope of this
chapter is a design procedure of a single-phase interleaved series voltage injection (SVI) converter
using H-bridge modules, which is shown in Figure 6-1. The converter’s purpose is to generate a
voltage perturbation in series with the system, in order to excite response of the power system at
desired frequencies. Furthermore, generation of the injection voltage is done in a controlled
manner via the ac decoupling control. Typical applications in which decoupling ac control is

commonly used to regulate series injection voltage are uninterruptable power supplies (UPS), and
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dynamic voltage restorer (DVR) [104], [105]. Following this idea, this chapter proposes to use a
decoupling control to effectively regulate small-signal series injection voltage. The proposed
solution reduces size and cost of the SVI converter, as it does not require an isolation transformer.
In this way, it is capable of injecting frequency components close to dc in dq coordinates, which
are not feasible with transformer SVI converter solutions. It differs from DVR application as it
does not need a separate energy storage device, resulting in reduced size, cost and weight converter
hardware. The proposed interleaved single-phase converter is a practical solution for single-phase
SVI with the following properties: modular design, capacitor energy distribution, reactive

component minimization, higher equivalent switching frequency, providing a capability to inject
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higher frequency signals, interleaved solution is suitable to perturb high power systems and finally

it is capable of generating cleaner injection signals.

6.2 Design of interleaved single-phase series voltage injection converter based on H-

bridge modules

The proposed interleaved SVI converter is shown in Figure 6-1. It consists of three H-bridge
modules, where each modules has two ac inductances, a dc capacitance and a dc resistor. The
purpose of the inductances is to filter switching voltage in order to generate clean current. The dc
capacitors have two main tasks, where the first one is to store dc voltage, providing stable operating
point for voltage source converter. Furthermore, dc capacitors are main storage for reactive energy,
which is exchanged between the system and converter during the low frequency injection. A high
value resistor (30 kQ) is placed in parallel with each dc capacitor, providing voltage discharge
when the converter is turned off. The resistance value is selected to be high enough, so it can be
neglected in the control analysis. The series voltage is injected via capacitor Cr, which is series
inserted between source and load, providing transformerless injection solution. Furthermore, three
H-bridge modules are interleaved, providing current sharing, which results in higher efficiency of
the interleaved injection converter. In addition, interleaved operation offers generation of
switching noise in higher frequency range, providing a generation of cleaner series voltage
injection signal. Ideally, designed transformerless SVI converter should generate injection signal
at only desired frequencies without any unwanted harmonics. Therefore, interleaved solution
offers significant benefits in both aforementioned design considerations, being suitable solution
for a series voltage injection. Parameters of the SVI converter, which are used throughout this

chapter are given below in Table 6-1.

The implemented control of SVI converter, which regulates average value of dc voltages
vaci(t), vac2(t) and vac3(f), capacitor voltage ve(f), inductor currents iy (f), iy2(¢), iy3(¢) and provides
voltage balancing among dc capacitor voltage of H-bridge modules is shown in Figure 6-2. The
control includes low bandwidth dc voltage control, which provides line frequency reference for
the injection voltage veA¥). This reference is aligned via PLL with the system current, providing

active power to cover the converter losses and regulate average dc voltage value of dc capacitors.
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Figure 6-2: Block diagram of the proposed decoupling control for interleaved SVI
converter

The ac decoupling control includes regulator for voltage v.A¢) and all three inductor currents ij(7),
(1), ii;3(f), providing robust control that effectively decouples power system dynamics from the
injection converter dynamics. Two balancing controllers regulate voltage balancing among
capacitors voltages by changing current references of the corresponding inductor currents. The

detailed analysis of all control loops will be presented in the following sections.

Table 6-1 Three-phase power system specifications

Parameter name Value Parameter name Value
DC voltage Vpc=200 V Inductance L~0.33 mH
Peak dc voltage Vdepeak=300 V DC capacitance Ca=0.22 mF
Injection frequency iw—10 Hz-1 kHz | AC capacitance C~=35 pF
RMS of system ac voltage Vems=120 V System phase rms current Lims=100 A
Switching frequency fsw=10kHz Switching frequency of H-bridge fswi=20 kHz
Number of modules N=3 Equivalent switching frequency Soweq=60 kHz

6.2.1 Operating point calculation

Analytical expressions describing different operating points are derived in this section using
the equivalent averaged model of SVI shown in Figure 6-3. The derived expressions are general
and can be used to design SVI converter for injection into arbitrary power system, simply by using

system’s voltage and power rating. In order to guarantee the generation of desired injection signals
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in the full frequency injection range at maximum magnitude, the derived analytical expressions

are used to select capacitor and inductor values.

The duty cycle will consist of two components, namely system frequency component d(¢) and
injection component di(f). The system frequency component will provide active power to regulate
dc voltages at specified level and cover the losses of each converter: switching and conduction
losses of H-bridges, losses in inductors and dissipation losses of resistors. As mentioned
previously, the proposed control will align injection voltage v.(?) to a system current via the system
duty cycle component. In addition, control performs one more task of generating a desired
injection signal, which is achieved by the injection component of duty cycle di(¢). The total duty

cycle applied to each H-bridge can be written in the following manner.
d(t)=d (t)+d,(¢) 6-1

In order to derive a system duty cycle component, we will assume that during the steady state

operation system current is(¢) is equally shared by all three H-bridges. The described assumption
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Figure 6-3: Equivalent averaged model of single-phase interleaved series voltage injection
converter, which is connected in series with a power system

124



is enforced by the control, if all the control loops are properly designed. If the switching ripple is
averaged, then the line frequency component (system component) i;;(¢) of inductor current can be

described by the following expression.

Iy (t) =1y, sin(@s (t))

6-2
HS (t) = a)St + gso

Where 6s(¢) is a phase of system current and ws is a power system angular frequency.
Furthermore, the control will align the line frequency component of the injection voltage v.A¥) with

the system current, thus the following expression is true.

Vefs (t ) =V, sm(Q (t )) 6-3

— Vefsm

In this way the active power delivered via the series injected capacitor Crwill regulate the dc
value of H-bridge voltages by covering the losses of each converter. Thus, the following

expression can be written.

OSIlfsmI/cfsm = Bosses 64
After applying the KVL and KCL, the following equations are written below.
di, (¢t
0 V=1 g e, ) 6-5

Since all the terms in the previous equation are well defined, the system component of the duty

cycle is calculated as follows.

ds (t) - Dsm Sin(gs (t)+ edso) 6—6
D,, = \/(L" 'a)‘vl-’f’”")z + (R,lf'l iom + Vc_/m)z 6-7
| Vi
0, = arctan(ﬂj o s
dso —
Ryl + Vg

The magnitude of system duty cycle component mainly depends on magnitude of system

current and losses of the converter. Usually the inductance Ly s selected to have small impedance
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at line frequency w; and if converter is properly designed, losses can be neglected, meaning that

system component of duty cycle is negligible.

In similar way, the injection component of duty cycle is derived. If the switching ripple is

averaged, the injection component of voltage ve/(?) is written as follows.
Ves (t ) = I/cﬁm sm(@l (t )) 6-9
0t)= w1+, 6-10

Where Vein and w; are magnitude and angular frequency of the injection voltage signal,

respectively. Again, after applying the KVL and KCL, the following equations are written below.

y

d (W, =L, ’”—l(t)+R,filﬁ(z)+ v,4(¢) 6-11
dvct t chim .

