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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.  
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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 
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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.  

 

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

analysis.  
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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.  

  

 

 

































































2

1

2

1

2

1
3

2
sin

3

2
sinsin

3

2
cos

3

2
coscos

3

2
/













abcdqoT  1–2 

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 

expressions.  

      tvTtv abcabcdqodqo /  1–4 

      tiTti abcabcdqodqo /  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.  

      sisvsZ dqdqdq

1  1–6 

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.  

        sYsZsZsZsL dqloaddqsourcedqloaddqsource  1)(  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 
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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 
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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 
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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.  

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 5th, 7th, 11th, and 13th 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 

 

Figure 1-2: Electrical schematic of commonly used front-end diode rectifier unit 
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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, 
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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 
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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 Pxy(s), of two discrete-time signals, x(t) and y(t), 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(t) is defined in the 

following manner.  

 
 

RMSX

tx
CF

)(max
  2–1 
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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 A, frequency f and initial phase θ0 as 

described in the equation shown below.  

    0sin 2sin   tfAtx o
 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(t) is obtained with a Fourier transformation pair, as given 

below.  

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

below.  

       o

j

o

j
ee

j

A
jX 


 


 00

sin  2–6 

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 ωo is defined as 

a ratio of the response transfer function Y(jωo) and injected perturbation transfer function X(jωo).  

  
 
 0




jX

jY
jH o

o   2–7 
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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.  

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:  

 Phase of each tone component: phase is selected to minimize the crest factor of multi-tone 

signal as presented in [60]-[61].  

 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.  

  

  (a)  (b) 

Figure 2-1: Ideal sinusoidal signal (a) time-domain waveform (b) magnitude 

characteristic in frequency domain 
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 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.  

    



tonesN
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N

tx
1

sin
1

  2–8 
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  2–10 

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

applying Fourier transform to the time domain signal.  
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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 

  

  (a)  (b) 

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-

  

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 f0: frequency at the time 0, f1: frequency at the time T, 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.  

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

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

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 

  

Figure 2-4: Time domain waveform of chirp signal f0=1, f1=20, T=1  
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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 

      




 njemnnxmX ,  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.  

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

the Fourier transform as written below.  

  



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chirpchirp

)(  2–16 

  

Figure 2-5: Spectrogram of a chirp signal 
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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.  

    
   34!12

1
2

2
sin

34

00

2

















 nn

x
dxS

n

n

n
x





 2–17 

    
   



















0

14

0

2

14!2
1

2

2
cos

n

n
n

x

nn

x
dxC





 2–18 

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.  
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Figure 2-6: Waveforms of Fresnel functions S(x) (straight blue line) and C(x) (dashed 

red line) 
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  0122 ffF    2–21 

Where the ω0 is angular frequency of the chirp signal at 0, while the ΔΩ is the angular 

frequency increase at the time t1. The frequency spectrum of the chirp signal is calculated by 

applying the Fourier transform on the chirp signal as written below.  
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Fourier transformation of the first complex signal, namely Xchirp1(jω), is analytically described 

with the Fresnel functions as.  
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Similarly, Fourier transformation of the second complex signal, namely Xchirp2(jω) is 

analytically described with the Fresnel functions as written below.  
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Finally, Fourier transformation of the chirp signal is calculated as.  
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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 (f0, f1, 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 

  

Figure 2-7: Comparison of magnitude characteristics of three chirp signals: f0=10 Hz, 

f1=20 Hz and T=1 s (blue straight line), f0=10 Hz, f1=50 Hz and T=1s (red dashed line), 

f0=10 Hz, f1=200 Hz and T=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… 

 

Figure 2-8: Shunt current injection dq measurement block, which provides phase to 
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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.  
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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(t)=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.  
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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.  
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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.  
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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 

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(t)=x(t), while 

q-coordinate injection signal is equal to zero perq(t)=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.  
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In a same manner, during the second perturbation, the following expression can be written.  
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Combining previous two responses to perturbations via d-coordinate and q-coordinate, the 

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

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.  
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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.  
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Figure 2-10: Shunt current injection dc measurement block 
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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.  

    ;1 sZsY dqdq
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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.  

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.  

 

Figure 2-11: Series voltage injection dc measurement block 
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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:  

 ode15s 

 ode23s 

 ode23t 

 ode23tb 

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 Vm.  

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.  

 









s

K
K

s
VT i

pmPLL

1
 2–53 

 

Figure 2-12: Block diagram of the realized SRF PLL block 
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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.  

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 

 

Figure 2-14: Switching model schematic of three-phase VSI  
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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 

DC voltage Vdc=300 V Modulation CSVM 

AC inductor Lf=180 µH Control Current and voltage 

Load R=7 Ω Dead-time 2 μs 

DC inductor Ldc=80 μH DC capacitor Cdc=40 μF 

Switching frequency fsw=20 kHz Line frequency f=400 Hz 

PI current loop parameters kpi=0.014; kii=175; Current loop bandwidth fi=1000 HZ 

PI voltage loop parameters kpv=0.021; kiv=200; Voltage loop bandwidth fv=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.  

 

Figure 2-15: Equivalent dq averaged model schematic of three-phase VSI  
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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 

  

 (a) Zdd(s) (b) Zdq(s) 

  

 (c) Zqd(s) (d) Zqq(s) 

Figure 2-16: Comparison of VSI output dq impedances obtained by switching model 

(squared blue line) and dq averaged model (dashed red line) (a) Zdd(s) (b) Zdq(s) (c) Zqd(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 2µs, switching model provides results with resistive 

damping on impedance Zqq(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.  

  

 (a) Zdd(s) (b) Zdq(s) 

  

 (c) Zqd(s) (d) Zqq(s) 

Figure 2-17: Bode diagram of load impedances in dq coordinates (a) Zdd(s) (b) Zdq(s) (c) 

Zqd(s) (d) Zqq(s) 
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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.  
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0
 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 

 

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 Vdc=400 V Modulation CSVM 

Output inductor Lf=0.4 mH Control Current and voltage loop 

Resistive load R=40 Ω DC capacitor Cdc=300 μF 

Switching frequency fsw=20 kHz Line frequency f=400 Hz 

PI current loop kpi=0.028, kii=2.33 Current loop bandwidth fi=500 Hz 

PI voltage loop kpv=0.031, kiv=13.96 Voltage loop bandwidth fv=100 Hz 

SRF PLL bandwidth fpllbw=20 Hz Output power Pout=4 kW 

RMS of voltage source Vsrms=120 V Source inductor  Ls=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.  

 

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 Zqq(s), which is correctly predicted in Figure 2-20. 

