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Abstract

The electrical system has been through major changes towards a more decentralized or-
ganization, in which the concept of microgrids has gained importance. However, stability
issues related to the increased penetration of power converters may arise due to the in-
teraction among the converters themselves and the network. This problem has motivated
the development of methods and criteria for the assessment of the overall system’s stabil-
ity, among which the impedance-based stability criteria have attracted attention. These
criteria, though, require the impedances of the network to be known, which, in turn, can
be identified by the power converters themselves. In this sense, this dissertation aims
at the stability examination in an isolated-microgrid scenario, focusing on three main
aspects—the impedance identification, the controller of a grid-forming inverter, and the
stability assessment of an interconnected-converter system. For the identification, the
cross-correlation method, based on the injection of pseudorandom binary sequences, is
used. For all tested cases, the method presented a satisfactory accuracy for frequencies
ranging from twice the fundamental component up to at least one tenth of the binary
sequence generation frequency, which was adequate for both for controller and stability
analyses. Concerning the second topic, the deadbeat predictive controller is thoroughly
analyzed and tested. Impedance models for the grid-forming inverter are derived, and the
identification method is used to experimentally measure its impedance. By comparing the
measured impedance with the analytical model, the controller could be diagnosed and im-
proved, reaching significant voltage distortion reductions on distorted current scenarios.
Finally, concerning the third topic, the identification method is employed for the stability
assessment of an interconnected system composed by the grid-forming inverter and an
active rectifier, pointing out the practical challenges regarding the stability evaluation.
It was shown that the discussed methods could correctly assess the overall stability; yet,
safe margins must be considered in real applications due to identification accuracy limita-
tions within certain frequency ranges. Besides, it was shown that the presence of passive

impedances in the system—as line inductance—complicates the stability evaluation.

Keywords: Microgrids; Impedance-Based Stability Criteria; PRBS; Grid-Forming In-

verter; Deadbeat controller.



Resumo

O sistema elétrico vem passando por grandes mudangas em dire¢gao a uma organizagao
mais descentralizada, na qual o conceito de microrredes vem ganhando importancia. No
entanto, problemas de estabilidade relacionados a alta penetracao de conversores eletroni-
cos podem surgir devido as interagoes entre os proprios conversores e a rede. Este problema
motivou o desenvolvimento de métodos e critérios para a avaliacao da estabilidade a nivel
de sistema, dentre os quais os critérios de estabilidade baseados em impedéancia ganharam
relevancia. Estes critérios, entretanto, requerem que as impedancias da rede sejam conheci-
das, as quais, por sua vez, podem ser identificadas pelos proprios conversores eletronicos.
Nesse sentido, esta dissertacao tem como foco o estudo da estabilidade em um cenério de
microrrede isolada, apoiando-se em trés pontos principais: o método de identificacao de
impedancias, o controlador de um conversor formador de rede e a avaliagao da estabilidade
de uma sistema formado por conversores interconectados. Para a identificacdo, o método
de correlagao, baseado na injecdo de sequéncias binarias pseudoaleatérias, é utilizado.
Em todos os casos testados, o método apresentou precisao satisfatoria para a faixa de
frequéncias compreendida entre duas vezes a componente fundamental e, pelo menos, um
décimo da frequéncia de geragdo da sequéncia binaria. Em relagdo ao segundo ponto, o
controlador preditivo do tipo deadbeat é minuciosamente analisado e testado. Modelos de
impedancia sao derivados para o conversor formador de rede, e o método de identificacao
¢é utilizado para medir experimentalmente sua impedancia. Comparando a impedancia
medida com seu modelo analitico, foi possivel diagnosticar e aprimorar o controlador,
obtendo redugoes significativas de distor¢ao da tensao produzida em cenarios com cor-
rente distorcida. Por tdltimo, o método de identificacao é empregado para a avaliagao da
estabilidade de um sistema composto pelo conversor formador de rede e um retificador
ativo interconectados, destacando-se os desafios praticos envolvidos. Os métodos discuti-
dos foram capazes de avaliar corretamente a estabilidade sistémica; no entanto, margens
de seguranca devem ser utilizadas em aplicagoes reais devido a limitagoes na precisao da
identificacao para certas faixas de frequéncia. Além disso, mostrou-se que a presenca de
impedancias passivas no sistema — como indutancias de linha — tornam a avaliagdao da

estabilidade mais desafiadora.

Palavras-chaves: Microrredes; Critérios de Estabilidade Baseados em Impedancia; PRBS;

Conversor Formador de Rede; Controle Deadbeat.



List of Figures

Figure 1.1 — Grid paradigm change towards a more inverter-based configuration,
adapted from (LIN et al., 2020). . . . . .. ... ... . ...
Figure 1.2 — Example of microgrid topology. . . . . . . . . ... ... ... .. ...
Figure 2.1 — Phenomena of different frequency ranges in an inverter control system
(WANG; BLAABJERG, 2019). . . . .. ... .. .. ... ... ....
Figure 2.2 — System models for IBSC application. (a) Z+Load system, (b) Z+Y
system, (c) Z+Z system, and (d) Y+Y system.. . . . . ... ... ...
Figure 2.3 — IBSC based on forbidden regions (RICCOBONO; SANTI, 2014).
Figure 3.1 — Example of a 10-bit, maximum-length PRBS generation. . . . . . . . .
Figure 3.2 — PRBS auto-correlation function Ry, (7). . . . ... . . ... ... ...
Figure 3.3 - PRBS power spectrum @, (f). . . . . . .. ... .o
Figure 3.4 — Example of disturbance injection for grid impedance measurement.
Figure 3.5 — Post-treatment steps for the time-alignment method. . . . . . . . . ..
Figure 3.6 — Post-treatment steps for the FIR method. . . . . . ... ... ... ..
Figure 3.7 — Steady-state component suppression using a FIR filter. . . . . . . . ..
Figure 3.8 — Communication topology for data acquisition. . . . . . . ... ... ..
Figure 3.9 — System description for impedance identification using an AFR. . . . . .
Figure 3.10-PCC voltage (Vj.), current through L2 (ir3), and the PRBS signal
from PSIM simulation. At instant 0.5s, the PRBS is turned on.
Figure 3.11-Details on the Time-Alignment method for a single PRBS period with
y = Vpe. (a) Disturbed output (y) and output prior to the PRBS
injection (Yprev); (b) Yprev is extended to cover the PRBS length, (c)
Yprev 18 aligned with respect to y, (d) Subtraction of Y., from y, and
(e) Disturbed component () is obtained at the end of the process. . . .
Figure 3.12—(a) PRBS auto-correlation function and (b) cross-correlation between
gand the PRBS. . . . . . . . ...
Figure 3.13-Details on the FIR method for a single PRBS period with y = V... (a)
Disturbed output (y) and its filtered version, (b) FIR filter transient is
neglected, and (c) disturbed component (7) is obtained at the end of
the process. . . . . . . L
Figure 3.14-Z;, identification result using PSIM for the Time-Alignment method
(in orange) and the FIR method (in yellow), and the expected model

result (in blue). . . . . . ..

42
44
45

47

20



Figure 3.15-PCC voltage (in blue) and current through L2 (in yellow) during the
PRBS injection. The voltage was measured with a 1:500 probe, so 1 mV
in the figure corresponds to 0.5V in the experimental setup. . . . . . . 52
Figure 3.16—-Experimental Z;; identification result for the Time-Alignment method

(in orange) and the FIR method (in green), and the expected model

result (in blue). . . . . . .. 52
Figure 3.17-Example of disturbed component isolation using the experimental data

for (a) the Time-Alignment method and (b) the FIR method. . . . .. 53
Figure 3.18-Cross-correlation between ¢ and the PRBS for (a) the Time-Alignment

method and (b) the FIR method obtained experimentally. . . . . . .. 54

Figure 3.19-Comparison between the experimental Z;; identification using a single
(P = 1) and eight (P = 8) PRBS periods for (a) the Time-Alignment
method and (b) the FIR method. . . . . . ... ... ... ... ... 54
Figure 3.20-PCC voltage (in dark blue), current through L2 (in light blue), and
current drained by the nonlinear load (in yellow) (a) prior to and (b)
during the PRBS injection. . . . . .. ... ... .. ... ... 55
Figure 3.21-V),.. and iz spectrum before PRBS injection. . . . .. ... ... ... 55
Figure 3.22-Identification results for the nonlinear load case considering three post-
treatment methods (Time-Alignment, FIR, and FIR with harmonic
compensation). Details between 20 Hz and 1kHz are shown in (b). . . . 56
Figure 3.23—Comparison between the scenarios with and without the nonlinear load
for (a) the Time-Alignment method and (b) the FIR method with har-

monic compensation. . . . . . . ..o L0 57
Figure 4.1 — Topology of a GFI with LC-output filter . . . . . . . .. ... ... .. 59
Figure 4.2 — Simplified controller topology. . . . . . . . . . . . .. ... ... ... 60
Figure 4.3 — Timeline for DB current control. . . . . . . .. .. ... ... .. ... 62
Figure 4.4 — Timeline for complete DB control. . . . . . . . . .. ... .. ... ... 63
Figure 4.5 — Complete control diagram. . . . . . . . . . ... ... ... ... ... 64
Figure 4.6 — Current-loop direct path considering v, =0. . . . . . .. .. ... ... 65