W00, 20 e i) 1>

Where Z.(jow;) represents the equivalent series impedance of source and load, which is seen
from the terminals of series inserted capacitor Cr. If the equivalent impedance Z.(jw;) is high, small
injection current i:(f) will be generated in inductor Ly, while if the equivalent impedance is small
the injection current ij;(¢) can be significantly increased. The worst case occurs if the equivalent
impedance Z.(jo;) is small in the high frequency region, resulting in high injection current, which
can cause H-bridge to operate in the overmodulation region. The overmodulation region is not
desired as converter is not fully controllable and it generates more unwanted line and switching

harmonics.

After substituting the expression of injection voltage signal, ves(f)=Vcamsin(6i(¢)), into the last

two equations the injection duty cycle is written below.

a0 = = 1,C,07)+ (R, C 00 sin@.0)+0,)+ (@L«fzﬂsm(a@)% +0,) 613

¢fim e

Finally, the injection component of duty cycle can be approximated with a sinusoidal signal,

where the following inequality for the signal magnitude holds true.
di(t):Dim Sm(el(t)+0w) 6_14

126



D, < £ \/ (1 ~L,C,0; )+ (le'cfwi)z +

im
dc

N

w
w o
\

\\

()]
©
3 / 1
%2 5 / /”"
) |
e 2 o /",r ’,/:t
g R
> / /,f’ f”a’:'_:é‘
©1.5 e T
2 // ’¢,¢’ /z:“:g“f
> - ".4:’::,¢
(] 1 ~ /,-— ,,f':=__:‘g"
/ ,——' "_.:’_,?‘r
- =T eosiggeE P
0 5 ’_‘,—’ ———::./—', ﬁ'
i e i s s s g
0 “_-IE- _______ l'}"ﬂ "
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency [HZz]

Figure 6-4: Duty cycle injection magnitude versus injection frequency for different values of
equivalent system impedance: Z.=1 Q (red straight line), Z. increases (black dashed lines)

It is interesting to plot the dependence of injection duty cycle magnitude with respect to
injection frequency for a range of equivalent system impedance values using previously derived
equation. The equivalent system impedance seen by capacitor Cy terminals is equal to sum of
source and load impedances, Z.(s)=Zs(s)+Zi(s). The proper selection of inductance Ls and
capacitance Cr values ensures that converter can generate maximum voltage perturbation in the
whole injection frequency range, while converter operates in safe region far enough from the
overmodulation region. By avoiding overmodulation region, converter guarantees a controllability
of the converter control variables, including the injection voltage v.(f). Based on the previous
analysis, Figure 6-4 shows magnitude of duty cycle injection component versus injection

frequency for a range of equivalent system impedances, 1Q <

Z, (a)l) <inf, , verifying that selected

component values provide capability to inject voltage perturbation in the specified frequency
range. The converter cannot characterize source and load impedances, whose sum is below 1Q in

the high frequency range. The last condition is usually satisfied in the practice. Even if the SVI
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converter is used to perturb a system with infinite small-signal equivalent impedance, the

maximum injection frequency is limited to 3.5 kHz.
6.2.2 Selection of dc capacitance value

The design of dc capacitances is done using the averaged model of the interleaved SVI
converter. The main task for dc capacitances is to provide stable dc voltage for the stable operation
of each H-bridge module. In addition, during the low frequency injection, dc capacitors are main
storage components for reactive energy, which is being exchanged between system under
measurements and injection SVI converter. Thus, a low frequency voltage ripple will exist when
frequency low to system frequency is being injected into the system. The capacitance is designed
to keep low frequency voltage ripple within the boundaries specified in Table 6-1. Following the
similar reasoning as in calculation of the steady state duty cycle components, the voltage ripple

component at injection frequency f; can be calculated in the following way.

Leger (t ) = _dl (t )ilfl ([ ) 6-16

Cuo 2 (a4, 0,0y ), 0) 617

The main low frequency voltage component will come from injection duty cycle d;,(¢) and
system current component of inductor current iy;(¢). Under this assumption, other terms obtained

from the product can be neglected, yielding the following results.

1 .
AV, (z): _C_Idil(t)y‘ls (t)dt 6-18

dcl

D I,
Av,, (1) = —""—lfsmj.sin(a)it +6, )sin(w,t + 6, )dt 6—19

il N
The last expression can be further approximated if a product of the sinusoidal terms is
transformed into a sum, where the high frequency component is neglected.
D 1
Av, ()~ == cos(Awrt + 0, Mt
dcl() 2Cdcl J‘ ( Aﬁ 6720

Aw=0.—0

1 s
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Finally, the magnitude of dc voltage ripple can be approximated with the following expression

as written below.

Dimllfsm
AV, =——-—<kV, 621
2AC,,
In order to keep the peak value of dc voltage below allowed value it is necessary that

capacitance satisfies following inequality.

Dim]lfsm
C, >— 622
4rAfkV,,
The capacitance value is a function of maximum allowed injection duty cycle, magnitude value

of system phase current, minimum injection frequency, allowed voltage ripple and the designed

dc voltage value.
6.2.3 Reduced order modeling and design of control

In order to simplify the design of control loops, the reduced order average value modeling
approach is adopted for the modeling and small-signal transfer function characterization. The
equivalent switching model is reduced to single-phase single-module SVI converter as shown in
Figure 6-5. The voltage compensator C,,(s) and current compensator Cis) are designed as

proportional compensators with high frequency poles.

k . 24, C..
Cvcf (S ): pvef — 7%7\&\/;’/ fes. 6_23
(“’SJ (1+ 5 J
C()pvcf wpvcf
k . 2nf. L
Py = %W”f fest 6_24

[ P ] ( p J
(4] ilf w ilf

The proportional gains ks in the voltage controller Cye/(s) 1s set with two parameters, the
desired bandwidth frne of the control and capacitance estimation Crs. Accordingly, the
proportional gain kpirof the current controller Ciy(s) is set with two similar parameters, the desired
current control bandwidth fp.i;rand inductance estimation Lzg. In this way the programming of the

current and voltage control is performed in an automated manner. The two high frequency poles
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wpver and wpirare set higher than the corresponding controller bandwidths, providing the additional

attenuation in the high frequency range.
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Figure 6-5: The equivalent reduced order single-module model of SVI converter
The equivalent transfer function diagram of converter, obtained with reduced order modeling
is shown in Figure 6-6. The current loop gain can be directly derived from the equivalent transfer
function diagram.

@):L(S)(vm(s)—vg,. (5) 6-25

Zy

vo= (ilfref (S) - Hilf (s)ilf (S))Csilf (S) + chf (S)ch (S) G
inv H, (s) delay

(s) 6-26

Where the delay function due to DSP implementation and digital delay of modulator is

approximated with the second order Pade’s expression.

sT, (T,

1- Nral
Guu(s)=e "t n—2 12 7 _ 157 6-27
delay(s) € 1+&+(ST;,)2 d SW
2 12

The generated inductor current ij(¢) depends on the inductor current reference as well as on the

capacitor voltage ve(7), whose influence cannot be attenuated completely.
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Figure 6-6: The block transfer function diagram of the reduced order model of SVI
converter

Due to the decoupling control, the closed loop relationship for inductor current ij(s) has two
inputs, reference ij(s) and unwanted capacitor voltage ve(s). The closed loop transfer function
Geiiip1(s) should have unity gain in the whole frequency range, ensuring accurate tracking of the
current reference. On the other hand, the closed loop transfer function Gep(s) should have high
attenuation in the whole frequency range, rejecting unwanted dynamic propagating from the
capacitor voltage v¢(?) and providing effective decoupling between outer voltage and inner current
loops. However, mainly due to the digital implementation of the controller, perfect decoupling is
not possible because of the influence of corresponding digital delays in DSP and in the digital

modulator.