PLL modifies significantly both the phase and magnitude characteristics of the small-signal 

impedance Zqq(s), which can lead to the instability of the system. In addition, the small-signal 

impedance Zdq(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 Zdd(s) and Zqd(s).  

The bode diagrams of the source small-signal dq impedance are shown in Figure 2-21. The 

cross-diagonal small-signal impedances Zdq(s) and Zqd(s) are precisely identified as their 

  

 (a) Zdd(s) (b) Zdq(s) 

  

 (c) Zqd(s) (d) Zqq(s) 

Figure 2-20: Comparison of boost rectifier input dq impedances obtained by switching 

model (straight blue line) and dq averaged model (dashed red line) (a) Zdd(s) (b) Zdq(s) (c) 

Zqd(s) (d) Zqq(s) 
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magnitude characteristic is above the noise level. On the other hand, the main diagonal small-

signal impedances Zqq(s) and Zdd(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.  
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
 2–55 

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.  

 

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.  

  

 (a) Zdd(s) (b) Zdq(s) 

  

 (c) Zqd(s) (d) Zqq(s) 

Figure 2-21: Comparison of boost rectifier input dq impedances obtained by switching 

model and dq averaged model (a) Zdd(s) (b) Zdq(s) (c) Zqd(s) (d) Zqq(s) 

10
1

10
2

10
3

-40

-20

0

20

M
a

g
n

it
u

d
e

 [
d

B
]

10
1

10
2

10
3

-600

-400

-200

0

200

Freqeuncy [Hz]

P
h

a
s
e

 [
d

e
g

re
e

s
]

10
1

10
2

10
3

-40

-20

0

20

M
a

g
n

it
u

d
e

 [
d

B
]

10
1

10
2

10
3

-600

-400

-200

0

200

Freqeuncy [Hz]

P
h

a
s
e

 [
d

e
g

re
e

s
]

10
1

10
2

10
3

-40

-20

0

20

M
a

g
n

it
u

d
e

 [
d

B
]

10
1

10
2

10
3

-600

-400

-200

0

200

Freqeuncy [Hz]

P
h

a
s
e

 [
d

e
g

re
e

s
]

10
1

10
2

10
3

-40

-20

0

20

M
a

g
n

it
u

d
e
 [

d
B

]

10
1

10
2

10
3

-600

-400

-200

0

200

Freqeuncy [Hz]

P
h

a
s
e
 [

d
e

g
re

e
s
]



46 

 

    







1

0

2N

n

kn
N

j

enxkX



 2–56 

The inverse discrete Fourier transform (IDFT) is given as.  
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The straight forward implementation of DFT requires N2 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 e-j2π/N 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(n) is given below.  
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The energy spectrum of the signal can be expressed as a Fourier transform of the auto 

correlation function of the discretized signal.  
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Where the autocorrelation function rxx(m) of the signal x(n) is defined with the following 

expression.  
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The power density spectrum function of discrete signal is simply obtained as: 
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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.  
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 2–62 

Where the autocorrelation function is defined as written below.  

       mnxnxEmrxx   2–63 

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

way. 
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Where its Fourier transform gives the power density spectrum function. 
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The estimate of correlation function correctly predicts the autocorrelation value.  
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The variance of autocorrelation function can be expressed in the following way: 
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In this way,  mrxx
ˆ  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.  
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In this way, the estimate of autocorrelation function  mrxx
ˆ , has the systematic error. 
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The estimate of the autocorrelation function is asymptotically unbiased. The variance of 

autocorrelation function is smaller than in the previous case.  
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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.  
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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.  

    mr
N

m
mr xxxx

ˆ1~













  2–76 

Finally, the estimate of the periodogram can be written as: 
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Where  TRW  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 
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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.  
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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  mrxx
ˆ . 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.  
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The periodogram of each sequence is separately calculated as 
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After that, the Bartlett power density spectrum estimate is obtained by averaging the calculated 

periodograms of each segment.  
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Estimate of the power spectrum via the Bartlett method is described with the following 

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

the following manner.  
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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.  
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

MnLi
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 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 ith segment is obtained after windowing the segmented data.  
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The U represent the normalization factor, calculated as.  
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The estimate of power spectrum is calculated as a mean value of modified periodograms.  
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The expectation of power spectrum obtained via Welch’s method is as below.  
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Where 
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The normalization constant is used to satisfy the following condition. 

  











dW
2

1
1  2–96 

The variance of the Welch’s method is given by the following expression.  
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It has been shown in [91], that if there is no overlap among segments, the variance is. 

        fP
L

fPVar
L

fPVar xx

W

xx

W

xx

21ˆ1ˆ   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: 

     fP
L

fPVar xx

W

xx

2

8

9ˆ   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.  

        tntxthty   2–100 

Now we will correlate the previous equation to the input signal, so we can write  

         jPjPjHjP nxxxyx   2–101 

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

be estimated as written below.  
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Theoretically other approach is also possible, we can correlate equation 2-15 with the output 

signal and obtain the following expression.  

         jPjPjHjP ynxyyy   2–103 

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

can be estimated as  
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The first approach, where the input signal is correlated to the system equation, is called H1 

estimate. The second approach, where output signal is correlated to the system equation is called 

H2 estimate. Usually, H1 estimate is used more often in the practice, because the clean input signal 

or reference signal is generated inside the DSP.  

 

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 Pyx and Pxx are estimated, transfer function of H1 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.  
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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.  
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Same signal can be injected via both channels, p1(s)=p2(s)=p(s), enabling the estimation of the 

following transfer function with the power spectrum methods.  
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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.  
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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. 

  

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 Zsdd and load impedance Zldd, respectively. We can see that source impedance Zsdd 

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.  

 

Figure 2-24: Source impedances Zsdd comparison for FFT and CPSD algorithms 

 

Figure 2-25: Load impedance Zldd 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, Ydd(s) and Yqd(s), very precisely even beyond the switching 

frequency. On the other hand, the prediction of other two admittances, Ydq(s) and Yqq(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.  

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 1 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 

 

Figure 3-1: Schematic of six-pulse diode rectifier with resistive load. 
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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 Vsrms=120 V fs=60 Hz 

AC Inductor Lc=0.22 mH  Rlc=30 mΩ; 

DC Inductor Ldc=0.9 mH Rldc=60 mΩ 

DC Capacitor Cdc=1.05 mF Rcdc=30 mΩ 

Load Resistor R=12.8 Ω Pdc≈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.  
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Furthermore, the following Park’s transformation, which is magnitude invariant, is commonly 

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

3.2.1 Equivalent equations of AAVM 

The equations, which describe AAVM, are given below.  
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Equivalent averaged circuit schematic is shown in Figure 2. The parameters used in the 

previous equations are function of commutation angle μ, source angular speed ωs and commutating 

inductance Lc.  