Figure 4.7 — Influence of parameter mismatches on the closed-loop poles of the cur-

rent controller with respect to (a) L™, with V] = Vg, and (b) V7,

with L™ = L. . . . . . 66
Figure 4.8 — DB current controller step response upon inductance parameter mis-

match. . . . . . 67
Figure 4.9 — Voltage-loop direct path considering i, =0. . . . . . .. .. ... ... 67
Figure 4.10-GFI hardware. . . . . . . . . .. . ... 68
Figure 4.11-GFI hardware configuration. . . . . . . . . . .. ... ... ... .... 69



Figure 4.13-Output voltage (v,) and load current (i,) for (a) 400 W, (b) 750 W, and
(¢) TkW resistive loads. . . . . . . ... oo oo o
Figure 4.14-Output voltage (v,) and load current (i,) for a 1kW load step for (a)
Vie=300V and (b)V4e =210V. . . . . . ... o
Figure 4.15-Nonlinear load topology and parameters. . . . . . . . .. .. ... ...
Figure 4.16-(a) v, and 4, waveforms and their and their respective FFT in (b) and
(c) for the nonlinear load case. . . . . . . .. ... ... ... .. ...
Figure 4.17—(a) v, and i, waveforms and their and their respective FFT in (b) and
(c) for the nonlinear load case with capacitive filter only. . . . . . . . .
Figure 4.18-Output voltage v, (in pink), and voltage reference (in light blue) for
different mismatches between model (L™, C™) and setup parameters
(L, O). o oo
Figure 5.1 — Impedance model for the inverter operating as a current source.
Figure 5.2 — Continuous (a) and discrete (b) impedance models for the current loop
(Z,,), highlighting the effect of the PWM half-sample delay. . . . . . .
Figure 5.3 — Impedance model for the inverter operating as a voltage source.
Figure 5.4 — Continuous domain diagram for impedance model derivation. . . . . . .
Figure 5.5 — Complete DB-GFI impedance model (Z,,) frequency response.. . . . .
Figure 5.6 — Effect of inductance parameter (L™) mismatch on (a) the closed-loop
transfer function and (b) the impedance for the current loop. . . . . . .
Figure 5.7 — Effect of inductance parameter (L™) mismatch on (a) the closed-loop
transfer function and (b) the impedance for the voltage loop. . . . . . .
Figure 5.8 — Effect of capacitance parameter (C™) mismatch on (a) the closed-loop
transfer function and (b) the impedance for the voltage loop. . . . . . .
Figure 5.9 — Voltage (in pink) formed by the GFI and current (in blue) drained by
the AFR, (a) without and (b) with PRBS injection. . . . . . . . . . ..
Figure 5.10-DB-GFI impedance obtained via experimental measurement in contrast
with the expected result. . . . . . . . .. ... ... L.
Figure 5.11-Effect of (a) the inductor series resistance and (b) the capacitor series
resistance on the GFI impedance. . . . . . . . .. .. .. ... ... ..
Figure 5.12-DB-GFI impedance obtained via experimental measurement in contrast
with the model including nonidealities (R, = 1.7, L = 1.2L™, and
C=107TC™). o

Figure 5.13-Experimental evaluation of the parameter mismatch effect for (a) L™

and (b) C™. . . .
Figure 5.14-Revisited DB current control diagram. . . . . . . .. .. .. ... ...
Figure 5.15-Effect of inductance series resistance parameter (R}*) mismatch on the

R-DB-GFI (a) closed-loop transfer function and (b) impedance.

7



Figure 5.16-R-DB-GFI impedance measurement for different R}* values. . . . . . . 97
Figure 5.17-R-DB-GFTI supplying a diode rectifier with capacitive filter for different

R values. . . . . 0o oo 98
Figure 6.1 - AFR-GFI system representation. . . . .. ... ... .. ... ..... 104
Figure 6.2 — Analytical frequency response of Zapg. . . . . . . . . . . ... 105
Figure 6.3 — (a) Z,, and Zapg, and (b) MLG frequency responses. . . . . . . .. .. 106
Figure 6.4 - (a) Z,, and Zspg, and (b) MLG frequency responses considering 10

AFRs in parallel . . . . . . ... 106
Figure 6.5 — Representation of the impedances that can be identified by the AFR

(ZAFE) and by th GFI (ZGFD). . . .. .o 107

Figure 6.6 — Voltage (in pink) and current (in blue) during PRBS injection via GFI
for a disturbance amplitude of (a) 6% and (b) 15% with respect to the
modulator. . . ... Lo 109
Figure 6.7 — Experimental measurement of Z, g contrasted with the analytical model.109
Figure 6.8 — Equivalent circuit for PRBS power analysis. . . . . ... .. ... ... 110
Figure 6.9 — PRBS spectrum (in blue), transfer function between the PRBS and

the GFI open-circuit output voltage (HY,.,,, in orange), and the filtered

prbs
PRBS (H,,,, - PRBS, inyellow). . ... ................. 111
Figure 6.10-Fraction of the PRBS power managing to excite the (a) output voltage
and (b) the output current. An arbitrarily chosen noise level is shown
along with the frequency responses. . . . . . . . . .. .. .. ... ... 112
Figure 6.11-Experimental identification of the MLG considering (a) a coordination

between the converters (MLG¢) and (b) that only the GFI is in charge

of the stability assessment (MLGg). . . . . . . .. ... ... ... ... 113
Figure 6.12-AFR-GFI system representation with series (Z) and parallel (Z,) impedances
added. . . . .. 114

Figure 6.13-Analytical MLG response (6.3) contrasted with the analytical results
provided by the MLG¢ (6.5) and MLGg (6.6) strategies for three dif-
ferent scenarios—(a) Z, : 50pH and Z, : 1pF, (b) Z, : 50pH and
Z,:10pF, (c) Zs: 3mH and Z, : 1pF, and (d) Z, : 3mH and Z, : 10pF.116

Figure 6.14-AFI-GFI unstable operation. The GFI output voltage and current are
shown in pink and blue, respectively. . . . . . . ... ... .. ... .. 117

Figure A.1-Two-level PWM diagram. . . . . . .. .. ... .. ... ... ..... 128

Figure C.1—High-frequency representation of the AFR-GFT system, highlighting the
AFR’s EMI filter topology. . . . . . . . . . .. ... 132



Figure C.2—High-frequency interaction between the AFR and the GFI when the
AFR’s EMI filter is connected. The AFR is on standby mode (PWM
disabled). The voltage (in light blue) and the current (in dark blue) are
measured at the output of the GFI's LC filter. . . . . . . . . ... ... 133

Figure C.3—High-frequency interaction between the AFR and the GFI when the
AFR’s EMI filter is connected. The AFR is active (PWM enabled) and
draining (a) no current and (b) 6 A,cqr. The voltage (in light blue) and
the current (in dark blue) are measured at the output of the GFI's LC

filter. . . . . . 134
Figure C.4—R-DB impedance identified by the AFR considering the scenarios with

and without the EMI filter. . . . . .. ... ... ... ... 135
Figure D.1-R-DB current-control diagram including the PRBS injection. . . . . . . 136
Figure D.2—Current-loop impedance model including the PRBS. . . . . . . . . . .. 136
Figure D.3—Simplified diagram for obtaining H;;Tbs. .................. 137
Figure D.4—-R-~DB voltage-control diagram including the PRBS. . . . . . . . . . .. 137
Figure D.5—Voltage-loop impedance model including the PRBS. . . . . . . . . . .. 137
Figure D.6—Simplified diagram for obtaining Hp,.. . . . . . . . .. ... .. .. .. 138



List of Tables

Table 2.1 —= MLG Definition . . . . . . . . . . . . . .. . ... .. 27
Table 3.1 — AFR parameters . . . . . . . . . . . ... 45
Table 3.2 — PRBS parameters for the identification of Z;.op . . . . . . . . . . . . .. 46
Table 4.1 — Setup parameters . . . . . . . . . . . . 69
Table 4.2 — Cut-off frequencies of the denoising filters. . . . . . . . .. .. ... ... 70
Table 4.3 — Voltage drop due to resistive load (with respect to 125.7V). . . . . . .. 73

Table 4.4 — Voltage and current harmonics for the nonlinear load (with LC filter) test. 76
Table 4.5 — Voltage and current harmonics for the nonlinear load (with C filter) test. 76
Table 5.1 - PRBS parameters for DB-GFI impedance identification . . . . . . . .. 90
Table 5.2 — Voltage and current THD for different R}* values. . . .. .. ... ... 99
Table 5.3 - R-DB-GFI: Voltage and current harmonics for the nonlinear load test. . 100

Table 5.4 — Traditional DB: Voltage and current harmonics for the nonlinear load



Contents

1 Introduction . . . . . . . . . . . . . e e e 18
2 Impedance-Based Stability Analysis . . . . . . . ... .. ... ... ... 24
2.1 The Impedance-Based Stability Criteria . . . . .. ... ... ... ... 26
2.1.1 General Principles . . . . . . .. ... 26

2.1.2 MLG-Based Criteria . . . . . . ... ... ... ... .. ... 26

2.1.3 Passivity Criterion . . . . . .. .. ..o 29

3 System ldentification for Stability Assessment . . . . . . .. .. ... .... 31
3.1 The Cross-Correlation Method . . . . . . . .. ... ... ... ... ... 33
3.2 Pseudorandom Binary Sequencies (PRBS) . . ... ... ... .. ... .. 34
3.3 Impedance Identification Using PECs . . . . . . . .. ... .. ... .. .. 36
3.4 Post-Treatment Methods . . . . . . . . . ... ... ... . ... ...... 37
3.4.1 Time-Alignment Method . . . . . . . .. ... ... ... .. .... 38