1 Csilf (S)Gdelay(s)
Zy(s)  Hyls)
Gclilfl (S) = r — 6-29
: 1 H(s)C,\s
1+ lf() lf() delay()

Zlf(s) Hvdc(s)
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Figure 6-7: Bode diagrams of the closed loop transfer function (a) Geini(s) (straight blue
line) (b) Geiy(s) (dashed red line)

1 (chf (S )Gdelay -1
Z, )\ Huls)
Gclilf2 (S ) = - = 6-30
: 1 H,(s)C,\s
1+ lf( ) [f( ) delay( )

Zlf(s) Hvdc(S)

The bode plots of closed current loop transfer functions Geii(s) and Geip(s) are shown in
Figure 6-7. As predicted current loop ensures accurate tracking of the current reference i./(¢) up to
3 kHz. Furthermore, the rejection of disturbances coming from the voltage v.(?) is very high in the
low frequency range and the rejection gain is being decreased as frequency is increasing. The
lowest rejection gain is -10 dB, which occurs around 2 kHz. The current loop gain transfer function

is identified from the previous two expression as written below.

L2606 )

P26 H 63!

The bandwidth of the designed current loop gain transfer function is 1.8 kHz with phase margin
around 30 degrees as shown in Figure 6-8. The voltage loop gain transfer function is derived
similarly to current loop gain transfer function using transfer function diagram of the equivalent

reduced order converter.
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Y

ch(s): 1( )(llf( )+lvyv( )) 6-32

(g ()= Ho ()0 (I (5)= o () (5) = i (5) 6-33
Vor (S) = Gy (S )vcfref( ) + Gclvcfz( ) sys (S ) 634

The closed voltage loop transfer function Genesi(s) should provide accurate tracking of voltage
reference viedt)=vere(t)TVvper(f), in the whole injection frequency range of interest. The second
closed voltage loop transfer function Gene2(s) should reject disturbances coming from the system
via the system current iss(¢). The both transfer functions are derived using the previous three

expressions and are given below

1

m GClilfl (S)Csvcf (S)

G, -fl(s): g 635
clve 1
1+ m (Gclilfl (S)chf (S)Cmf (s) - Gcmf2 (S))
1
( ) (1 GCl’lfl( )Ht?ys (S))

Gclvcf 2 (S) = 6736

Y,
( cmﬂ vcf wcf( ) Gclilf2 (S ))
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Figure 6-9: Bode diagrams of the closed loop transfer function (a) Genesi(s) (straight blue
line) (b) Gene2(s) (dashed red line)

The designed voltage control is capable of tracking voltage reference signals in the wide
frequency range as predicted by the bode diagram of transfer functions Gepei(s), which is shown
in Figure 6-9. On the other hand, the rejection of the disturbances coming from the system is
achieved with a reasonable high attenuation in the low frequency range, while in the frequency
range close to the voltage loop bandwidth, attenuation of disturbances is low, as shown in the bode
diagram of Gewer2(s) in Figure 6-9. The main reasons of lower attenuation in the high frequency
range are computational delays due to the digital implementation of the proposed decoupling
control. If a higher rejection of system disturbances is necessary, then a lower bandwidth control
can be used just by adjusting two proportional gains in the corresponding current and voltage
controllers.

T 6)= 5y GV (s ()G 5) 6-37

Yy

Although, the designed bandwidth of voltage loop should be around 1 kHz, due to the non-
perfect decoupling it is actually almost 2 kHz as shown in Figure 6-10. The phase margin is also
25 degrees, which is lower than expected 45 degrees. The derived expressions for both current and

voltage loop gains provide a detailed insight into the properties of loops. Furthermore, both ac
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Figure 6-10: Bode diagram of the voltage loop gain transfer function 7,.(s)
control loops are designed to have as high as possible frequency bandwidths with low phase

margins, providing the capability to generate voltage perturbation signals up to 2 kHz.
6.2.4 Design of dc voltage loop and voltage balancing

The dc voltage loop is designed with the use of power balance principle, stating that active
power delivered via series capacitor should maintain desired voltage by covering the losses of
interleaved SVI converter and delivering power to the dc side. Therefore, the proposed controller
is aligned via phase locked loop with the phase component of system current iss(¢). In this manner,
controller ensures that line frequency component of injection voltage will be just small enough to

cover the power losses of the injection converter.

v

cfrms™ srcrms

= I/dc]dc 6-38

ves) T
G — _dc — srerms Z ' 6—39
vdw(s) ;Cfm(s) 2\/§Vdc a'c(S)

1 R R
Z,(s)= | e = e 6-40
SNC, " N N+NsR,C,
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After the linearization of the power balance equation, series voltage injection magnitude to dc
voltage plant transfer function can be derived and used to design dc voltage loop. Therefore, a dc
voltage compensator with an integrator, zero and pole is designed and used to regulate dc voltage.
The dc voltage loop has low bandwidth of 4 Hz and phase margin of 60 degrees as shown in Figure

6-11.

The voltage balancing control is designed to have approximately same bandwidth as the dc
voltage loop. However, the control is tuned by running extensive simulations and observing
settling time of the responses. The voltage balancing control bandwidth depends on the mismatch
of the modules and it is not predictable. Therefore, the used voltage balancing control consists of
proportional gain controllers, as it provides robust and accurate balancing of capacitor voltages. In

this way, the effective balancing of capacitor voltages is achieved.
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6.3 Validation of SVI Converter Design in Simulations

The equivalent switching simulation model of the interleaved single-phase SVI converter is
built and extensively tested in MATLAB/Simulink software with the use of SimPowerSystems
toolbox. The software environment is used to simulate switching model of SVI converter, which
includes the dead-time, digital implementation of the proposed decoupling control, one sample
delay due to DSP implementation. The simulation switching model is used to characterize the
properties of the injected signal, verifying control loop design and selection of inductor and
capacitor values. In order to cover the operation of SVI converter, several operating points are
simulated and obtained simulation results are presented in this section. Furthermore, the model is
extensively tested using different loads typically found in three phase power systems, showing

robustness with pure reactive, active or controlled and nonlinear passive loads.
6.3.1 Simulation waveforms in the steady-state operating point

The simulation waveforms of SVI converter when it operates in steady state are shown and
explained in this section. In this operating point the converter is charged and ready to perturb the
three-phase ac system. Steady-state simulation waveforms of inductor currents ijy;(¢), i2(f) and
i3(t), capacitor voltage veA(?) and corresponding references ire/(f) and v.e(t) are shown in Figure

6-12. The generated inductor currents accurately follow the current reference as depicted in the
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Figure 6-12: Steady state simulation waveforms: (top) Inductor currents i (?), iy2(?), ij3(2),
reference current i./(f) and system current -iss(f) (bottom) injection voltage v A7) and
reference voltage vi./(f)
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figure. Furthermore, the current sharing among modules is achieved and all the three currents
conduct one third of the system current, resulting in the reduced current stress of each H-bridge
module. The inserted capacitor voltage ve(¢) accurately follows a line frequency reference, but due
to the dead-time implementation, the generated capacitor voltage has additional line frequency

harmonics.