 

Figure 3-2: Equivalent averaged circuit schematic of AAVM.  
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In order to obtain a small-signal dq input admittance of the AAVM, (3) has to be modified. 

AAVM without modification predicts two admittance Ydq(s) and Yqq(s) to be equal to zero. 

Therefore, the modified AAVM can be written as given below.  
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Where cos(δ) and sin(δ) are defined via dq parameters of the source voltage.  
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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 vsd and vsq.  
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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.  
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The admittances Ydd(s) and Ydq(s) map DC side admittance Ydc(s) via simple algebraic 

expressions, where different parameters are used in each mapping as shown in (8). On the other 

hand, the admittances Yqd(s) and Yqq(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 Ydq(s) and Yqd(s) 

as they depend on βq(µ) and Gq(µ), which determine isq.  

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.  

  

 (a) Ydd(s) (b) Ydq(s) 

 

 (c) Yqd(s) (d) Yqq(s) 

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). 

10
0

10
1

10
2

10
3

-40

-20

0

20

M
a
g
n
it
u
d
e
 [
d
B

]

10
0

10
1

10
2

10
3

-100

0

100

Frequency [Hz]

P
h
a
s
e
 [
d
e
g
]

10
0

10
1

10
2

10
3

-40

-20

0

20

M
a
g
n
it
u
d
e
 [
d
B

]

10
0

10
1

10
2

10
3

-400

-200

0

Frequency [Hz]

P
h
a
s
e
 [
d
e
g
]

10
0

10
1

10
2

10
3

-40

-20

0

20

M
a
g
n
it
u
d
e
 [
d
B

]

10
0

10
1

10
2

10
3

-400

-200

0

Frequency [Hz]

P
h
a
s
e
 [
d
e
g
]

10
0

10
1

10
2

10
3

-40

-20

0

20

M
a
g
n
it
u
d
e
 [
d
B

]

10
0

10
1

10
2

10
3

-100

0

100

Frequency [Hz]

P
h
a
s
e
 [
d
e
g
]



66 

 

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 Lc and dc side Ldc-Cdc low-pass filter.  
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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 

 

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) 
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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.  

3.3.1 Equivalent equations of PAVM 

The equations, which describe PAVM are given below, where cos(δ) and sin(δ) are defined in 

similar manner as in (6), but ac voltages at diode bridge are used instead of voltage source.  

 

Figure 3-5:  Equivalent circuit schematic representation of PAVM 
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Figure 3-6:  Phasor diagram of dq currents and dq voltages used in PAVM 
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Similarly, the input dq admittance of a PAVM is derived via the linearization of (11) with 

respect to vsd and vsq.  
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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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3.3.2 Small-signal dq admittance of PAVM 

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

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 

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 

 

 (a) Ydd(s) (b) Ydq(s) 

 

 (c) Yqd(s) (d) Yqq(s) 

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) Ydd(s) (b) Ydq(s) (c) Yqd(s) (d) Yqq(s).  
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AVMs match the two admittances obtained from the switching model, Ydd(s) and Yqd(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 Yqq(s) up to half the switching frequency 

(180 Hz), predicting that Yqq(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 Ydq(s) correctly up to 100 Hz, but there is also significant 

dynamic present in the admittance Ydq(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 

 

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 µH 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 

  

 (a) Ydd(s) (b) Ydq(s) 

  

 (c) Yqd(s) (d) Yqq(s) 

Figure 3-9: Input dq admittance of six-pulse diode rectifier obtained from the switching 

simulation model (green squared line) and by hardware measurements (purple straight 

line) (a) Ydd(s) (b) Ydq(s) (c) Yqd(s) (d) Yqq(s).  
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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 

 

Figure 3-10: Circuit schematic of a six-pulse diode rectifier feeding a three-phase voltage 

source inverter 
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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 Lf=0.44 mH  Rlc=50 mΩ; 

AC Capacitor Cf=50 µF Rcf=10 mΩ 

Resistors R=7 Ω Rdc=100 Ω 

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 is 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 

 

Figure 3-11: Circuit schematic of AAVM of six-pulse diode rectifier feeding a three-phase 

voltage source inverter 
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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.  

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 Ydq(s) and Yqq(s) and PAVM model is modified to include damping resistor Rekv. 

Furthermore, analytical expressions of the input dq admittance of both AVMs are derived, proving 

that AVMs can predict precisely admittances Ydd(s) and Yqd(s) even in the frequency range beyond 

the switching frequency as d-channel injection behaves as linear injection. Admittance Yqq(s) is 

predicted accurately up to half the switching frequency, while admittance Ydq(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 Ydq(s) and Yqq(s), 

  

 (a) Ydd(s) (b) Ydq(s) 

  

 (c) Yqd(s) (d) Yqq(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) Ydd(s) (b) Ydq(s) (c) Yqd(s) (d) Yqq(s) 
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due to the q-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 q-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.  
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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].  

      sYsZsL ldqsdq  4–2 
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Matrix Zsdq(s) is the small-signal dq impedance of the source side, with two impedances Zdd(s) 

and Zqd(s), standing for the responses to d-channel perturbation, and other two impedances Zdq(s) 

and Zqq(s), being response to q-channel perturbation. Similarly, matrix Yldq(s) is the small-signal 

dq admittance of the load side, with two admittances Ydd(s) and Yqd(s), standing for two admittances 

that are responses to a small-signal voltage perturbation via d-channel. In a same manner, 

admittances Ydq(s) and Yqd(s) are defined as admittances, which are obtained as current responses 

to small-signal voltage perturbation via q-channel.  
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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 Lc1 

and Lc2, two three-phase diode bridges, an 1:1 transformer operating as an inner phase reactor 

(IPR) and a low pass Ldc-Cdc 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 Vsm=120 V DC inductance Ldc=1.6 mH 

Source frequency fs=60 Hz Ser. resistance Rldc=60 mΩ 

Leakage inductances of the 

inner phase tranformer 

Llk1=200 μH 

Llk2=200 μH 

Magnetizing inductance of 

the inner phase tranformer 
Lm=830 μH 

AC inductance 
Lc1=220 μH 

Lc2=220 μH 
DC capacitance Cdc=1.05 mF 

Series resistance Rlc1=Rlc2=30 mΩ Series resistance Rcdc=30 mΩ 

DC resistance Rdc=12.8 Ω 
Parasitic inductance of dc 

side resistor 
Lrdc=10 μH 

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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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 

 

Figure 4-1: Switching model of twelve-pulse diode rectifier with resistive load. 
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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 q-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.  
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The three-phase phase shifting transformer is assumed to be ideal and influence of the phase 

shifting is modeled via the following equations.  
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The parameters used in the previous equations to describe the average model are functions of 

the diode bridge commutation angle μ, source line angular speed ωs and commutating inductances 

Lc1 and Lc2.  
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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.  