3.4.2 FIR Method . . . . . . . . ... 41

3.5 Data Acquisition Hardware Topology . . . . . . . . . . .. ... ... ... 43
3.6 Case Study: Impedance Identification Using an Active Rectifier . . . . . . 44
3.6.1 System Description . . . . . .. ... o 44

3.6.2 Simulation Results . . . . . . . . ... .. ... . 46

3.6.3 Experimental Results . . . . . . . ... ... ... ... .. ... .. 51

3.6.3.1 Effect of Voltage and Current Distortion . . . . . . . . .. 54

3.7 Partial Conclusions . . . . . . . .. .. 57

4 Deadbeat-Controlled GFI . . . .. ... ... ... ... ... . ..., 59
4.1 GFI Topology . . . . . . . . . 59
4.2 The Deadbeat Predictive Controller . . . . . . . . . .. ... ... .. ... 59
4.2.1 Current Loop . . . . . . . . 60

4.2.2 Voltage Loop . . . . . . . . . 62

4.2.3 Internal Stability Analysis . . . . . . . ... ... 64

4.3 Hardware Description . . . . . . . . . . ... 68
4.3.1 LC Filter Design . . . . . . .. ... .. 70

4.4 Experimental Results . . . . . . . . . ... oo 70
4.4.1 Resistive Load Test . . . . . . . . .. . ... L 70

4.4.2 Nonlinear Load Test . . . . . . . . ... ... ... .. .. ..... 74

4.4.3 Operation Upon Parameter Mismatch . . . . . . ... .. ... ... 75

4.5 Partial Conclusions . . . . . . . .. ... 78

5 Grid-Forming Inverter Impedance Model and Measurement . . . . . . . .. 80



5.1 DB-GFI Impedance Model . . . . . .. . .. .. ... ... ... ..... 80

5.1.1 Inverter as a Current Source . . . . . . . . . . .. ... ... .... 80

5.1.2 Inverter as a Voltage Source . . . . . . .. . ... ... ....... 83

5.1.2.1 Discrete Model . . . . .. ... .. ... ... ... .... 85

5.1.2.2  Continuous Model . . . . . . ... .. ... 85

5.1.2.3 Model Comparison . . . . . .. ... ... ... ... ... 86

5.1.3 Effect of Parameter Mismatch . . . . . ... ... ... ... .... 87

5.2 Impedance Measurement . . . . . . . . . . . ... ... ... ... 90
5.3 Revisited Deadbeat Control Version . . . . . . . ... ... ... .. .... 94
5.3.1 Performance Evaluation . . . . .. ... ... .. ... ....... 96

5.4 Partial Conclusions . . . . . . . . . . ... 99

6 Stability Analysis of an AFR-GFI System . . . . . . . ... ... .. ..... 103
6.1 AFR-GFI System Modeling . . . . ... ... ... ... .. ... ..... 103
6.1.1 AFR Impedance . . . . .. .. ... ... . ... ... ... 103

6.1.2  Analytical MLG . . . . . . .. ... 105

6.2 Experimental Stability Assessment . . . . . . ... 107
6.2.1 AFR Impedance Identification . . . . . . . . ... .. ... .. ... 108

6.2.2 Experimental MLG . . . . .. ... ... oo 112

6.2.3 Impact of Line Impedance and Passive Load . . . . . .. ... ... 113

6.3 Partial Conclusions . . . . . . . . . ... ... 118

7 Conclusion and Future Work . . . . . . .. .. ... ... ... ..., 120
Bibliography . . . . . . . . . e e e e 123
APPENDIX A Details on the Modulation . . . ... .............. 128
APPENDIX B Voltage-Loop Deadbeat Equation . . . . . . .. ... ..... 130
APPENDIX C High-Frequency Interactions in the AFR-GFI System . . . .. 132

APPENDIX D R-DB-GFI Impedance Model with PRBS . . . . ... ... .. 136



18

1 Introduction

In the last decades, the electrical system has been through major transforma-
tions. The electrical network was traditionally characterized by centralized, high-power
plants that would provide power to distant consumers through lengthy transmission lines.
The integration of renewable resources into the grid, however, fostered a change in the grid
paradigm towards a more distributed system, in which the energy resources are sparsely
located throughout the network via the so-called distributed energy resources (DER).
Indeed, small-scale DERs—positioned closer to the consumers—have gained particular
relevance, specially photovoltaic panels and wind turbines. As a consequence, even the
power flow dynamics has changed, giving raise to the concept of prosumer—a consumer
that does not exclusively use energy passively, but also produces electricity, becoming an

active part of the grid.

This process was accompanied by an increase in the number of power electron-
ics converters (PEC) in the electrical network, reaching all three generation, transmission,
and distribution systems. Most renewable energy resources require an interface power con-
verter in order to be connected to the grid. As suggested in Figure 1.1, the penetration
of power-converter-based DERs tends to increase and to seize the role of the once dom-
inant generators based on rotating machines—mostly synchronous generators. Also, the
pursuit of a more efficient use of energy, driven by environmental concerns, has motivated
the electrification of industrial processes and transportation, which implies the insertion
of more PECs into the grid. This trend regards the average-consumer as well, whose or-
dinary electronic equipment—as computers and LED light bulbs—are connected to the
utility through an electronic converter. Finaly, at the transmission level, PECs are present
for supporting the grid through the use of FACTS (flexible ac transmission systems) or
HVDC (high-voltage direct current transmission systems) (BOSE, 2013), for instance.

In this context, the integration of DERs and energy storage systems (ESS)
facilitated the development of the so-called microgrids, which are defined in (IEEE...,
2018) as

“a group of interconnected loads and distributed energy resources with clearly
defined electrical boundaries that acts as a single controllable entity with respect
to the grid and can connect and disconnect from the grid to enable it to operate

in both grid-connected or island modes.”

The microgrids have become an advantageous option for integrating DERs and ESSs in
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an efficient, scalable, and reliable way. Efficient because its various control layers allows
an optimized overall operation; scalable since new equipment can be easily added to the
microgrid; and reliable considering that it can operate autonomously with respect to the

main grid, which is essential in case of grid failure.

The PECs in a microgrid operate in different modes depending on their role
(ROCABERT et al., 2012). On the one hand, PECs interfacing renewable energy re-
sources, as wind turbines and photovoltaic panels, are controlled such that the power
provided by the primary source is delivered to the network. This is usually enabled by
an adequate current control with a synchronization scheme, responsible for providing a
reference of the grid voltage phase for the controller. The same is the case for converters in-
terfacing batteries, whose charge and discharge may be determined by a current-controlled
converter. The PECs operating as such are classified as grid-following converters, since
they inject (or absorb) power into the grid in synchronism with the grid voltage. On
the other hand, PECs that are voltage-controlled may be classified as grid-forming con-
verters. These converters can be understood as voltage sources, whose output power is
determined by the loads, and not by its control scheme. When an ac microgrid operates
in island mode, disconnected from the grid, the voltages—which are not ensured by the
utility grid anymore—have to be kept within normal levels of amplitude and frequency.
Grid-Forming inverters (GFI) interfacing controllable energy resources, as batteries and
fuel cells, are usually responsible for this task. As the name suggests, the GFIs are voltage-
controlled inverters in charge of forming the ac voltages using a dc power source, and the
voltage quality provided has to be satisfactory regardless of the nature of the loads within

the microgrid boundaries, which may present current distortion and nonlinear behavior.

A simplified microgrid scheme is illustrated in Figure 1.2. The main elements
composing the system are a battery, a set of solar panels, and a consumer unit with dif-

ferent kinds of loads, including electronic equipment. These components are connected
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at a point of common coupling (PCC) in the ac bus through different electronic con-
verters. The microgrid itself is linked to the external grid through a switch (SW) that
allows the system to disconnect and operate autonomously. Both converters interfacing
the photovoltaic system and the electronic loads are current-controlled and operate in
the grid-following mode, providing and draining power from the grid, respectively. The
converter interfacing the battery, however, may operate in either grid-following or grid-
forming modes. When the microgrid is in connected mode, the voltages in the system are
ensured by the external grid. In this case, the converter operates in the grid-following
mode, regulating the battery power flow. Nevertheless, for an islanded operation, the con-
verter assumes the grid-forming mode and uses the stored energy to establish the voltage

amplitude and frequency of the microgrid.

External grid

Microgrid
-

SW
PCC

A F J - Consumer Unit
Pl ac

Bl
R
»

Figure 1.2 — Example of microgrid topology.

In such scenario, with high penetration of PECs, the stability should be a
matter of concern since the presence of PECs may affect the dynamics of the system
(HATZIARGYRIOU et al., 2021). Problems may arise due to the reciprocal actions be-
tween the dynamics of the power converters. In a system with several converters, from
different manufacturers, employing manifold control strategies, it is reasonable to say that
the dynamics of one converter may interfere on the operation of the others, leading to un-
damped oscillations that can cause system failure. Indeed, this sort of problem has been
reported in many works, as (WANG; BLAABJERG, 2019; YOON et al., 2016; PENG
et al., 2019). This sort of instability issue is usually associated with the PEC’s control
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scheme, and it will be the focus of this dissertation. In particular, the study developed in

this work regards the stability of a GFI in an islanded microgrid scenario.