In addition, Figure 6-13 shows the steady-state waveforms of capacitor voltages vaci(?), vac2(t)
and vac;3(?) together with the dc voltage reference vucre/(?) in the top graph. The proposed decoupling
control provides equivalent energy sharing among modules as each dc capacitor stores same dc
and ripple voltage. In this way, the faster devices with lower voltage rating are used in each H-
bridge module, resulting in the generation of cleaner injection signal together. The bottom graph
of Figure 6-13 shows the duty cycles d(¢), dx(¢) and d3(¢), which are applied in the modulation of
each H-bridge module. Again due to the symmetry and proposed decoupling control all the three
duty cycles are same, providing equal voltage and current stress to H-bridges.
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Figure 6-13: Steady state simulation waveforms: (top) dc voltages vici(t), vic2(t) vics(t) and de
reference voltage vi..(f) (bottom) H-bridge duty cycles d;(t), d>(t) and d;(t)

Harmonic content of the capacitor injection voltage ve() is shown in Figure 6-14. Beside the
dominant line frequency component, there are significant third, fifth and seventh harmonics of the

line frequency present in the capacitor voltage waveform. Due to the interleaved operation of the

138



converter, the switching harmonics present in the capacitor injection voltage v¢A¢) are multiples of
60kHz.
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Figure 6-14: Harmonic spectrum of the capacitor injection voltage v «(?)
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Figure 6-15: Harmonic spectrum of the inductor current iy (7)

Spectrum content of the simulation waveform of inductor current ij;(¢) is shown in the Figure
6-15. The dominant line frequency component at 60 Hz of inductor current represents one third of
the system current, which is equally shared among H-bridge modules. Beside the line frequency
component, unwanted harmonics of the line frequency are present in the spectrum due to the dead-
time implementation in the gate signals. The inherently generated switching harmonics (multiples

of 20 kHz) are also present in the simulation waveform.
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6.3.2 Steady-state simulation waveforms during the injection of low frequency sinusoidal

signal

The first simulated operating point investigates waveforms of SVI converter when the
sinusoidal signal with frequency close to line frequency (80 Hz) is being injected into the three-
phase system. This operating point corresponds to 20 Hz injection in dq coordinates, yielding a
low frequency voltage ripple of 20 Hz in dc capacitor voltages. The steady-state simulation
waveforms of inductor currents iy (?), ij2(¢) and ij3(t), capacitor voltage veAt) and corresponding
references ir(f) and v,/(¢) are shown in Figure 6-16. The generated inductor currents accurately
follow the current reference as depicted in the figure. Furthermore, the current sharing among
modules is achieved and all the three currents conduct one third of the system current and one third
of the injection inductor current, which is beneficial to each H-bridge module as current stress is
reduced. The inserted capacitor voltage v.A¢) accurately follows a line frequency reference and the
injection frequency reference, but due to the dead-time implementation, the generated capacitor

voltage has additional harmonics.

f}'larmanics =n line T mf;nj 643
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Figure 6-16: Steady state simulation waveforms: (top) Inductor currents ij(), ii2(?), iy3(2),
reference current i../(f) and system current -is(¢) (bottom) injection voltage v.(r) and
reference voltage v, A7)

Moreover, Figure 6-17 shows the steady-state waveforms of capacitor voltages vaci(t), vac2(?)

and vuc3(f) together with the de voltage reference vacre/(?) in the top graph. The proposed decoupling
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control provides equivalent energy sharing of injection ripple, twice the line frequency ripple and
dc voltages. The bottom graph of Figure 6-17 shows the duty cycles di(¢), d2(¢) and d3(¢), which
are applied in the modulation of each H-bridge module. Again due to the symmetry all the three

duty cycles are same, providing equal voltage and current stress to H-bridges.
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Figure 6-17: Steady state simulation waveforms: (top) dc voltages vici(t), vic2(t) vacs(t) and
dc reference voltage vi..A(f) (bottom) H-bridge duty cycles di(t), d>(t) and ds(t)
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Figure 6-18: Harmonic spectrum of the capacitor injection voltage v ()
Harmonic content of the capacitor injection voltage v/(¢) is shown in Figure 6-18. Beside the

dominant line frequency and its harmonic components, there is obviously the injection frequency
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component. In addition, there are cross modulation harmonics generated as well. Still, the

dominant switching harmonics in the generated voltage are multiples of 60 kHz.

Spectrum content of the simulation waveform of inductor current iy;(¢) is shown in the Figure
6-19. Beside the injection frequency component, the line frequency harmonics and cross product
harmonics are present in the spectrum of the inductor current. The switching harmonics (multiples

of 20 kHz) are also present in the generated spectrum.
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Figure 6-19: Harmonic spectrum of the inductor current iy ()

6.3.3 Steady-state simulation waveforms during the injection of high frequency sinusoidal

signal

Another critical operating point is a high frequency injection with maximum magnitude, when
it is necessary to provide high enough voltage across filter inductors Ly (i= 1, 2, 3) to generate a
current to charge a series injection capacitor C;. Simulation waveforms of interleaved SVI
converter that injects 800 Hz sinusoidal signal in series with a power system supplying a pure

resistive load are presented in this section.

The steady-state simulation waveforms of inductor currents iy(?), ij2(f) and ij3(t), capacitor
voltage v¢/(f) and corresponding references i) and v/ ¢) are shown in Figure 6-20. The generated
inductor currents accurately follow the high frequency current reference. Furthermore, the current
sharing among modules is achieved and all the three currents conduct one third of the system

current and one third of the injection inductor current, allowing the lower dc voltage to be used in
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each H-bridge module. The inserted capacitor voltage v.(f) accurately follows a line frequency

reference and the injection high frequency reference.

Current [A]

Voltage [V]

T A A A
0}WM\"WNM\MWMM\WWM“W' M‘) W} ﬂmﬁl\w

Wil

“J

|..,l,JllJllJl i\ l ”I l HJJJ Ay
i ”JT11 '|| ‘l'

Y

ikl i

IJI

-50 Jll

il 'mw r”wn' T

i Uita !

1.9 1.91

1.92

1.93 1.94 1.95 1.96 1.97 1.98 1.99 2
Time [sec]

Figure 6-20: Steady state simulation waveforms for high frequency (800 Hz) injection:
(top) Inductor currents iyi(?), ii2(?), i3(f), reference current i,.(f) and system current -isy(?)
(bottom) injection voltage v A7) and reference voltage v,«(?)