 

Figure 4-2: Averaged model of twelve-pulse diode rectifier with resistive load. 

Rdc

Ldc

βd1

idc1

Adc

idc1

Vs1rms

Vs1q

is1d

is1q

Cdc

Rcdc

Rldc

Gd1Vs1rms

Gq1Vs1rmsβq1idc1

Vs1d

L1ekvRl1ekvRekv1

Llk1

Llk2
Lm

idc2 L2ekvRl2ekvRekv2

AdcVs2rms

1
1

βd2idc2

Vs2q

is2d

is2q

Gd2Vs2rms

Gq2Vs2rmsβq2idc2

Vs2d

Vsq

isd

isq

Vsd



83 

 

 
   
   

   
   

   
    



















 
















 










rmssqdcq

rmssddcd

sq

sd

qms

dms

vGi

vGi

i

i

i

i

1111

1111

11

11

11

11

1

1

cossin

sincos

cossin

sincos












 4–15 

 
   
   

   
   

   
    



















 
















 










rmssqdcq

rmssddcd

sq

sd

qms

dms

vGi

vGi

i

i

i

i

2222

2222

22

22

2

2

22

22

2

2

cossin

sincos

cossin

sincos












 4–16 

Where cos(δ1), sin(δ1), cos(δ2) and sin(δ2) are defined via dq parameters of the source voltage 

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

while it models the q-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.  
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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.  

 
   2211

21

||

;||

lkekvlkekvekv

ekvekvekv

LLLLL

RRR




 4–21 

 
   

   ;

;

1

1





dd

dd

GG 


 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 Ydc(s) is 

admittance seen at dc side.  

 

Figure 4-3: Circuit schematic of simplified AAVMs of twelve-pulse diode rectifier 

feeding a resistive load.  

Rdc

Ldc

βd

idc1

Adc

(idc1+idc2)

Vsrms

Vsq

isd

isq

Cdc

Rcdc

Rldc

2GdVsrms

2GqVsrmsβq

Vsd

L1ekvRl1ekvRekv1

Llk1

Llk2
Lm

idc2 L2ekvRl2ekvRekv2

1

1

AdcVsrms

(idc1+idc2)



85 

 

 
   
   

 

 































srms

d
qdcdcq

srms

q
ddcdcd

qqqd

dqdd

V

I
GAsY

V

I
GAsY

sYsY

sYsY

5.02)(5.0

5.02)(5.0





 4–23 

     dccdc

dc

dcldcekvlekvekvdc RR
sC

sLRsLRRsY ||
1

|| 









  4–24 

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.  

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.  

 

Figure 4-4: Circuit schematic of further simplified AAVMs of twelve-pulse diode 

rectifier feeding a resistive load. 
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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 Ydd(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 Ydq(s) and Yqq(s), as they represent 

response to the q-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 q-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 

  

 (a) Ydd(s) (b) Ydq(s) 

  

 (c) Yqd(s) (d) Yqq(s) 

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).  

10
0

10
1

10
2

10
3

-60
-40
-20

0
20

M
a
g
n
it
u
d
e
[d

B
]

10
0

10
1

10
2

10
3

-100

0

100

Frequency [Hz]

P
h
a
s
e
 [
d
e
g
re

e
s
]

10
0

10
1

10
2

10
3

-60
-40
-20

0
20

M
a
g
n
it
u
d
e
[d

B
]

10
0

10
1

10
2

10
3

-200

0

200

Frequency [Hz]

P
h
a
s
e
 [
d
e
g
re

e
s
]

10
0

10
1

10
2

10
3

-60
-40
-20

0
20

M
a
g
n
it
u
d
e
[d

B
]

10
0

10
1

10
2

10
3

-400

-200

0

Frequency [Hz]

P
h
a
s
e
 [
d
e
g
re

e
s
]

10
0

10
1

10
2

10
3

-60
-40
-20

0
20

M
a
g
n
it
u
d
e
[d

B
]

10
0

10
1

10
2

10
3

-100

0

100

Frequency [Hz]

P
h
a
s
e
 [
d
e
g
re

e
s
]



87 

 

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, Ydq(s) and Yqq(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 



88 

 

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.  

  

 (a) Zdd(s) (b) Zdq(s) 

  

 (c) Zqd(s) (d) Zqq(s) 

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)  
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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 Vsm=120 V DC inductance Ldc=1.6 mH 

Source frequency fs=60 Hz Ser. resistance Rldc=60 mΩ 

Leakage inductances of the 

inner phase tranformer 

Llk1=200 μH 

Llk2=200 μH 

Magnetizing inductance of 

the inner phase tranformer 
Lm=830 μH 

AC inductance 
Lc1=220 μH 

Lc2=220 μH 
DC capacitance Cdc=1.05 mF 

Series resistance Rlc1=Rlc2=30 mΩ Series resistance Rcdc=30 mΩ 

DC resistance Rdc=250 Ω 
Parasitic inductance of dc 

side resistor 
Lrdc=10 μH 

Inverter ac inductance Lf=440 μH Inverter ac capacitance Cf=50 μF 

Load resistance Rdc=7 Ω Output power Pout=4375 W 

Output dq current 
Ird=25 A 

Irq=0 A 
Output dq voltage 

Vrd=175 V 

Vrq=0 V 

VSI switching frequency fsw=20 kHz ac frequency of inverter finv=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.  

 

Figure 4-7: Twelve-pulse diode rectifier feeding an actively controlled three-phase VSI 
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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 Ydd(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 Ydd(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 Ydd(s) behave as a negative 

resistance due to the constant power load behavior of the three-phase inverter. The negative 

 

Figure 4-8: Reduced order AAVMs of twelve-pulse diode rectifier feeding an actively 

controlled three-phase VSI 
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resistance is accurately captured by numerical extraction from the switching simulation model and 

via modified averaged modeling of diode rectifier. The admittance Yqd(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 Yqd(s) tends to zero because of active 

control of three-phase inverter.  

The averaged model predicts the admittances Ydq(s) and Yqq(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 q-channel modulates commutation angle of both diode bridges, yielding a strong 

  

 (a) Ydd(s) (b) Ydq(s) 

  

 (c) Yqd(s) (d) Yqq(s) 

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)  
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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.  