In response to this problem, effort has been made in developing new models
and techniques to study the stability of interconnected-converters systems (MU et al.,
2020; PENG; YANG, 2020; SALIS et al., 2017). Two approaches are usually employed for
that purpose: the eigenvalues analysis and the impedance-based stability criteria (IBSC)
(WANG; BLAABJERG, 2019; AMIN; MOLINAS, 2017). The eigenvalues analysis pro-
vides accurate conclusions about the small-signal stability at a specific operating point
and offers a satisfactory understanding about which modes of the system mostly affects
the stability (WANG et al., 2017). However, it requires a precise state-space modeling of
the system, which may be a tough task depending on the model order. The IBSC, in turn,
rely just on the frequency response of the terminal characteristics of the interconnected
devices, allowing the system to be treated as a black-box if needed (ABDOLLAHI et
al., 2020). This class of criteria was firstly introduced in the same year by (UNDRILL;
KOSTYNIAK, 1976) and (MIDDLEBROOK, 1976) for the analysis of subsynchronous
oscillations of power systems, and for the design of input filters for de-dc converters, re-
spectively. Later, the work in (SUN, 2011) applied the IBSC to the stability analysis of
grid-connected converters. This criteria will be discussed further in Chapter 2; however,
in a nutshell, such criteria elucidate the influence that the small-signal impedances of the
converter and of the grid has over the overall system stability. Thus, as the main conse-
quence, the stability of the system is affected by any topological change in the network
(as load connections/disconnections), as well as by any adjustment in the control schemes

of the interconnected converters, since their impedance depends on the controllers in use.

A requirement for applying the IBSC is that the impedances involved are
known. For that purpose, system identification techniques must be useful (LJUNG, 1999;
PINTELON; SCHOUKENS, 2012), specially the ones that can be employed in an on-
line fashion, i.e. applied to the system in real-time during normal operation; indeed,
offline identification is usually insufficient in this context since the impedance of the grid
varies over time. In order to apply the identification techniques to real systems, the PECs
themselves can be used. Most methods utilize the PECs to excite the system with a dis-
turbance of well-known spectral content in such a way that the small-signal frequency
response of the impedance can be measured. In (CESPEDES; SUN, 2012), for instance,
the authors perturb the system with an impulse using an inverter to measure the grid
impedance. Similar procedure is employed in (ROINILA et al., 2013), which also includes
a comparison between injecting an impulse and injecting another disturbing signal—the

maximum-length pseudorandom binary sequence (PRBS).

The binary sequences are wideband signals usually employed along with the
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cross-correlation method (CCM), which is a nonparametric identification technique ubig-
uitously utilized in the context of power electronics. In (BARKLEY; SANTI, 2009) and
(MIAO et al., 2005), this method was used for identifying the control-to-output frequency
response of a de-de converter, and, in (MARTIN; SANTTI, 2014), it was used for determin-
ing the ac-filter inductance of a deadbeat-current-controlled inverter. In (ABDOLLAHI
et al., 2020), the PRBS is used for assessing the stability of a dc network and, in several
works (ROINILA et al., 2014; ROINILA et al., 2018; MARTIN et al., 2013), it is used
for identifying the grid impedance. Moreover, the work in (LUHTALA et al., 2018) uses
the grid impedance identified via PRBS along with the theoretical model of the inverter

impedance to conclude about the inverter-grid system stability.

Assessing the stability of the network is important since this information can
be used by the PECs to act and avoid unstable operations by changing control parame-
ter values and, consequently, shaping the PEC’s impedance. This is the principle behind
adaptive controllers, and the identification via PRBS is utilized in several works for this
purpose. In (ROINILA et al., 2019), the authors propose a strategy for the adaptation
of the impedance of the converters in a multiconverter system through a positive feedfor-
ward technique. In this case, the information acquired via PRBS is utilized to adapt the
parameters of the feedforward path. Similar reasoning is found in (KHODAMORADI et
al., 2020), in which the control loops of a multiconverter system are measured through

PRBS and then used to change the voltage-loop gain of the converters.

In view of the new challenges regarding the electrical system, this dissertation
aims to study the stability of a single-phase GFI through the impedance-based criteria in
an islanded microgrid scenario. Concerning the GFI controller, different control strategies
have been proposed in the literature—as reviewed by (LIU et al., 2020)—among which
the deadbeat (DB) predictive controller appears as an attractive technique due to its
high-bandwidth character. This controller appears in many works in the literature. In
(BUSO et al., 2001), a design procedure is presented for a DSP-based implementation of
the DB controller. Later, a higher-bandwidth FPGA-based version is presented in (BUSO
et al., 2015). In (BUSO et al., 2019), a FPGA-based version was used in the inner loops
of a current-controlled inverter. The DB controller version implemented in this work will

be described and thoroughly analyzed in further chapters.

This dissertation is organized as follows. Chapter 2 introduces the stability
issues in converter-based networks and presents the impedance-based stability criteria,
which rely on the frequency responses of the inverter and grid impedances. In Chapter
3, it is shown how these impedances can be identified. The principles behind the PRBS
and the cross-correlation method are presented, and two identification post-treatment

strategies are proposed and compared through simulation and experimental results. The
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GFI control strategy is presented in Chapter 4, in which the DB predictive controller is
described. Also, the GFI performance is experimentally evaluated considering different
scenarios. In Chapter 5, the DB-GFI impedance model is presented and the results of
the GFI impedance identification performed by another inverter are discussed. From the
experimental impedance measurement, the DB controller is diagnosed and improved. In
Chapter 6, the stability of a two-converter system—composed by the GFI supplying an
active rectifier—is discussed and experimentally evaluated. Finally, the main conclusions

and future work are presented in Chapter 7.

As the main contributions of this work, can be listed the post-treatment meth-
ods for the impedance identification in ac systems, the detailed DB-GFI impedance anal-
ysis followed by the improvement of the controller based on its impedance characteristics,
and the discussion on some practical challenges related to the stability assessment in a

multi-converter system presenting non-negligible line impedances or passive loads.



24

2 Impedance-Based Stability Analysis

The presence of PECs introduce some challenges regarding their wide-range
frequency behavior. Some authors use the term harmonic stability (WANG; BLAAB-
JERG, 2019) to refer to the multiple-timescale interactions that exist between the con-
verter and the network to which it is connected, which may include other electronic
devices, specially in an islanded microgrid scenario. This kind of stability issue mostly
regards the control schemes of the converters, and is the one that will be addressed in
this work. As an example, Figure 2.1, obtained from (WANG; BLAABJERG, 2019), il-
lustrates the different frequency rages involved in the control of a PEC. To illustrate,
it takes an inverter with cascaded control. The inner loop regulates the output current
in the dq reference frame while the external voltage loop regulates both the dc and the
ac voltage—whereas the dc voltage controller regulates the active power, producing the
d-current reference, the ac voltage controller generates the g-current reference, thus reg-
ulating the reactive power injected or absorbed from the grid. For the reference frame
transformation and for synchronization purposes, a PLL is needed as well. The different
bandwidths involved interact with the grid impedance and may cause instabilities in dif-
ferent frequencies, ranging from the sub-synchronous zone up to the switching frequency

and beyond.
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Figure 2.1 — Phenomena of different frequency ranges in an inverter control system

(WANG; BLAABJERG, 2019).

The harmonic stability issues are complex—sometimes with more than one
cause or phenomena involved—, and it still represents a challenge in terms of system
modeling and analysis. Besides, the problem scales faster when more PECs are connected
to the same network. Nevertheless, this issue becomes more tangible when analyzed in

terms of impedances, as will be discussed in the following paragraphs.
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As mentioned in Chapter 1, there are two main approaches commonly utilized
to assess the stability of converter-based networks. The first one is the eigenvalue anal-
ysis using the state-space representation of the system, following standard procedures of
the classical control theory. This approach can provide a better understanding on which
modes (or states) of the system are related to stability issues. This can be done through
the application of participation analysis (WANG et al., 2017). For obtaining reliable con-
clusions, however, the eigenvalue analysis requires a detailed, precise model of the system.
Unfortunately, depending on the amount of converters, the model order may become rela-
tively high, which introduces computational and analytical complexity (MU et al., 2020).
Besides, not all parameters of the system are always available, which may undermine the
model accuracy. Another drawback of this method is the lack of flexibility and scalability
in the sense that it is not trivial to factor in new devices into the analysis if needed. Hence,

if new converters, for instance, join the grid, the model has to be reconsidered.

The second approach regards the subject of this chapter—the IBSC—which
rely on the small-signal impedances of the converters and loads composing the grid, as
will be further explained in section 2.1.1. This approach does not necessarily require a
complete model since the impedances of interest can be assessed through measurement
or any estimation method (MARONNI et al., 2021; ABDOLLAHI et al., 2020). This
class of criteria is also useful in the design phase of converter’s control systems—the
controller can be designed such that the converter presents an impedance that ensures
stable operation with a certain safe margin. Besides, the IBSC offer more flexibility and
scalability compared with the state-space modeling; in fact, if the impedances can be
measured, no difficulty is introduced upon system topology change. The main drawback
of this approach, however, is that it does not provide a precise knowledge of the oscillatory
or unstable modes, i.e. the state variables related to the instability are not explicitly
highlighted (LI et al., 2021).

Recently, other methods have arisen in order to compensate for the drawbacks
of both approaches. The Component Connection Method, for instance, appeared as a
modeling technique through which the state-space representation can be retrieved in a
modular fashion, i.e. by modeling each equipment composing the system separately, and
then linking the models together via algebraic relationships (WANG et al., 2017). The
main advantage of this method is that it approximates the eigenvalue analysis to the
IBSC with respect to its scalability property. Looking at the other way round, the IBSC
can also provide some insights on the phenomena affecting the stability of the system
if analytical impedance models are available. In (LI et al., 2021), for example, a “gray-
box” impedance model is presented for a grid-forming inverter, providing an intuitive

visualization of the influence of each control feature on the stability of the system, with
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no loss of the flexibility that is inherent in the IBSC.