Moreover, Figure 6-21 shows the steady-state waveforms of capacitor voltages vaci(t), vac2(?)

and vqe3(f) together with the de voltage reference vaere/(?) in the top graph. The proposed decoupling

control provides equivalent energy sharing of high frequency injection ripple, twice the line
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Figure 6-21: Steady state simulation waveforms for high frequency (800Hz) injection: (top)
dc voltages vaci(t), vac2(t) vic3(t) and de reference voltage vicr(f) (bottom) H-bridge duty

cycles di(t), d>(t) and ds(t)
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frequency ripple and dc voltages. The bottom graph of Figure 6-21 shows the duty cycles d;(?),
dx(t) and ds(t), which are applied in the modulation of each H-bridge module. Again due to the
symmetry all the three duty cycles are same, providing equal voltage and current stress to H-

bridges.
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Figure 6-22: Harmonic spectrum of the capacitor injection voltage v.(?)

Harmonic content of the capacitor injection voltage v.A?) during the high frequency injection
is shown in Figure 6-22. The two dominant harmonics are line frequency and the injection
frequency components. In addition, there are cross modulation harmonics generated and switching

harmonics (multiples of 60 kHz).
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Figure 6-23: Harmonic spectrum of the inductor curretn iy (7)

144



Spectrum content of the simulation waveform of inductor current iy;(¢f) during the high
frequency injection is shown in Figure 6-23. Beside the high frequency injection component, the
line frequency harmonics and cross product harmonics are present in the spectrum of the inductor

current. The switching harmonics (multiples of 20 kHz) are also present in the generated spectrum.

6.4 Experimental Verification of SVI Converter Design

The experimental set-up includes interleaved three H-bridge modules, control board with DSP
controller, analog sensing part and CPLD chip for protection, six ac filter inductors (330 uH), ac
filter capacitor (35 puF) inserted in series with system and three dc capacitors (220 pF) with
discharging resistors (1 k€). Programmable California Instruments source is used as a voltage

source to supply line to line RMS voltage of 120 V, 60 Hz to a 9 Q three-phase resistor load.

D4 Maind AW

THZ [CH3 | Chd CHs  Ch6 CH7 _ CH8
0.100kU50.0 U |20.0 U 5.00 A 5.00 A 5.00 A 5.00 A
DCiMe | DCiMe | DCiMe  DCiMe  DCiMe  DCiMe  DCiMe

Figure 6-24: Experimental scope waveforms of source voltage vy(?), load system current
il0ad(f), inductor currents iy (7), ii2(?), iy3(f), and dc voltages vici(), vac2(f) and injection
voltage vA(7)
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Scope experimental waveforms, which are obtained from the described hardware set-up, are
shown in Figure 6-24. The scope data show source voltage v,(¢) and load system current #jpqa(?) to
be in phase, as expected for a resistive load. In addition, inductor currents #j(?), ij2(f) and iy3(f)
almost equally share the system current i(¢), which validates proper operation of interleaved H-
bridge modules. Furthermore, the inductor currents contain additional switching harmonics at
20 kHz, which are canceled in the converter current ij(¢), providing cleaner current. The injection
voltage ve(f) has the line frequency component (60 Hz) to cover the losses in converter and to
maintain dc voltages for each module. Moreover, due to the interleaved operation of the SVI
converter the series injected voltage ve(f) contains switching harmonics which are multiples of the
60kHz. In addition, dc voltage accurately follows 200V voltage reference specified inside DSP

code, providing stable operating point for the interleaved single-phase SVI converter.
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Figure 6-25: Spectrum comparison of inductor current iy;(t) no injection (blue line), 500 Hz
injection (green line) and simulation current waveform (red line).

Spectrum of inductor current i;;(f) when converter does not inject any signal and when
converter injects 500 Hz sinusoidal signal is calculated in MATLAB using scope data and shown
in Figure 6-25. On top of that spectrum of inductor current #j;(¢) calculated from the detailed
switching simulation model, when 500 Hz sinusoidal signal is being injected, is plotted. As it can
be observed, excellent agreement between experimental results and simulations waveforms of the
switching simulation model is presented, verifying the effectiveness of proposed interleaved SVI

converter.
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6.5 Summary

This chapter describes a general design procedure for a single-phase interleaved SVI converter,
which is suitable for small-signal dq impedance identification. Special attention is focused on the
design of high bandwidth ac current, high bandwidth ac voltage loop and low bandwidth dc voltage
loop, providing fast and robust control. The dc voltage loop is designed by a power balance
principle and by aligning system frequency reference (60 Hz) of injection voltage with the system
current via PLL. Analytical expressions are derived for each critical design step. In addition, the
design procedure is completely verified in the simulations using switching model, dead-time,
digital controller and one sampling delay due to DSP implementation, proving the effectiveness of
decoupling control method. Furthermore, the switching simulation model has been extensively
simulated with different loads, including resistive, inductive and capacitive reactive, proving the
robustness of proposed decoupling control to the load variations. The interleaved solution provides
wider injection range, means to characterize higher current rated systems because of current
sharing among modules and enables generation of cleaner injection signal. The used ac side filter
is of the second order, minimizing the injection of unwanted switching noise. Even more, the
proposed interleaved SVI converter does not require an isolation transformer, resulting in reduced
size, weight and cost and is capable of self-charging via dc voltage control. Furthermore, the
proposed transformerless solution is capable of injecting low frequency signals in dq coordinates

by avoiding transformer saturation problems, resulting in the increased injection frequency range.
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Chapter 7. Identification of Small-Signal Impedances via Single-Phase

Injection

This chapter describes the identification of small-signal impedances of three-phase ac power
systems via the single phase injection. The excitation of the power system under test is realized
via single-phase shunt current and series voltage injections, providing precise identification of
large and small values of impedances. Hence, single-tone ac sweep FFT algorithm that extracts
small-signal impedances from the switching models is implemented and presented in this paper. It
is the basic idea for the impedance extraction which is time consuming due to its sweeping nature.
Furthermore, frequency analysis is substantially enhanced with the implementation of wide-
bandwidth multi-tone and chirp injections, resulting in the faster identification of switching
models. Moreover, the proposed extraction algorithm is validated on the detailed switching
simulation model of three-phase VSI. In addition, unbalanced single-phase multi-tone injection is
proposed to identify small-signal dq impedances as an approach that requires less hardware for the
injection implementation. The presented small-signal impedance identification algorithm is

general and can be used to obtain small-signal impedances of other power electronics converters.

7.1 Introduction

The single-phase injection can be used to perturb three-phase ac power systems as it creates
unbalanced response in all three phases. Furthermore, the unbalanced nature of the single-phase
injection dq coordinates as well. In this case a single frequency point injected in single-phase
creates two frequency points as responses in dq coordinates. In the case of wide bandwidth signal
injection, a single frequency range is being injected into the system via the single-phase, creating
unbalanced response in all three phases. A single frequency range creates a response in two
frequency ranges around the system frequency in dq coordinates. Nevertheless, it will be shown
in this chapter that still it is possible to enhance the impedance identification process by the wide

bandwidth injection.

148



This chapter is organized in the following manner, the second section describes the properties
of the single-phase shunt current injection. The pure sinusoidal, chirp and multi-tone injection

signals are analyzed and compared. Furthermore, it explains FFT identification algorithm.

The third section investigates the properties of the series voltage injection with regard to all
three injection signals. Similarly, FFT identification algorithm for the characterization of the

small-signal impedance.

The fourth section provides the small-signal impedance results of three-phase two level
converter operating as an inverter and as a rectifier. The fifth section explains the identification
algorithm based on the usage of Welch’s function as it provides a way to reduce the noise and its
unwanted effects. The Welch’s algorithm is suitable for the implementation in the impedance
measurement unit, which can be used to perform the online characterization of the power systems

during the operation. The last section gives summary and conclusions of this chapter.