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

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 

 

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

bridge topology  
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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: 0.92 Ω 

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 3.2 mF 

Equivalent switching freqeucny 60 kHz DC resistance 1 k Ω 

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.  
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 (a)  (b)  

   

 (c)  (d)  

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 

content  
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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.  

  
 

 tv
dt

tdi
LtdNV sab

lfsys

fsysdc   5–3 

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

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.  
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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 dinj(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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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.  
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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 
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Frequency increases linearly from f0 to f1 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.  
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Maximum frequency of chirp signal does not exceed maximum frequency of sinusoidal 

injection signal, implying that maximum injection value of injection duty cycle dinj(t) will remain 
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same as for sinusoidal injection case. It means that the analysis of the injection duty cycle dinj(t) 

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 
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Injection duty cycle, which is responsible for a generation of multi-tone signal is 
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Injection duty cycle can be bounded using following expression 
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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 k, resulting in the following inequality.  

       95.0,  kktdtdtd injsys  5–18 
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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.  
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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.  
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If the following inequality is satisfied, which is derived for a sinusoidal injection, then 

converter will stay away from overmodulation region.  
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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 vsab(t) with 

dNVdc, the inductor current equation becomes: 
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Inductor current change during the first switching subinterval is obtained by rearranging 

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

      titdti lfcdc   5–29 

The dc capacitor current is obtained by using previously derived expressions for duty-cycle 

and inductor current.  
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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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In a typical converter operation mode, current ilsys(t) is much smaller than ilfinj(t), so the dc 

capacitor current can be simplified to a nices expression.  
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The biggest voltage ripple happens for low frequency injection current. In that case dsys(t) is 

much bigger than dinj(t), so the dc capacitor becomes.  
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After several algebraic manipulations, the voltage ripple present on dc capacitor is calculated 

via the following expression.  
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Finally, a capacitor value inequality is obtained by rearranging the previously obtained 

expression. 
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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.  
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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 

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 Vm.  
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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.  
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Figure 5-3: Block diagrams of the realized SRF PLL block (a) Equivalent shematic (b) 
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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.  

 

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.  

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).  

 

Figure 5-5: Equivalent switching model multi-level cascaded H-bridge circuit  
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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 
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Directly from previous equation, average model state-space equation is as follow  
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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.  

 

Figure 5-6: Equivalent multi-level cascaded H-bridge circuit  
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The plant transfer function that represents duty cycle to inductor current can be calculated from 

the previous equation.  
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(a) 

 

(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(θ0) and ilf(θ0) 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.  
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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 Gilfd(s), dashed line is bode diagram of 

Gilfdcommon(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.  

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 

 

Figure 5-10: Bode plot of the current controller transfer function 

 

Figure 5-9: Transfer function block diagram of proposed control  
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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  
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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.  
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Figure 5-11: Family of bode plots of current loop gain transfer functions  
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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,  
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The inductor current magnitude to output dc voltage is derived by linearization of the power 

balance equation, yielding the following results.  
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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.  
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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.  
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Similarly, voltage loop gain expression using Gsvdcidef(s) plant transfer function is:  

 

Figure 5-12: Bode plots of dc voltage loop gain transfer functions: Tvdc(s) (straight red 

line) and Tvdcdef(s) (dashed blue line) 
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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 Csvdc(s) and Csnotch(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 Tvdc(s) and Tvdcdef(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.  
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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 ilf(t) tracks perturbation 

reference signal precisely.  

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5-13: Simulation waveform signals for 30A rms, 50 Hz sinusoidal current injection 

operating point (a) inductor current ilf(t) and current reference iref(t) (b) dc voltages vdc1(t), 

vdc2(t), vdc3(t) and dc voltage reference vdcref(t) (c) duty cycles d1(t), d2(t), d3(t) (d) switching 

voltage vdcsw(t).  
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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 

ilf(t) waveform shows that current control has high bandwidth capable of generating 1 kHz current, 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5-14: Simulation waveform signals for 30A rms, 1000 Hz sinusoidal current 

injection operating point (a) inductor current ilf(t) and current reference iref(t) (b) dc 

voltages vdc1(t), vdc2(t), vdc3(t) and dc voltage reference vdcref(t) (c) duty cycles d1(t), d2(t), d3(t) 

(d) switching voltage vdcsw(t).  
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All three dc voltages vdc1(t), vdc2(t) and vdc3(t) 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 µF) and a dc resistor (500 Ω). 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.  

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 Ω, 

99 µF). 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 500Hz 

is being injected, verifying that the proposed controller regulates current ilf and dc voltages vdc1, 

 

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

injection converter. 
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vdc2, and vdc3 accurately follow dc reference. In order to maintain dc voltages, inductor current ilf 

has dominant line frequency component, which provides active power to cover losses in bridges 

and dc resistor dissipation.  

In addition, Figure 5-17 compares spectrums of inductor current ilf obtained via simulation and 

experiment, showing excellent matching of developed switching simulation model with 

constructed shunt current injection converter hardware.  

 

Figure 5-16: Experimental waveforms of converter current ilf(t), load current iload(t), dc 

voltages vdc1(t), vdc2(t), vdc3(t), and source voltage vg(t).  

 

Figure 5-17: Spectral content comparison of inductor current ilf(t) 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 

 

Figure 6-1: Interleaved single-phase series voltage injection converter with H-bridge 

modules  
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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 kΩ) 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 Cf, 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 

vdc1(t), vdc2(t) and vdc3(t), capacitor voltage vcf(t), inductor currents ilf1(t), ilf2(t), ilf3(t) 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 vcf(t). 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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The ac decoupling control includes regulator for voltage vcf(t) and all three inductor currents ilf1(t), 

ilf2(t), ilf3(t), 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  VDC=200 V Inductance Lf=0.33 mH 

Peak dc voltage  vdcpeak=300 V DC capacitance Cdc=0.22 mF 

Injection frequency  finj=10 Hz-1 kHz AC capacitance Cf=35 μF 

RMS of system ac voltage Vsrms=120 V System phase rms current Isrms=100 A 

Switching frequency fsw=10 kHz Switching frequency of H-bridge  fswh=20 kHz 

Number of modules N=3 Equivalent switching frequency  fsweq=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 

  

Figure 6-2: Block diagram of the proposed decoupling control for interleaved SVI 

converter  
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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 ds(t) and 

injection component di(t). 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 vcf(t) 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(t). The total duty 

cycle applied to each H-bridge can be written in the following manner.  

      tdtdtd is   6–1 

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

operation system current isys(t) is equally shared by all three H-bridges. The described assumption 

  

Figure 6-3: Equivalent averaged model of single-phase interleaved series voltage injection 

converter, which is connected in series with a power system  
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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) ilfs(t) of inductor current can be 

described by the following expression.  