In this work, the IBSC will be employed due to their advantages over the
eigenvalue stability analysis, specially because this approach becomes more suitable when
it comes to online stability assessment since the impedances can be measured or identified
in real time. Hence, in the next section, the IBSC will be further explored, aiming to
unravel some concepts that are sometimes mixed-up, and to give an overview on the

existing IBSC.

2.1 The Impedance-Based Stability Criteria

2.1.1 General Principles

The IBSC are based on the principle that every power converter can be modeled
in terms of its Thevenin’s or Norton’s equivalent circuits, with their respective impedances,
which depend on the physical components of the converter—as filters—and on its control
scheme. To apply the IBSC, the network can be modeled as two different subsystems
connected at a point of common coupling (PCC); typically, a load and a source subsystems
expressed on their Thevenin’s or Norton’s representation whether they are voltage- or
current-controlled, respectively (SUN, 2011). Also, it is important to highlight that this
analysis is valid either for ac or dc networks, since this is a small-signal approach. For
the sake of simplicity, the discussion herein presented considers that each subsystem is
composed only by one load or one converter, although each of them could represent an
association of several devices. The systems depicted in Figure 2.2 will be used as references
in the following explanation. It shows four situations, representing different combinations

of voltage-controlled sources (Z), current-controlled sources (Y), and passive loads (Load).

The IBSC are numerous and can be classified into different groups, which
may differ from author to author. In this section, two major categories will be exposed:
the methods based on the definition of an impedance ratio—called the minor-loop gain
(MLG)—, and those based on the passivity properties of the impedances. Other categories
can be found in works such as (LIAO; WANG, 2020).

2.1.2 MLG-Based Criteria

Taking the Z+Y system depicted in Figure 2.2b, the current ¢ through the

circuit can be written in the frequency domain as

Ly Da(s) = Va(s)Ya(s) 1
) = Azt ) =il s

(2.1)
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Figure 2.2 — System models for IBSC application. (a) Z+Load system, (b) Z+Y system,
(c) Z4+7Z system, and (d) Y+Y system.

where the MLG is defined as the ratio between the impedances of the voltage and the
current sources, Z1/Zs = Z1Y;. Note that the MLG is equivalent to the feedback gain of
a controlled system—as its name suggests. Hence, from (2.1), in order for the system to

be closed-loop stable, the following conditions have to be simultaneously satisfied:

1. V] is stable;
2. I, and Y, are stable;

3. the MLG satisfies the Nyquist Stability Criterion (NSC).

Conditions 1 and 2 are equivalent to say that the voltage-source and the
current-source converters are individually stable by design, respectively. Similar condi-
tions can be found for the other scenarios shown in Fig. 2.2, each of them having a
different MLG definition, as shown in Table 2.1. Since it is plausible to consider that
the inverters are individually stable by design—which implies on stable voltage/current
sources and on stable impedances—, it is common practice to look only at the third

condition to conclude about the stability.

Table 2.1 — MLG Definition

System type MLG
Z—I—Load Z1 /Zload
Z+Y 421Ys
Z+7 Zy|Zy or Zy] 7y

Y—I—Y Yl/Yg or Yg/Yl
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From the reasoning above, different stability criteria have arisen. One class of
criteria, for instance, consists of defining special regions on the complex plane through
which the frequency response of the MLG is not allowed to pass. These are the so-called
forbidden regions criteria. Such criteria are based on the fact that the MLG cannot encir-
cle the critical point —1 4 j0 in order for the closed-loop system to be stable, satisfying
the NSC. Figure 2.3, obtained from (RICCOBONO; SANTI, 2014), exemplifies the con-
cept of forbidden regions. The red circle, for instance, represents the criterion defined by
Middlebrook, which establishes that, if the MLG frequency response is confined within
this circle, the critical point is surely not going to be encircled; therefore, stability is
ensured. Note, however, that this is a sufficient but not necessary condition. Indeed, the
MLG could transit through other areas without reaching the critical point. That is the
major reason why other less conservative criteria arose and tried to expand the allowed
regions while keeping the MLG away from the critical point, as illustrated in Figure 2.3 as
well. Since the forbidden regions criteria establish sufficient conditions for stability, they
are not able to tell for sure when a system is unstable. Hence, these criteria are not very
helpful when a detailed stability analysis is required. Yet, they are certainly convenient at
the design phase of power converters, for the converter’s impedance can be shaped such

that the stability is guaranteed.
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Figure 2.3 — IBSC based on forbidden regions (RICCOBONO; SANTI, 2014).

The reader must have noticed that the forbidden regions criteria do not con-
sider the existence of unstable poles in the MLG. Actually, the NSC states that a system
is stable if and only if its open-loop transfer function encircles the critical point N, times
counterclockwise, being N, the number of open-loop unstable poles (LIAO; WANG, 2020).
Thus, making the MLG avoid the critical point only implies stability if the MLG has no

unstable poles.

Nevertheless, unstable poles may be present depending on the system config-

uration. For the Z+Load system in Fig. 2.2a, any unstable pole appearing in the MLG
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would be either an unstable pole of Z; or an unstable pole of Y),.4. Both options would
only be true if the inverter or the load were individually unstable, respectively. The same
can be concluded about the Z4Y system (see Fig. 2.2b), whose MLG is similarly defined
as Z1Ys. Thus, unstable poles are not supposed to be present in these kinds of system.
However, the scenario is different for Z+7 and Y+Y systems where unstable poles may
appear in the MLG even if both converters are stable by design. For these systems, the
MLG is given by Z,/Zy or Zy/Z;, and by Y1/Ys3 or Y5/Y], respectively, as shown in Ta-
ble 2.1. As a consequence, impedance or admittance unstable zeros may become unstable
poles in the MLG, as discussed in (LIAO; WANG, 2020) and (LIU et al., 2014). Moreover,
for the fact that the MLG-based IBSC depend on the arbitrarily chosen PCC, unstable
poles may appear for specific choices of the PCC, but not for others.

Having unstable poles in the MLG is not a problem as long as the closed-
loop transfer function remains stable; however, the stability assessment becomes more
complicated. For instance, the forbidden regions methods are no longer valid, and if the
stability is to be assessed via the identification of the MLG frequency response in a black-
box fashion, one must take extra care and know beforehand about the existence of unstable
poles in order not to lead to mistaken conclusions, as recommended in (MARONNI et
al., 2021). Moreover, unstable open-loop responses precludes the definition of accurate
phase or gain stability margins, which makes it more challenging to predict how far the
system is from instability. In conclusion, for the general case, the complete NSC, with
no simplifying hypotheses, has to be applied to the MLG to properly conclude about the
stability of the system.

2.1.3 Passivity Criterion

The principle behind the Passivity Criterion is that passive electrical compo-
nents (resistors, capacitors, and inductors) are naturally stable, i.e. when supplied by ideal
voltage sources, they produce stable currents. Hence, this criterion states that, if the total
impedance of the bus to which the converters and loads are connected presents a passive
behavior, the system will be stable. An impedance Z(jw) is passive if the following two
conditions are satisfied (RICCOBONO; SANTI, 2014):

1. Z(jw) is stable, i.e. it has no unstable poles;
2. Re{Z(jw)} > 0, Vw, which is equivalent to —90° < arg{Z(jw)} < 90°, Vw.

In other words, if the total bus impedance is confined within the right half-
plane (RHP) of the complex plane, the system will be stable. As the forbidden regions

criteria, only a sufficient condition can be derived by looking at the passivity of the
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impedance—in case it is not passive, no conclusion can be stated about the stability of

the system.

In a PEC-dominated system, however, it is unlikely that all devices are passive
for all frequencies since the controllers themselves may introduce negative-real-part regions
in the impedance. As discussed in (HARNEFORS et al., 2016), the controller total time
delay (PWM plus computation delay), the dynamics of the control loops, and the phase-
locked loop (PLL) dynamics can make the converter’s impedance become nonpassive for
certain frequency ranges. Even though it is not feasible to have a passive behavior for
all frequencies, it remains important to reduce the nonpassive regions whenever possible

from the passivity criterion point of view.

Some works apply the passivity concept to the MLG-based criteria. Indeed,
the problem can be formulated as for the MLG-based criteria—instead of looking at the
total bus impedance, one can carry the analysis in terms of an impedance ratio (MLG) as
well. If the impedances composing the ratio are both passive, the MLG readily satisfies
the Nyquist criterion (PETRIC et al., 2022).

The concepts of MLLG and passivity will be used throughout this work, specially
in Chapters 5 and 6, in which the GFI impedance model is derived and the MLG of a
two-converter system is analyzed. Before this, next chapter will expose how the frequency

response of an impedance can be identified.
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3 System ldentification for Stability Assess-

ment

Chapter 2 has introduced the stability-related problems around networks with
high penetration of PECs and has presented the impedance-based approach for analyzing
the stability of such systems. Now, this chapter advances to the discussion on how the

frequency response of the impedances can be identified.

The small-signal behavior of a linear system can be estimated by injecting a
known disturbance at its input and measuring the corresponding response at the output.
There are several possible options for selecting a disturbing (or exciting) signal. The
simplest one is a pure sinusoidal wave of a given frequency. The response of the system,
i.e. its gain and phase, can be obtained by looking at the amplitude and the phase shift
of the sinus acquired at the output. This procedure, however, only provides information
for one specific frequency. If needed, an ac-sweep (LJUNG, 1999) can be done by varying

the frequency of the injected sinus in order to cover more frequency points.