7.2 Single-Phase Shunt Current Injection

The dq impedances can be obtained via the single-phase injection, which creates unbalanced
injection in dq coordinates. The ideal shunt current injection block is shown in Figure 5-1. The
first set of injection currents will perturb the power system at a single frequency point that is equal

to the sum of system angular frequency and desired injection frequency.

lplab(t) Ipm COS(COpt + Hsrc (t)—l_ ¢p1)
iplll (t): iplbc(t) = 0 7-1
iplca (t) 0

As mentioned, by injecting a single-frequency point via single phase current, two frequency

points are actually being injected in dq coordinates.

Z;;dlqo(t ) =T dqo(esrc(t ))Z?lll (t ) 7-2

[ (t) = I’?’" [cos(26’m(t)+ oL+, )+ cos(a)pt +9, )] 7-3
1

Ly (t) = ’3"” [— sin(26?m,(t)+ o+, )+ sin(a)pt +0, )] 7-4
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Figure 7-1: Ideal Single-Phase Shunt Current Injection

Complementary, the second set of perturbation currents will inject a single frequency point,
which is obtained by subtracting the source angular frequency from the perturbation angular

frequency wp.

~ ip2ab(t) Ipm COS(_ Hsrc(t)+ a)pt + ¢p2)
ip211 (t): .p2bc(t) = 0 7-5
ip2ca (t) O

Again, in dq coordinates two tones are being generated and injected into the system.
. Ipm
L (t) = 3 [cos(a)pt +0,, )+ cos(26?m(t)— o=, )] 7-6

I
[hrg (t) = % [— sin(a)pt +¢,, )— sin(26?m(t)— ot—9, )] 7-7

In order to characterize small-signal impedance at injection angular frequency w,p, it is
necessary to combine both responses. The perturbation current matrix is obtained by putting
together both perturbations vector. The perturbation vectors are independent and form a reversible

matrix.

7-8

) I, cos(a)pt +, ) cos(a)pt + gopz)
pdq(t)_ ;

I . ,
sm(a)pt +o,) —sinlw,i+@,
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Shunt current injection is injected into the system via parallel connection, thus each time
current perturbation is injected it will generate two independent current responses isiq(f) and iiq(¢),
namely source and load current responses, and one common voltage response vyq(?). The extraction
of frequency domain characteristic at the angular frequency w,, can be performed by applying Fast

Fourier Transformation on sensed current and voltage responses.

Lo, )= FFT(i 1‘; gﬂ | i: fuly a);’ )} 7-9
- . 52d (t) —is2d( ‘wp)
ls2dq(Ja)p): FFT( bzq(f)} = _iszq(;wp)} 7-10

1

sdq

ai,)

The small signal characteristic combines voltage and current FFT responses.

slq p

(o )= {sld(ﬂop; szd(pr)} 11

stq(]a) ) qu(]w )[sdq(.]a) ) 7-12

Zldq(Ja) ) qu(Jw )[1;1;(]'5%) 7-13

7.3 Single-Phase Series Voltage Injection

The property of a shunt current injection is to mainly perturb the small impedance side, while
series voltage injection mainly perturbs large impedance. If a big mismatch between source and
load impedance magnitudes is present in a frequency range, then both shunt current and series
voltage injection are necessary to be used in measurements to provide precise characterization of
the system impedances at arbitrary interface. Apparently, there is a need to inject voltage and
current perturbations into a system to obtain accurate identification of load and source small-signal

dq impedances. Therefore, the ideal single-phase series voltage injection is shown in Figure 7-2.

In order to excite a system at certain angular frequency wp, numerous types of three-phase
balanced or unbalanced injection sets are suitable candidates. The straight forward injection set,

which can be generated with the proposed interleaved converter is given below.
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Figure 7-2: Ideal Single-Phase Series Voltage Injection
vpla (t) = me COS(CUpt + Hsrc(t)-i_ ¢p1 )
vu()=0 7-14
vplc (t) = 0
In dq coordinates two frequency points are actually being injected into a power system. The

first frequency point is equal to desired injection frequency f,, while the second frequency point is

equal to f,+2fsrc.

v,a(t)= V;m (cos(a)pt +9, )+ cos(a)pt +20,.(t)+ 9, )) 7-15

Ssrc

Volg (t) = V;’" (sin(a)pt ++9,, )— sin(a)pt +20 (t)+ +0,, )) 7-16

The second perturbation injects a single-phase sinusoidal signal at frequency f,-fsr.

Vo (t) =V, cos(a)pt - Hm,(t)+ (pp2)
vab(t): 0 =17

VpZC (t) = 0

Similarly, two frequency points are generated in dq coordinates, one at desired injection

frequency f, and one more frequency f,-2f. due to the nature of injection.
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v,
vpzd(t)— 5 (cos(co t+gop2)+cos( 26&,6( )+(op2)) 7-18

Vom

vpzq(t): 5 ( sm(a) t+o 2)+ s1n(a) 126, (t)+ (0p2)) 7-19

It should be noted that two independent perturbation vectors are generated by phase modulating
sinusoidal signals. Phase information fy.(f) of three-phase voltage at a point of injection is
necessary to be extracted and phase modulated into an signal injection reference during the both

perturbations.

Vo [cos(a)pt +9,) coslw,i+ %z)} 7-20

sin(a)pt + (ppl) —sinlw,t+¢,,

7.4 CPSD Identification Algorithm

The general expression of the perturbation injected is described with the following expression.

H (s,(p 1) H (s,(p 2)
_ A cos 2 cos P 7_21
deq(S) pm|:Hsin(s,(0p1) —Hsm(s,(opz)
The following small-signal transfer functions are identified using the cpsd function.
[Gunls) Gnls)]
I/S §)= vsl1 vs12 x s 7_22
dq( ) GV.SZ](S) GVSZZ(S)_ pdq( )
va(s) Gvnz(s)_
Veas)= X, (s 7-23
Adq( ) leZl(S) lezz(s)_ pdq( )

Q

LG Gt

m(s

The following small-signal transfer functions are identified using the cpsd function.

_ Vldl(s) _ Vldl(s)
vldlsm(S)_ refs(s)’ Ggiem = refc(s)

7-25
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qul(s)
G = 7-26
reﬁ(s)’ viglem refc(s)

leqlsm (S) =

Two more sets of transfer functions are identified.

Gvsdlsm (S)_ Vle( ) Gvsdlcm - ngl (S) 7—27
refs(s)’ refe(s)
Vi (5) Vyuls)
G , = 7-28
vsqlsm (S) FQﬁS'(S) vsqlcm refc(s)
Gidlsm (S): ]dl(S) s Gidlcm = ]dl (S) 7—29
refs(s) refc(s)
1,,(s) _ 1,(s)
qulsm (S) refs‘(s)’ qulcm - }ﬂefé(s) 7—30
In order to identify small signal impedances one more set of transfer functions are identified.
Vo s) Via5)
G 1d2 _ Va2 731
Vlesm( ) l"eS(S) vleCm refc(s)
Vi s)
G _ 1q2 (S) , — lq2 7_32
vig2sm (S) refs‘(s) vlq2cm refc(s)
Viaa (5) Viaa(5)
G — sd?2 , G — sd?2 7_33
vsd2sm (S) VQﬁS’(S) vsd2cm efc(s)
Vqu (S) Vi (S)
= s Gvrom = — 7-34
VquSm(S) re](s'(s) vsq2cm refc(s)
1, (S) 1, (S)
, G 7-35
id2sm (S) refg(s) id2cm refc(s)
1 S) 1 (s)
G, =L, G =2 7-36
1(12‘9’"(‘9) re]&(s) iq2cm refc(s)

The small-signal transfer functions of system current responses to the injection perturbation

are identified with the following expressions.