 
    

  soss

slfsmlfs

tt

tIti







 sin
 6–2 

Where θs(t) is a phase of system current and ωs is a power system angular frequency. 

Furthermore, the control will align the line frequency component of the injection voltage vcf(t) with 

the system current, thus the following expression is true.  

     tVtv scfsmcfs sin  6–3 

In this way the active power delivered via the series injected capacitor Cf will regulate the dc 

value of H-bridge voltages by covering the losses of each converter. Thus, the following 

expression can be written.  

 lossescfsmlfsm PVI 5.0  6–4 

After applying the KVL and KCL, the following equations are written below.  

  
 

   tvtiR
dt

tdi
LVtd cfslfslf

lfs

fdcs   6–5 

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

cycle is calculated as follows.  

     dsossms tDtd   sin  6–6 
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













cfmlfsmlf

lfsmsf

dso
VIR

IL 
 arctan  6–8 

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

current and losses of the converter. Usually the inductance Lf is selected to have small impedance 



126 

 

at line frequency ωs 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 vcf(t) is written as follows.  

     tVtv icfimcfi sin  6–9 

   ioii tt    6–10 

Where Vcfim and ωi are magnitude and angular frequency of the injection voltage signal, 

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

  
 

   tvtiR
dt

tdi
LVtd cfilfilf

lfi

fdci   6–11 

  
 

 
  zeoi

ie

cfimcfi

flfi t
jZ

V

dt

tdv
Cti 


 sin  6–12 

Where Ze(jωi) represents the equivalent series impedance of source and load, which is seen 

from the terminals of series inserted capacitor Cf. If the equivalent impedance Ze(jωi) is high, small 

injection current ilfi(t) will be generated in inductor Lf, while if the equivalent impedance is small 

the injection current ilfi(t) can be significantly increased. The worst case occurs if the equivalent 

impedance Ze(jωi) 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, vcfi(t)=Vcfimsin(θi(t)), into the last 

two equations the injection duty cycle is written below.  

         
 

  zei
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lffi

iiflfiff

cfim

dc
i t

Z

RL
tCRCL

V

V
td 


 


 202

22

10

22 sinsin1  6–13 

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

where the following inequality for the signal magnitude holds true.  

     ioiimi tDtd   sin  6–14 
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  6–15 

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 Cf terminals is equal to sum of 

source and load impedances, Ze(s)=Zs(s)+Zl(s). The proper selection of inductance Lf and 

capacitance Cf 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 vcf(t). 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,   inf,1  ieZ  , 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 1Ω in 

the high frequency range. The last condition is usually satisfied in the practice. Even if the SVI 

  

Figure 6-4: Duty cycle injection magnitude versus injection frequency for different values of 

equivalent system impedance: Ze=1 Ω (red straight line), Ze increases (black dashed lines)  
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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 fi can be calculated in the following way.  

      titdti lfcdc 111   6–16 

 
 
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dc
dc 1111

1
1   6–17 

The main low frequency voltage component will come from injection duty cycle d1i(t) and 

system current component of inductor current ilf1(t). Under this assumption, other terms obtained 

from the product can be neglected, yielding the following results.  
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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.  
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Finally, the magnitude of dc voltage ripple can be approximated with the following expression 

as written below.  

 dc

dc

lfsmim

dcm kV
C

ID
V 




12 
 6–21 

In order to keep the peak value of dc voltage below allowed value it is necessary that 

capacitance satisfies following inequality.  

 
dc

lfsmim

dc
fkV

ID
C




4
1  6–22 

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 Cvcf(s) and current compensator Cilf(s) are designed as 

proportional compensators with high frequency poles.  

  



































pvcf

festbwvcf

pvcf

pvcf

vcf

s

Cf

s

k
sC






1

2

1

 6–23 

  



































pilf

festbwilf

pilf

pilf

ilf

s

Lf

s

k
sC






1

2

1

 6–24 

The proportional gains kpvcf in the voltage controller Cvcf(s) is set with two parameters, the 

desired bandwidth fbwvcf of the control and capacitance estimation Cfest. Accordingly, the 

proportional gain kpilf of the current controller Cilf(s) is set with two similar parameters, the desired 

current control bandwidth fbwilf and inductance estimation Lfest. 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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ωpvcf and ωpilf are set higher than the corresponding controller bandwidths, providing the additional 

attenuation in the high frequency range.  

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

approximated with the second order Pade’s expression.  
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The generated inductor current ilf(t) depends on the inductor current reference as well as on the 

capacitor voltage vcf(t), whose influence cannot be attenuated completely.  

  

Figure 6-5: The equivalent reduced order single-module model of SVI converter  
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          sGsvsGsisi clilfcfclilflfreflf 21   6–28 

Due to the decoupling control, the closed loop relationship for inductor current ilf(s) has two 

inputs, reference ilfref(s) and unwanted capacitor voltage vcf(s). The closed loop transfer function 

Gclilf1(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 Gclilf2(s) should have high 

attenuation in the whole frequency range, rejecting unwanted dynamic propagating from the 

capacitor voltage vcf(t) 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.  
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Figure 6-6: The block transfer function diagram of the reduced order model of SVI 

converter  
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The bode plots of closed current loop transfer functions Gclilf1(s) and Gclilf2(s) are shown in 

Figure 6-7. As predicted current loop ensures accurate tracking of the current reference iref(t) up to 

3 kHz. Furthermore, the rejection of disturbances coming from the voltage vcf(t) 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.  
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1
  6–31 

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.  

  

Figure 6-7: Bode diagrams of the closed loop transfer function (a) Gclifl1(s) (straight blue 

line) (b) Gclilf2(s) (dashed red line) 
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               sisisHsCsvsHsv lfrefsysisyssvcfcfvcfcfref   6–33 

          sisGsvsGsv sysclvcfcfrefclvcfcf 21   6–34 

The closed voltage loop transfer function Gclvcf1(s) should provide accurate tracking of voltage 

reference vref(t)=vcref(t)+vper(t), in the whole injection frequency range of interest. The second 

closed voltage loop transfer function Gclvcf2(s) should reject disturbances coming from the system 

via the system current isys(t). The both transfer functions are derived using the previous three 

expressions and are given below  

  
 

   

 
        sGsCsHsG

sY

sCsG
sY

sG

clilfsvcfvcfclilf

cf

svcfclilf

cf

clvcf

21

1

1 1
1

1



  6–35 

  
 

    

 
        sGsCsHsG

sY

sHsG
sY

sG

clilfsvcfvcfclilf

cf

isysclilf

cf

clvcf

21

1

2 1
1

1
1





  6–36 

  

Figure 6-8: Bode diagram of the current loop gain transfer function Tilf(s)  
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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 Gclvcf1(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 Gclvcf2(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.  