In complex system, as those with power converters, the dynamics of interest
are likely to be spread throughout a wide spectrum, ranging from frequencies as low as
fractions of Hz to frequencies near and beyond the switching frequency, reaching hundreds
of kHz. Because of that, using wideband exciting signals in lieu of narrow-band ones
is preferable. Whereas for the latter the power spectrum is concentrated within small
frequency ranges (or just in a single frequency for the pure sinus wave), the wideband
signals exhibit a power spectrum distributed over several frequencies. Covering a large
frequency range in the identification process is less time-consuming when using wideband

signals, which is a desirable feature in most applications.

Minimizing the impedance identification duration is important due to many
reasons. Firstly, reducing the total disturbance-injection time is essential to prevent the
system from deviating from the operation point. Moreover, during the injection, the volt-
ages and currents of the system will be affected by the disturbance, which may either
become a power-quality problem or interfere in the operation of other devices if the in-
jection lingers on. Secondly, the impedance of a network usually presents a time-varying
behavior for the fact that converters and loads can be connected and disconnected at
random, converters may change their operating points, system failures may occur, etc
(ROINILA et al., 2021). Hence, the longer it takes to complete one identification experi-
ment, the higher will be the probability of acquiring samples that does not correspond to

the same state of the network, leading to incorrect results. That is also one of the motiva-
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tions behind the necessity of carrying out online identifications. Besides, minimizing the
identification time can save computational resources that are usually scarce in embedded

systems.

Among the wideband signals, the binary sequences represent a suitable choice
in the context of impedance identification. First of all, the idea is that the PECs them-
selves should be able to perform the identification; thus, the binary sequences become
an easy-to-generate option that can be applied at the control level of the converters.
Also, these sequences present a considerably high ratio between spectrum energy and
time-domain amplitude (PINTELON; SCHOUKENS, 2012), which means that the dis-
turbance amplitude usually does not need to be very high in order to excite the system
above the noise level. Moreover, compared to other wideband signals, such as the impulse
and the step, the spectral content of the binary sequences is stronger—with respect to

the time-domain peak—and more controllable through design (ROINILA et al., 2021).

A good review on different types of binary sequences can be found in (ROINILA
et al., 2021), in which the authors describe the maximum-length binary sequences (MLBS),
the inverse-repeat binary sequence (IRS), the discrete-interval binary sequences (DIBS),
and the orthogonal binary sequences (OBS). The MLBS are what is usually simply called
pseudorandom binary sequences (PRBS). The PRBS will be presented in details in section
3.2, but, in a nutshell, they are white-noise-like sequences that present nonzero spectrum
power at a large range of discrete frequencies. The IRS have similar characteristics ex-
cept that they also provide immunity against even-order nonlinearities (at the expense of
being longer than the PRBS), which is a noteworthy characteristic since the majority of
converter systems are ultimately nonlinear. Differently from the PRBS and the IRS, the
DIBS can be designed to have energy only at specified harmonics, which may be interest-
ing in cases where the signal-to-noise ratio (SNR) is a matter of concern and the spectral
energy has to be properly tuned (ROINILA et al., 2014). Finally, the OBS are binary
sequences that are orthogonal among them, i.e. that do not contain energy at the same
frequencies, which enables the simultaneous identification of different transfer functions
without one interfering on the others (KHODAMORADI et al., 2020; ROINILA et al.,
2019).

In this work, the PRBS in its simplest form will be used along with the cross-
correlation method (CCM) for the online identification of impedances in ac systems. In
the next sections, the CCM is introduced and the design procedure for the PRBS is
explained. Then two different data post-treatment methods are presented and compared

through simulation and experimental results.
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3.1 The Cross-Correlation Method

The cross-correlation method (MIAO et al., 2005; BARKLEY; SANTI, 2009)
is one of the nonparametric techniques for system identification by means of which the
frequency response of a “black-box” system can be assessed. The principle of this method
is to properly design an input signal (u) such that the step response (h) of the system
is directly given by the cross-correlation (R,,) between the measured output (y) and the
input, regardless of any system disturbance (v) at the output. Once the step response is
obtained, the Fast Fourier Transform (FFT) can be applied to obtain the system frequency

response.

The output y of a discrete-time, linear, time invariant system can be written

as

Zh k) +v(n). (3.1)

Assuming that v and v are centered, second-order stationary, uncorrelated, random signals

(GODOY, 2014), the cross-correlation between output y and input u can be written as

m) = i u(n)y(n+m) = i u(n) i h(k)u(n —k+m)+v(n+m)| =
o o e - (3.2)
2 3 hkjun)u(n+m = k) + Buu(m) = 3 h(k)Ruu(m = k) + Run(m),

where R,, is the auto-correlation of the input signal and R,, is the cross-correlation
between the input and the disturbance. From the hypotheses for v and v, R,, = 0 and

(3.2) can be rewritten as
=> u(n)y(n+m) Z h(k)Ryu(m — k). (3.3)
n=1

Equation (3.3) states that R, is equal to the convolution between the system’s
impulse response and the auto-correlation R,,. Thus, it is equivalent to say that R, will
be the output of the system when it is excited by the input R,,. If u is chosen to be
white noise, R,, will be simply given by an impulse at the origin, and, by definition, the

aforementioned hypothesis concerning the disturbance v is satisfied. Thus, (3.3) becomes
= >_h(k)d(m — k) = h(m). (3.4)
k=1

Hence, when the system is excited by a white noise, the impulse response is
readily given by the cross-correlation between the output and the input. Once R,, (or,
equivalently, h) is obtained, the FFT can be applied to it in order to obtain the system’s

frequency response.
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The feature presented in (3.4) will only be verified if the input signal is imbued
with white-noise-like properties. Since it is not easy to digitally generate a real white
noise, the maximum-length pseudorandom binary sequence (PRBS) is often selected as
an alternative (BARKLEY; SANTI, 2009). Nevertheless, the PRBS must be cautiously

designed depending on what is desired to be identified, as discussed in the following.

3.2 Pseudorandom Binary Sequencies (PRBS)

A PRBS is a periodic, deterministic signal that can be easily created via a
linear-feedback shift register (LFSR) by means of a XOR operation between two well-
determined bits, as exemplified in Figure 3.1. The number of bits NV of the LFSR deter-
mines the length M = 2V — 1 of a single period of the PRBS. The output binary values
are scaled to a desired amplitude e so that the sequence presents zero average. The PRBS
must be properly designed—the number of bits (N), the number of periods (P), the am-
plitude (e), and the PRBS generation frequency (fy), must be carefully chosen according

to the application and the characteristics of the system to be identified.
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Figure 3.1 — Example of a 10-bit, maximum-length PRBS generation.

Figure 3.2 shows the continuous-time auto-correlation function of an infinite-
period PRBS (HAMPTON, 1965). Note that R, is formed by triangles of peak equal to
e? that repeat with a period corresponding to the duration of a single PRBS. Also, R,
assumes a constant value of —e?/M between the triangles. If M is selected to be large
enough, the terms —e?/M tend to zero and, assuming that At = 1/f; is very small, Ry,

becomes an almost ideal impulse train, as needed for the cross-correlation method.

The PRBS power spectrum ®, may give more intuitive insights about the
parameters choice. It is possible to show that &, is given by

d, (f = k;\?) = 62(]\]\44:_1)82'7102 <7r}f> k=41,4£2, ... 4+ 00, (3.5)
0

and that ®(0) = e¢*/M? by applying the Fourier transform to R,,(7). Figure 3.3 illus-
trates the power spectrum function, which is composed only by uniformly-spaced discrete

frequency values. The main consequence of this fact is that the frequencies that can be
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Figure 3.2 — PRBS auto-correlation function Ry, (7).

identified are not continuously distributed through the spectrum as for a white-noise
excitation. Actually, the PRBS implies a frequency resolution Af = fy/M, which also
represents the lowest frequency component that can be identified. Due to the sinc enve-
lope, the majority of the energy is concentrated bellow 0.4f; (where a —3 dB magnitude
drop occurs). Thus, the generation frequency has to be selected accordingly, in a way
that the highest frequency of interest be located within this range; otherwise, the noise
of the experiment may undermine the identification for high frequencies. Note that there
is also a trade-off between the frequency resolution and the maximum frequency that can
be identified—the higher is fy, the higher will be the maximum frequency, but the poorer
will be the resolution and the low-frequency identification. This trade-off, however, can be
balanced by choosing M wisely—for larger M, a better frequency resolution is obtained

at the expense of reducing the PRBS energy.
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Figure 3.3 — PRBS power spectrum &, (f).

The amplitude of the PRBS must be carefully chosen as well. On the one
hand, e must be sufficiently high so as to excite the system above noise levels. On the
other hand, if a very high amplitude is chosen, the system may deviate from the linear
approximation, causing nonlinear artifacts to appear. In noisy systems, a good way to

improve the SNR without increasing e is utilizing several PRBS periods. By doing so, the
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data corresponding to each period injection can be averaged. Since the noise is random
and uncorrelated, it tends to vanish when averaged over several acquisition periods (MIAO
et al., 2005). It is important to point out, however, that if the total acquisition extends for
a very long time, the system may diverge from the operation point and the linearity may
no longer be valid. Moreover, dealing with larger data-sets requires more memory and
computational effort (ROINILA et al., 2021). Hence, there also exists a trade-off between

the choice of the amplitude e and the number of periods P.