Gill(S)= -G,

idlsm

(S)+ Gz’dZsm(S) 7_37
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Gilz(s) = Giiom (S)"' Giazem (S) 7-38
C;iZI(S) = _qulsm( )+ quZSm( ) 7_39

Gizz(s) =G

iqlem

(s)+G,

iq2cm

(s) 7-40

The small-signal transfer functions of source voltage responses to the injection perturbation

are identified with the following expressions.

Goo11(5) = =Gtton(8)+ Grran(s) 7-41
Gry12(9)= Goyion(5)+ Gryon () 7-42
Gri21(8)= =G () + Gy o) 7-43
Gr2(8)= Goyy1on (8)+ Gy () 7-44

The small-signal transfer functions of load voltage responses to the injection perturbation are

identified with the following expressions.

G(8)==Griaron($)+ Grzin(5) 7-45
Go12(5) = Grion()+ Grigzen(s) 7-46
G21(8) = =G 1100 (5)+ Gy (s) 7-47

G1oa(8)= Gy (5)+ Gpa(s) 7-48

Finally the small signal source and load dq impedances are identified in the following manner.

_ Gvsn(S) Gvle( )_ Gm(S) GiIZ(S) B
Zqu(S)_{Gvsm(S) Gvszz() GzZl(S) GiZZ(S)j| [
] va(s) lelZ(S) _GIII(S) an(s) B -
Zldq(S)_ [szzl(s) lezz(s) GzZl(S) GiZZ(S):| 0

7.5 Small-Signal dq Impedance Results Identified with SVI Converter

This section presents the identification of small-signal dq impedances via the single-phase
series voltage injection is presented in this section. Single-phase SVI converter is connected

between a programmable voltage source and three-phase resistive load.
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7.5.1 Impedance Identification via the Single-Phase Voltage Injection of Chirp Signal

The comparison of load dq impedances obtained via the SVI of chirp signal in 17 frequency
ranges around the line frequency (5 Hz-58 Hz, 62 Hz- 118 Hz, ...,902 Hz - 958 Hz and
962 Hz - 1000 Hz) is shown in Figure 2-20. In this way, the chirp signal spreads the signal energy
equally in the entire frequency range, resulting in the identification in large number of points. The
small-signal dq impedance of resistive identified with FFT algorithm is shown with straight red
line. In addition, the small-signal dq impedance of resistive load identified with cpsd algorithm is
shown with the straight green line. It can be verified that cpsd algorithm effectively reduces the
noise influence on the small-signal dq impedances. The cross-diagonal impedances Zg(s) and
Z,a(s) are covered with noise and FFT algorithm yields unclear results. However, cpsd algorithm
effectively reduces the noise level in the voltage and current responses, providing much cleaner
results. The main diagonal small-signal impedances Zu(s) and Z,,(s) are higher in value and above

the noise level. In this case, both FFT and cpsd algorithms yield very similar results.
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Figure 7-3: Comparison of load dq impedances obtained via voltage injection of chirp
signal (a) Zuu(s) (b) Zay(s) (¢) Zya(s) (d) Zyy(s)
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Figure 7-4: Comparison of source dq impedances obtained via voltage injection of
chirp signal (a) Zuu(s) (b) Zuy(s) (€) Zgu(s) (d) Zyq(s)

The comparison of source small-signal dq impedances obtained via chirp injection are shown
in Figure 7-4. The source impedances are smaller in values compared to load dq impedances, thus
the identified source impedance results are covered even more in noise. In this case FFT algorithm
provides unclean results for all four dq impedances. CPSD algorithm provides much cleaner
results. Still, the high frequency range of cross-diagonal impedances Zu(s) and Zyu(s) is small in
value and intensively covered with noise, thus the cpsd algorithm fails to completely remove the

noise.

7.5.2 Impedance Identification via the Single-Phase Voltage Injection of Multi-Tone Signal

The small-signal dq impedances of programmable voltage source and resistive passive load
are identified via the injection of multi-tone signal. The multi-tone signal is injected in 17
frequency ranges, but in each frequency range about 5 points are being excited. In this way the
energy of the multi-tone is shared among number of points in the range, resulting in the

identification of impedance in 100 points. The comparison of resistive load dq impedances via the
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injection of multi-tone signal and identification by FFT and cpsd algorithms are shown in Figure

7-5.
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Figure 7-5: Comparison of load dq impedances obtained via voltage injection of multi-
tone signal (a) Zuu(s) (b) Zay(s) (¢) Zgu(s) (d) Zyy(s)

In this case, the current and voltage responses are much above the noise level, resulting in the
clean identification of impedances. Furthermore, both FFT and cpsd algorithm yield similarly
clean results, meaning that no significant improvement is achieved with the usage of cpsd
algorithm. The clean impedances results are obtained as signal energy is used to excite smaller

number of frequency points, compared to the injection of chirp signal.

In addition, the comparison of small-signal dq impedance of programmable voltage source are
shown in Figure 7-6. The impedances identified with FFT algorithm are shown in red line and
compared to the impedances identified with cpsd algorithm, which are shown in blue line. Due to
the injection of multi-tone signal, the source dq impedances are successfully extracted with both
identification algorithms. Comparatively, both FFT and cpsd identification algorithms provide
very similar results. In this case, it can be concluded that no significant benefit is obtained with

the usage of cpsd algorithm, as voltage and current responses are significantly above the noise
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level. Furthermore, since the three-phase power system under test is excited with multi-tone signal,
the voltage and current responses of both source and load side are above the noise level, resulting

in the precise identification of source and load dq impedances.
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Figure 7-6: Comparison of source dq impedances obtained via voltage injection of
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7.6 Small-Signal dq Impedance Results Identified with SCI Converter

This section presents the identification of small-signal dq impedances via the single-phase
shunt current injection is presented in this section. Single-phase SCI converter is connected
between a programmable voltage source and passive load (parallel connection of three-phase

resistors and capacitors).
7.6.1 Impedance Identification via the Single-Phase Current Injection of Chirp Signal

The load dq impedances of three-phase passive load are obtained with the injection of chirp
signal in single frequency range (490 Hz — 530 Hz). The small-signal dq impedances of passive

load are identified with the usage of cpsd algorithm. The obtained dq impedances are shown with
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green line in Figure 7-7. The estimated dq impedances of passive load are shown in dashed red

line and compared to experimental measurements as shown in Figure 7-7.