  
 

        sGsCsHsG
sY

sT clilfsvcfvcfclilf

cf

vcf 21

1
  6–37 

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 

  

Figure 6-9: Bode diagrams of the closed loop transfer function (a) Gclvcf1(s) (straight blue 

line) (b) Gclvcf2(s) (dashed red line)  
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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 isys(t). 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.  

 dcdcsrcrmscfrms IVIV   6–38 

  
 
 

 sZ
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sv
sG dc
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dc
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22
~

~
  6–39 
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sZ


 ||

1
 6–40 

  

Figure 6-10: Bode diagram of the voltage loop gain transfer function Tvcf(s)  
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 6–41 

      sGsCsT vdcvvdcvdc   6–42 

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.  

  

Figure 6-11: Bode diagram of dc the voltage loop gain transfer function Tvdc(s): (a) With 

Rdc=1 kΩ (straight blue line) (b) Without dc resistors (dashed red line)  
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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 ilf1(t), ilf2(t) and 

ilf3(t), capacitor voltage vcf(t) and corresponding references iref(t) and vref(t) are shown in Figure 

6-12. The generated inductor currents accurately follow the current reference as depicted in the 

  

Figure 6-12: Steady state simulation waveforms: (top) Inductor currents ilf1(t), ilf2(t), ilf3(t), 

reference current iref(t) and system current -isys(t) (bottom) injection voltage vcf(t) and 

reference voltage vref(t)  
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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 vcf(t) 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 vdc1(t), vdc2(t) 

and vdc3(t) together with the dc voltage reference vdcref(t) 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 d1(t), d2(t) and d3(t), 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.  

Harmonic content of the capacitor injection voltage vcf(t) 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 

  

Figure 6-13: Steady state simulation waveforms: (top) dc voltages vdc1(t), vdc2(t) vdc3(t) and dc 

reference voltage vdcref(t) (bottom) H-bridge duty cycles d1(t), d2(t) and d3(t)  
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converter, the switching harmonics present in the capacitor injection voltage vcf(t) are multiples of 

60kHz.  

Spectrum content of the simulation waveform of inductor current ilf1(t) 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.  

  

Figure 6-14: Harmonic spectrum of the capacitor injection voltage vcf(t)  

10
1

10
2

10
3

10
4

10
5

-200

-150

-100

-50

0

50

Frequency [Hz]

M
a

g
n

it
u

d
e

 [
d

B
]

  

Figure 6-15: Harmonic spectrum of the inductor current ilf1(t)  
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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 ilf1(t), ilf2(t) and ilf3(t), capacitor voltage vcf(t) and corresponding 

references iref(t) and vref(t) 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 vcf(t) 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.  

 injlineharmonics mfnff   6–43 

Moreover, Figure 6-17 shows the steady-state waveforms of capacitor voltages vdc1(t), vdc2(t) 

and vdc3(t) together with the dc voltage reference vdcref(t) in the top graph. The proposed decoupling 

  

Figure 6-16: Steady state simulation waveforms: (top) Inductor currents ilf1(t), ilf2(t), ilf3(t), 

reference current iref(t) and system current -isys(t) (bottom) injection voltage vcf(t) and 

reference voltage vref(t)  

1.9 1.91 1.92 1.93 1.94 1.95 1.96 1.97 1.98 1.99 2

-10

0

10

C
u

rr
e

n
t 

[A
]

1.9 1.91 1.92 1.93 1.94 1.95 1.96 1.97 1.98 1.99 2

-50

0

50

Time [sec]

V
o

lt
a

g
e

 [
V

]



141 

 

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 d1(t), d2(t) and d3(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.  

Harmonic content of the capacitor injection voltage vcf(t) is shown in Figure 6-18. Beside the 

dominant line frequency and its harmonic components, there is obviously the injection frequency 

  

Figure 6-17: Steady state simulation waveforms: (top) dc voltages vdc1(t), vdc2(t) vdc3(t) and 

dc reference voltage vdcref(t) (bottom) H-bridge duty cycles d1(t), d2(t) and d3(t)  
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Figure 6-18: Harmonic spectrum of the capacitor injection voltage vcf(t)  
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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 ilf1(t) 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.  

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 Lfi (i= 1, 2, 3) to generate a 

current to charge a series injection capacitor Cf. 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 ilf1(t), ilf2(t) and ilf3(t), capacitor 

voltage vcf(t) and corresponding references iref(t) and vref(t) 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 

  

Figure 6-19: Harmonic spectrum of the inductor current ilf1(t)  
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each H-bridge module. The inserted capacitor voltage vcf(t) accurately follows a line frequency 

reference and the injection high frequency reference.  

Moreover, Figure 6-21 shows the steady-state waveforms of capacitor voltages vdc1(t), vdc2(t) 

and vdc3(t) together with the dc voltage reference vdcref(t) in the top graph. The proposed decoupling 

control provides equivalent energy sharing of high frequency injection ripple, twice the line 

  

Figure 6-20: Steady state simulation waveforms for high frequency (800 Hz) injection: 

(top) Inductor currents ilf1(t), ilf2(t), ilf3(t), reference current iref(t) and system current -isys(t) 

(bottom) injection voltage vcf(t) and reference voltage vref(t)  
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Figure 6-21: Steady state simulation waveforms for high frequency (800Hz) injection: (top) 

dc voltages vdc1(t), vdc2(t) vdc3(t) and dc reference voltage vdcref(t) (bottom) H-bridge duty 

cycles d1(t), d2(t) and d3(t)  
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frequency ripple and dc voltages. The bottom graph of Figure 6-21 shows the duty cycles d1(t), 

d2(t) and d3(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.  

Harmonic content of the capacitor injection voltage vcf(t) 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).  

  

Figure 6-22: Harmonic spectrum of the capacitor injection voltage vcf(t)  
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Figure 6-23: Harmonic spectrum of the inductor curretn ilf1(t)  
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Spectrum content of the simulation waveform of inductor current ilf1(t) 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 µH), ac 

filter capacitor (35 µF) inserted in series with system and three dc capacitors (220 µF) with 

discharging resistors (1 kΩ). 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 Ω three-phase resistor load.  

  

Figure 6-24: Experimental scope waveforms of source voltage vs(t), load system current 

iload(t), inductor currents ilf1(t), ilf2(t), ilf3(t), and dc voltages vdc1(t), vdc2(t) and injection 

voltage vcf(t) 
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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 vs(t) and load system current iload(t) to 

be in phase, as expected for a resistive load. In addition, inductor currents ilf1(t), ilf2(t) and ilf3(t) 

almost equally share the system current isys(t), 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 ilf(t), providing cleaner current. The injection 

voltage vcf(t) 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 vcf(t) 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.  