Despite being a versatile, easy-to-generate, exciting signal with a well-behaved
spectrum, the PRBS presents some drawbacks as well. The main one is that it exhibits
worse performance upon nonlinearities. When a linear system is perturbed by a signal
with a certain frequency, only this frequency will be excited and therefore present at the
output; for nonlinear systems, however, the response may be spread over several other
frequencies that were not in the input signal. As the PRBS is able to excite several
frequencies at once, a nonlinearity may cause frequency overlap at the output. Another
drawback is that, in extremely noisy environments, the amplitude of the PRBS may be
very high or the acquisition length may be very long in order to overcome the noise. This
is due to the fact that the spectral power of the PRBS is distributed over a wide range,
and that the amplitude of each frequency component cannot be individually tuned (as for
the DIBS, for example) (ROINILA et al., 2021).

3.3 Impedance Ildentification Using PECs

To perform the identification, it is preferable to use the converters that already
exist in the network. By doing so, no additional equipment or sensors have to be added
to the system, and the converter can use the measured frequency response to undertake
corrective actions whenever the stability is at risk. This sort of adaptive technique will
be explored in future work. For the identification, the idea is that the PECs themselves
should be able to inject the disturbance into the system, acquire the desired data, and

perform the calculations in order to complete the identification process.

In (MARTIN et al., 2013), the PRBS is injected directly into the PWM such
that the converter works as a power amplifier for the disturbance. In works like (ROINILA
et al., 2014; ROINILA et al., 2018; LUHTALA et al., 2018) the PRBS is superposed
to the current reference of a three-phase, dg-frame-controlled inverter to identify the
grid impedance. In (ROINILA et al., 2019) the PRBS is also injected into the current
reference, but for a de-dc converter. The point of injection must be chosen according to

the application—a transfer function analysis can be done in order to select it. The authors
in (RICCOBONO et al., 2018) adopt the strategy of adding the disturbance at several
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points. The converter under discussion was a three-phase inverter controlled in the dg
domain through two cascaded control loops (an inner current loop and an outer voltage
loop). The authors injected the PRBS at three different points with different weights—at
the PWM level, and over the current and voltage references. By doing so, they avoided the
spectral power of the disturbance being attenuated by the control system before reaching

the PCC.

Figure 3.4 illustrates an example in which a single-phase inverter is used to
identify the impedance of an ac grid. In this example, the PRBS is added to the modulating
signal (m) generated by the inverter controller. Considering that the disturbance energy
is sufficiently high, the voltages and currents of the system will be perturbed; each one
will be composed by the steady-state component—represented in the figure with an over-
line (i1, Zgrids Tpee)—and by a disturbed component (i1, %m-d, Tpee). Once the grid current
and the PCC voltage are excited by the PRBS, the grid impedance can be calculated
by relating the respective disturbed components Egm-d and ... The next section discusses
how the cross-correlation method can be used to do so, and explains the details behind

the data processing involved.

ip =1 +ig tgrid = tgrid t Tgrid
( N >

LYY Y\

L* $ * 4J PRBS

PWM

Controller

Figure 3.4 — Example of disturbance injection for grid impedance measurement.

3.4 Post-Treatment Methods

The post-treatment regards the data processing that is necessary to obtain
the desired frequency response from the sampled input and output data. It becomes a
challenging aspect of the identification if one recalls that the exciting signal—in our case,

the PRBS—will be superposed to a steady-state component that is already part of the
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operating point of the system, as discussed in the previous section. In dc networks, the
treatment is less complicated for the fact that the operating point is either constant or
varies very slowly within an identification window; thus, separating the disturbed compo-
nents from the steady-state ones is straightforward. In ac networks, however, the operation
point is usually composed by alternate signals at 50 Hz or 60 Hz plus harmonics. There-
fore, applying the CCM in such a system implies injecting the PRBS over these signals,
which add some difficulties and makes the post-treatment more complex (MARTIN et
al., 2013). Since the amplitude of the PRBS must be several times smaller than that of
the steady-state signal, the disturbed component at the output of the system has to be
isolated before applying the CCM.

In three-phase systems, the ac-component problem can be bypassed if the
control scheme is implemented in the dq reference frame. In this case, the PRBS can
be injected in the direct frame, for instance, and the direct components of the currents
and voltages can be used in the identification. Aside from eventual harmonic content
or PLL dynamics, the disturbed components will be superposed to a constant value,
which is easier to deal with. For single-phase systems, however, using the dq domain is
not straightforward; although possible, more complex calculations are introduced (SILVA
et al., 2004; RICCOBONO et al., 2016), which may affect the quality of the identified

frequency response.

In this work, a single-phase ac system is considered, and both the controller and
the disturbance injection will be performed in the sinusoidal domain. Two post-treatment

methods are proposed and will be examined in the following.

3.4.1 Time-Alignment Method

The time-alignment method solves the problem of separating the output dis-
turbed component by acquiring the output prior to the PRBS injection and using this
information to subtract from the total, disturbed signal. In other words, if the output y is
equal to 7+ ¢ during the PRBS injection, the disturbed component ¢ can be obtained by
subtracting the output that was sampled before the injection (y,re, =~ 7) from the total

signal y. Thus, this method requires the previous state of the system to be known.

Figure 3.5 illustrates the method. First, the previous state of the system (Ypres)
is acquired immediately before the start of the PRBS injection. During the injection, the
output y of interest and the input u—which is necessarily the PRBS in this case—are
sampled. y must be sampled at least at the generation frequency fy. The PRBS, in theory,
would not need to be sampled, since it is a well-known, deterministic signal that could

be digitally reconstructed. However, the phase of the PRBS with respect to the sampled
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Figure 3.5 — Post-treatment steps for the time-alignment method.

output has to be known for the fact that each sample of the PRBS has to precisely
correspond to a specific sample of the output. The simplest solution is to simultaneously
sample the PRBS so the synchronism with the output is ensured. Nevertheless, a less
memory-consuming alternative is possible due to a property of the PRBS that states that
the sequence can be reconstructed, with no ambiguity, from a reduced set of, at least, N
samples (being N the number of bits of the shift register). Hence, the synchronism can
be ensured even if the PRBS is sampled at a lower rate; that is why a decimation factor

D appears in Figure 3.5.

Once y is acquired, the disturbed component has to be isolated. As explained,
it is done through a time domain subtraction; therefore, the samples corresponding to the

previous state, y,.,, have to be aligned with respect to the fundamental component of
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y. This is necessary since the PRBS length (M) is usually not a multiple of the number
of samples within a fundamental period, so ¥y,re, is not inherently aligned with y. The
alignment is done by finding the phase shift in ¥,,e, that minimizes the quadratic error
between ¥,.e, and y. Note that the number of fundamental periods acquired before the
PRBS injection does not need to be the same as for the signal y. Actually, this number is
a design choice. If the user opts for acquiring only one fundamental period, the samples
can be replicated in order to generate a M-length signal, which is the approach utilized

in this work.

After subtraction, the disturbed component g is finally isolated and is ready
to be cross-correlated with the PRBS. As shown in (ROINILA et al., 2009), it is better to
use the circular version of the cross-correlation instead of the classical one, which pads the
signals with zeros, in order to eliminate imperfections in the results. After this operation,
R, is obtained, which is the impulse response relating the selected output to the PRBS.
The procedure until here is executed for the data-set corresponding to a single period
of the PRBS. If P periods are used, the P impulse responses obtained can be vertically
averaged—improving the SNR of the identification—so an average response Ry qvq 1S
obtained. Optionally, this response can undergo a windowing process, through which,
in the time domain, R,y 4, is multiplied by a Gaussian window of certain width. The
windowing improves the identification results at high-frequencies (BARKLEY; SANTI,
2009), yet it may introduce undesired effects, such as the damping of eventual resonances.
Hence, the recommended use of this tool depends on the application. The last step of the
treatment consists of applying the FFT to the processed impulse response in order to get

the frequency response of the system.

It is worthy pointing out that the process herein discussed allows to identify
the transfer function H (jw) relating the input U(jw) = { PRBS} with the output Y (jw).
Nevertheless, if one must identify the frequency response between two other arbitrary
signals, namely W and X, the time-alignment method can be employed in a two-step
fashion—first, the relation between W and the PRBS (U) is obtained, then the same is
done for X. From the division of the two transfer functions, the final response that relates
W and X is derived, as follows

W) | W(w)/UGw)
X(jw) ~ X(w)/UGw) (36)

This is particularly useful for the impedance identification using PECs. In this case, the

PRBS is injected in the controller and what is sought is not the relation between one
output and the PRBS, but the relation between the voltage and the current at the PCC.
Hence, the Time-Alignment method can be applied first considering the voltage as the

output, and then considering the current. The impedance is finally calculated by dividing
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Figure 3.6 — Post-treatment steps for the FIR method.

the results. Note that, although the data treatment is performed sequentially, the voltage
and the current should be simultaneously sampled in order to ensure a single point of

operation for both treatment steps.

3.4.2 FIR Method

The FIR method, shown in Figure 3.6 essentially follows the same basis of
the Time-Alignment method, diverging only on how the output disturbed component
is isolated. Instead of using the previous state of the system, this method filters out
the steady-state component using a finite impulse response (FIR) notch-filter tuned to
the fundamental frequency (and harmonics if needed). The choice for the FIR filter is
motivated by the fact that it does not introduce any kind of distortion to the signal; due
to its linear-phase characteristics, it will only delay the signal as a whole. This effect,
however, as well as the transient due to initialization, can be easily compensated within

the data-processing. The design of the FIR filter is described in the following.

Finite impulse response (FIR) filters are characterized by the absence of feed-

back of the output signal, i.e. the output is constructed only as a linear combination of
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the input and its delayed versions. The transfer function of a FIR is given by

H(z) = i/(t’)) = kz_:bkz*k, (3.7)

where the coefficients by and the order n = L — 1 of the filter are design variables.