The small-signal dq impedances of programmable voltage source is extracted with cpsd
algorithm. The identified impedance results are shown in Figure 7-8. The obtained source small-
signal dq impedance results are cleaner compared load small-signal dq impedances. The shunt
current injection excites the small impedance side better as current splits unequal. Nevertheless,

the identification of source and load impedances is achieved with reasonable high accuracy.
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7.7 Summary and Conclusions

The impedance extraction of small-signal dq impedances is successfully performed by FFT
algorithm. The algorithm is further improved by the implementation of cpsd algorithm, which is
based on Welch’s periodogram spectral density estimation. Wide-bandwidth injection signals are
proposed for the system excitation, providing a way to simultaneously excite more frequency
points instantaneously. The small-signal dq impedances of programmable voltage source, which
is actively controlled, and resistive passive load are successfully extracted using chirp and multi-
tone signals. The effectiveness of shunt current single-phase injection for the precise
characterization of small impedances is presented. Furthermore, the effectiveness of the series
voltage single-phase injection for the precise characterization of large impedances is presented as
well. In some of the presented cases, the injection of multi-tone signal yielded the precise

characterization of both source and load dq impedances.
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Chapter 8. Conclusions and Future Work

8.1 Conclusions

The identification of small-signal dq impedances of power electronics converters via the
single-phase injection of wide-bandwidth signals is presented and proposed in the dissertation. In
order to identify small-signal dq impedances, two wide-bandwidth injection signals, multi-tone
and chirp, are comprehensively analyzed and proposed for the injection into the power system

under the test.

The tradeoffs between the two signals are presented, proposing the injection of chirp signal if
the power system under measurement does not response with the noisy results. In this way the
accurate identification is performed in greater number of points. However, if the excitation of the
power system yields noisy current and voltage responses, then the multi-tone injection is proposed
for the system perturbation, providing the impedance identification in smaller number of points
with the increased accuracy. In the case of the identification of strongly nonlinear systems, which
generates significant sideband harmonics as a response to signal injection, then the sinusoidal
signal injection is proposed for the impedance identification. In this way, the whole signal energy
is used to excite a single frequency point, and ac sweeping is used to provide the small-signal
impedance results in the frequency range of interest. The impedance identification is performed

via brute force method, which is time intensive in nature.

Two different identification algorithm base on fast Fourier transform (FFT) and cross power
spectral density (CPSD) estimation are proposed and presented. The effectiveness of CPSD
estimation algorithm is presented for the wide-bandwidth perturbation if the responses are covered
in noise. Furthermore, due to the reduction of noise influence on the measurements, in some case
it was possible to identify the source and load impedances with just single type of injection. In
order to effectively use the CPSD estimation algorithm, the knowledge of input reference signal

was used to clean out the influence of the noise.
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Additionally, the comprehensive modeling of small-signal dq impedances of diode rectifiers is
presented. The comparison of small-signal dq admittances obtained from the analytical and
parametric averaged models of diode rectifiers, switching simulation models and experimental set-
up is presented. The small-signal modification of analytical average value model (AAVM) is
proposed, providing the improvement in the accuracy of the average model. Furthermore,
analytical expressions of the input dq admittance of both AVMs are derived, proving that AVMs
can predict precisely admittances Yuu(s) and Yya(s) even in the frequency range beyond the
switching frequency as d-channel injection behaves as a linear injection. Admittance Yy4(s) is
predicted accurately up to half the switching frequency, while admittance Yy (s) is predicted
accurately up to one fourth of the switching frequency. This is explained by the fact that there are
sideband admittances around multiples of switching frequency in admittances Yuq(s) and Yy4(s),
due to the g-channel injection. The new phenomenon is accurately captured both in hardware
measurements and in switching simulation model with the use of developed small-signal extraction
techniques. The validity range of AAVMs and parametric averaged value models (PAVMs) is

estimated and limitations in the precision are explained.

In addition, a detailed comparison of input dq admittances for twelve —pulse diode rectifier
feeding a resistive load, obtained from AAVM, switching simulation model and hardware set-up
measurements are presented. The same sideband admittances are captured and contributed to the

strong nonlinear behavior of twelve-pulse diode rectifier.

The single-phase multi-level cascaded H-bridge converter is proposed of the shunt current
injection of wide-bandwidth injection signals. The complete design procedure, which aims to
optimize the control and selection of inductance and capacitance values, is presented. The
effectiveness of the proposed solution is verified in the online identification of impedances. The
main benefits of the proposed current injection solution are the generation of the cleaner current
injection, reduced stress of the used power electronics switches, distributive reactive energy
storage and modular design. Furthermore, due to the multi-level modular structure of the converter,
the proposed solution is scalable and can be used in the identification of the impedances of medium

voltage power systems.
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The implemented SCI converter is reconfigurable to a single-phase interleaved converter
suitable for the single-phase series voltage injection (SVI). Special attention is focused on the
design of high bandwidth ac current, high bandwidth ac voltage loop and low bandwidth dc voltage
loop, providing fast and robust control. The interleaved solution provides wider injection range,
means to characterize higher current rated systems because of current sharing among modules and
enables generation of cleaner injection signal. The used ac side filter is of the second order,
minimizing the injection of unwanted switching noise. Even more, the proposed interleaved SVI
converter does not require an isolation transformer, resulting in the reduced size, weight and cost
and is capable of self-charging via dc voltage control. Furthermore, the proposed transformerless
solution is capable of injecting the low frequency signals in dq coordinates by avoiding transformer

saturation problems, resulting in the increased injection frequency range.

Wide-bandwidth injection signals are proposed for the system excitation, providing a way to
simultaneously excite more frequency points instantaneously. The effectiveness of the proposed
single-phase wide-bandwidth injection is demonstrated on the impedance identification of actively

controlled programmable voltage source supplying the passive load.

8.2 Future Work

The following future research direction are identified during the development of the single-

phase impedance measurement unit.

The proposed single-phase converters, which are used to perturb the power systems, are
modular and scalable to medium voltage range (4160 V). Therefore, the proposed solution is
suitable to be used in small-signal identification of ac medium voltage high power systems. Based
on the presented analysis, it is expected that both multi-level and interleaved converters are straight
forward for the implementation in the medium voltage range. In order to implement a medium
voltage scaled up IMU, a high-voltage silicon carbide MOSFETs could be used, providing high

blocking voltage, high current conductivity and fast switching capability.

Furthermore, the designed IMU can be easily modified to characterize positive and negative

sequence or abc small-signal impedances. The purpose of modifying IMU is to compare all three
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impedance identification approaches and theirs usability in the stability analysis of modern ac

power systems. The final goal would be to identify benefits and limitations of each approach.

In order to try to minimize values and size of dc capacitors, a possible way to improve injection
converters is to implement the active energy concept. The implementation of the concept requires
one more phase leg (two MOSFETs) with additional inductance and capacitance. By actively
controlling the added phase leg it is possible to move the stored ripple energy to additional inductor
and capacitor. In this way, additional capacitor could tolerate higher ripple values as it does not

influence the operation of the converters.

The control of the injection converter could be improved via the implementation of MIMO
control strategies. In this way, higher bandwidth of the control loops is achievable, which would

result in improved identification frequency range of the unit.

In addition, the applicability of other converter topologies in the impedance identification
process could be researched as well. Current source based topologies consist of second order filter
on ac side, providing the possibility to inject the cleaner current perturbation into the system. In
addition, modifying the existing current injection converter by coupling the ac side inductors could
reduce the ac filter impedance in high frequency range, resulting in the increased frequency range

of the conveter.
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