Spectrum of inductor current ilf1(t) 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 ilf1(t) 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.  

  

Figure 6-25: Spectrum comparison of inductor current ilf1(t) no injection (blue line), 500 Hz 

injection (green line) and simulation current waveform (red line). 
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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.  
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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.  
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 7–1 

As mentioned, by injecting a single-frequency point via single phase current, two frequency 

points are actually being injected in dq coordinates.  

       titTti llpsrcdqoqopd 11


  7–2 

        111 cos2cos
3

ppppsrc

pm

dp ttt
I

ti    7–3 

        111 sin2sin
3

ppppsrc

pm

qp ttt
I

ti    7–4 
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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 ωp.  

  

 

 
 

  















 





















0

0

cos 2

2

2

2

2

ppsrcpm

cap

bcp

abp

llp

ttI

ti

ti

ti

ti




 7–5 

Again, in dq coordinates two tones are being generated and injected into the system.  

        222 2coscos
3

ppsrcpp

pm

dp ttt
I

ti    7–6 

        222 2sinsin
3

ppsrcpp

pm

qp ttt
I

ti    7–7 

In order to characterize small-signal impedance at injection angular frequency ωp, 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. 
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Figure 7-1: Ideal Single-Phase Shunt Current Injection  
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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 isdq(t) and ildq(t), 

namely source and load current responses, and one common voltage response vdq(t). The extraction 

of frequency domain characteristic at the angular frequency ωp, can be performed by applying Fast 

Fourier Transformation on sensed current and voltage responses.  
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The small signal characteristic combines voltage and current FFT responses.  

      
psdqpdqpsdq jIjVjZ  1  7–12 

      pldqpdqpldq jIjVjZ  1  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 ωp, 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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 7–14 

In dq coordinates two frequency points are actually being injected into a power system. The 

first frequency point is equal to desired injection frequency fp, while the second frequency point is 

equal to fp+2fsrc.  

        111 2coscos
2

psrcppp
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V
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V

tv    7–16 

The second perturbation injects a single-phase sinusoidal signal at frequency fp-fsrc.  
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Similarly, two frequency points are generated in dq coordinates, one at desired injection 

frequency fp and one more frequency fp-2fsrc due to the nature of injection.  

 

Figure 7-2: Ideal Single-Phase Series Voltage Injection  

Zsource

SOURCE LOAD

Zload

vperaisrca

isrcb

isrcc

ilda

ildb

ildc

vsrcab

vsrcbc

vldab

vldbc



153 

 

        222 2coscos
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dp ttt
V

tv    7–18 

        222 2sinsin
2
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pm

qp ttt
V

tv    7–19 

It should be noted that two independent perturbation vectors are generated by phase modulating 

sinusoidal signals. Phase information θsrc(t) 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.  
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7.4 CPSD Identification Algorithm 

The general expression of the perturbation injected is described with the following expression.  
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The following small-signal transfer functions are identified using the cpsd function. 
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The following small-signal transfer functions are identified using the cpsd function. 
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Two more sets of transfer functions are identified.  
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In order to identify small signal impedances one more set of transfer functions are identified. 
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The small-signal transfer functions of system current responses to the injection perturbation 

are identified with the following expressions.  

      sGsGsG smidsmidi 2111   7–37 
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      sGsGsG cmidcmidi 2112   7–38 

      sGsGsG smiqsmiqi 2121   7–39 

      sGsGsG cmiqcmiqi 2122   7–40 

The small-signal transfer functions of source voltage responses to the injection perturbation 

are identified with the following expressions.  

      sGsGsG smvsdsmvsdvs 2111   7–41 
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The small-signal transfer functions of load voltage responses to the injection perturbation are 

identified with the following expressions.  
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Finally the small signal source and load dq impedances are identified in the following manner.  
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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 Zdq(s) and 

Zqd(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 Zdd(s) and Zqq(s) are higher in value and above 

the noise level. In this case, both FFT and cpsd algorithms yield very similar results.  

  

 (a) Zdd(s) (b) Zdq(s) 

  

 (c) Zqd(s) (d) Zqq(s) 

Figure 7-3: Comparison of load dq impedances obtained via voltage injection of chirp 

signal (a) Zdd(s) (b) Zdq(s) (c) Zqd(s) (d) Zqq(s) 
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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 Zdq(s) and Zqd(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 

  

 (a) Zdd(s) (b) Zdq(s) 

  

 (c) Zqd(s) (d) Zqq(s) 

Figure 7-4: Comparison of source dq impedances obtained via voltage injection of 

chirp signal (a) Zdd(s) (b) Zdq(s) (c) Zqd(s) (d) Zqq(s) 
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injection of multi-tone signal and identification by FFT and cpsd algorithms are shown in Figure 

7-5.  

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 

  

 (a) Zdd(s) (b) Zdq(s) 

  

 (c) Zqd(s) (d) Zqq(s) 

Figure 7-5: Comparison of load dq impedances obtained via voltage injection of multi-

tone signal (a) Zdd(s) (b) Zdq(s) (c) Zqd(s) (d) Zqq(s) 
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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.  

 

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 

  

 (a) Zdd(s) (b) Zdq(s) 

  

 (c) Zqd(s) (d) Zqq(s) 

Figure 7-6: Comparison of source dq impedances obtained via voltage injection of 

multi-tone signal (a) Zdd(s) (b) Zdq(s) (c) Zqd(s) (d) Zqq(s) 
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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.  

 

  

 (a) Zdd(s) (b) Zdq(s) 

  

 (c) Zqd(s) (d) Zqq(s) 

Figure 7-7: Comparison of load dq impedances obtained via current injection of chirp 

signal (a) Zdd(s) (b) Zdq(s) (c) Zqd(s) (d) Zqq(s) 
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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.  

 

  

 (a) Zdd(s) (b) Zdq(s) 

  

 (c) Zqd(s) (d) Zqq(s) 

Figure 7-8: Source small-signal dq impedances obtained via current injection of chirp 

signal (a) Zdd(s) (b) Zdq(s) (c) Zqd(s) (d) Zqq(s) 
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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 Ydd(s) and Yqd(s) even in the frequency range beyond the 

switching frequency as d-channel injection behaves as a linear injection. Admittance Yqq(s) is 

predicted accurately up to half the switching frequency, while admittance Ydq(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 Ydq(s) and Yqq(s), 

due to the q-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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