In this post-treatment method, the filter is used to eliminate the fundamental
and the harmonic frequencies of the output steady-state component. The "notch" behavior

can be accomplished through the operations shown in the diagram in Figure 3.7.

y=y+49y A

FIR Selective
Filter

Figure 3.7 — Steady-state component suppression using a FIR filter.

Therefore, the filter to be designed is actually a selective filter. As demon-
strated in (SIMOES; FARRET, 2016), the FIR filter coefficients can be calculated based

on the fundamental component of the Discrete Fourier Series in its cosine form, given by
2 T 2
o) = 3l —g)-cos (173). (33)

where NV is the number of samples in a fundamental cycle. The coefficients of the filter

can be calculated as shown in the code snippet below, written in Python.

import numpy as np

def fir_filter (samp_freq: float,
fund_freq: float,
harmonics: 1list) -> list:

P

Parameters
samp_freq : float

Signal’s sampling frequency.
fund_freq : float

Fundamental frequency.
harmonics : 1list

List of harmonics to be suppressed.

Returns
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list
FIR filter coefficients.

PR

num_samples = int(samp_freq/fund_freq)

fir = [0] * num_samples
for harm in harmonics:
for idx, coef in enumerate (fir):
fir[idx] = fir[idx] + 2/num_samples * np.cos (harm*idx/

num_samples*2*np.pi)

return fir

Listing 3.1 — Code for FIR coefficients calculation.

Compared to the Time-Alignment method, this method simplifies the post-
treatment since it does not require the output to be sampled before the PRBS injection
begins; however, any information contained in the frequencies rejected by the FIR filter

will be lost. Other advantages or disadvantages of the methods will be discussed later.

3.5 Data Acquisition Hardware Topology

This section describes the hardware topology that is used in all identification
experiments performed in this work. The PECs used for experimental validations utilize
a Texas Instruments® F28335 for the controller, which is a broadly used Digital Signal
Processor (DSP) in power electronics applications. The F28335, however, is not performing
enough to run the identification post-treatment. To do so, a BeagleBone Black (BBB)
board can be used, following the topology depicted in Figure 3.8. The data sampled via
F28335 is sent to the BBB board through an asynchronous serial communication—the
UART (Universal Asynchronous Receiver/Transmitter). Once the data is received by the
BBB, it can either undergo the post-treatment in the BBB itself, or be transferred to
another platform in which the post-treatment is executed. This communication system®
allows the BBB to write to and read variables from the F28335, as required for the
impedance identification. In the beginning of the identifications process, the BBB send
a command to the F28335 to start the PRBS injection. At the same time, the sampled
signals are asynchronously sent to the BBB through a buffer of the F28335. At the end
of the acquisition, the data is available in the BBB to be processed. This communication

and data-processing topology also enables for applications in which the information of the

1 The communication system was developed in the context of another project by PhD Hildo Guillardi

Junior and PhD Joel Filipe Guerreiro.
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identification is used to act over the PEC’s controller. These adaptive control techniques

will be explored in future work.

F28335

A
PEC
Possibility of using the
Sampling identification information
and Control to act over control variables

Figure 3.8 — Communication topology for data acquisition.

Although the hardware configuration in this work is composed by a high-
level processor in addition to the DSP, it might represent a cost constraint for practical
applications. It is worthy pointing out, however, that the used DSP is not the most
powerful one in the market. Cutting-edge DSPs may be capable of handling both control

and identification routines.

3.6 Case Study: Impedance ldentification Using an Active Rectifier

This section presents a case study with the goal of analyzing and comparing the
proposed methods. These are preliminary results concerning the identification technique
only, which will be useful for a better understanding of the identification outcome when
applied to the stability analysis in Chapter 6. In this case study, a PEC operating in
the grid-following mode as an Active Front Rectifier (AFR) is utilized to identify a test
impedance. Such converter is capable of draining power from the grid with high power
factor, as detailed in the following. Both simulation and experimental results will be

discussed.

3.6.1 System Description

Figure 3.9 presents a simplified scheme of the system considered in this case
study. The AFR is connected to a single-phase grid through a LCL filter in cascade with

a test impedance (Z.s)—composed by a 1 pF capacitor and a 1.5 mH inductor—, whose
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frequency response is to be identified in this case study. In the experimental setup, a

programmable voltage source is used to represent the ac grid.

I L2 PCC e
e 'a e ogWNNENL o a'a
AFR < ™
112
Zloa,d
T Zig
PWM «€«— PRBS

Figure 3.9 — System description for impedance identification using an AFR.

The AFR output current (izq) is regulated via a proportional-resonant (PR)

controller that is capable of compensating odd harmonics up to the 9** order. Thus,

within the control limitations, the current drained from the grid is sinusoidal, presenting

a satisfactory power factor. It is worth commenting that the AFR was not designed in
this project—more details on its hardware and controller can be found in (GUERREIRO,
2020; GUERREIRO et al., 2021; GUERREIRO et al., 2019), and its main parameters are

listed in Table 3.1.

Table 3.1 — AFR parameters

AFR
Power rating 1kVA
Dec-link voltage 225V
Switching frequency 24 kHz
Ac voltage (rms) 127V
Ac voltage frequency 60 Hz
LCL Filter
Inductance L1 1mH
Inductance L2 300 nH
Capacitance ¢ 5pF
Control System

Current loop bandwidth 1.2kHz
Current loop phase margin 60°

In order to excite the system, a PRBS is injected into the PWM. As explained,

if the amplitude of the disturbance is properly chosen, the currents and voltages of the
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system will be excited in a wide range of frequencies, determined by the PRBS spectral
content. The generation frequency of the binary sequence is set equal to the AFR switching
frequency (24kHz), which establishes the upper identification limit of 12kHz. A 10-bit
register is used to generate the PRBS, resulting in a sequence length (M) of 1023 values.
Therefore, the expected spectral resolution is approximately 23.46 Hz. The amplitude of
the PRBS is selected as 3% of the modulator range. Provided that the dec-link voltage
is kept at 225V, this value corresponds to a perturbation of approximately 6.75V in
the switched voltage generated at the inverter bridge of the AFR. As will be shown in
the following, this amplitude is sufficient to excite the system above noise levels for a

satisfactorily range of frequencies. All the PRBS parameters are listed in Table 3.2.

Table 3.2 — PRBS parameters for the identification of Z;.q

Generation frequency (fo) 24 kHz

Number of bits (V) 10

Sequence length (M) 1023

Number of periods/acquisitions (P) 8

Amplitude (e) 3% (with respect to the modulator)

For each identification to be performed, eight periods of the PRBS are utilized
in order to apply the averaging process explained in section 3.4, improving the SNR.
In each acquisition, three signals are simultaneously sampled in synchronism with the
PWM-—the current through L2 (izs), the PCC voltage (V,e.), and the PRBS. The current
and the voltage are sampled at 24 kHz whereas the PRBS is sampled at a rate one hundred
times slower. By doing so, in a single acquisition, corresponding to a whole PRBS period
of 1023 values, at least ten PRBS values are acquired, which enables the reconstruction

of the sequence with no ambiguity during the post-treatment phase, saving memory.

Concerning the duration of the injection, one 10-bit PRBS period is 42.6 ms
long for fy = 24 kHz. Thus, the total experiment duration, including all 8 acquisitions, is

only 341 ms, or 20.46 cycles of the grid voltage.

The impedance establishing a relation between V.. and iz9 is represented in

Figure 3.9 by Z,4, which readily corresponds to the test impedance (Z.) to be identified.

3.6.2 Simulation Results

The system is simulated using PSIM, and both Time-Alignment and FIR meth-
ods are employed using the same data-set. Figure 3.10 presents V,.. and iz2 before and
after the beginning of the PRBS injection for the AFR operating at approximately 25% of
the rated power. At instant 0.5s, the PRBS is turned on, and the PCC voltage and cur-
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Figure 3.10 — PCC voltage (Vje), current through L2 (i), and the PRBS signal from
PSIM simulation. At instant 0.5s, the PRBS is turned on.

rent do become disturbed. Note that, despite the fact that the perturbation level reaches
almost 0.2 p.u for both current and voltage, the inverter manages to keep the point of

operation around the 60 Hz current reference.

Some details on the post-treatment steps are given in Figures 3.11 and 3.13 for
the Time-Alignment and the FIR methods, respectively. As discussed before, in order to
obtain the impedance, the post-treatment needs to be performed in a two-step manner—
one for finding the transfer function between the voltage and the PRBS point of injection,
and the other for the current. For the sake of clarity, only the waveforms corresponding

to the voltage post-treatment will be shown in this section.

Starting with the Time-Alignment method, Figure 3.11a shows the sampled
output before (y,rev) and during (y) the PRBS injection. Whereas the number of samples
of y is equal to the length of a single PRBS period, 1023, only 400 samples are acquired
for yprep, which corresponds to a single fundamental period of the grid voltage. This set
of samples for y,,., will be used to remove the steady-state component () from y for all
8 acquisitions. Since one PRBS period comprises more than one grid fundamental cycle,
Yprev has to be extended, as shown in Figure 3.11b. This is done by sequentially repeating

the signal as many times as needed. The next step consists of finding the phase shift that
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Figure 3.11 — Details on the Time-Alignment method for a single PRBS period with

y = Vpee. (a) Disturbed output (y) and output prior to the PRBS injection
(Yprev), (D) Yprew is extended to cover the PRBS length, (¢) ypre, is aligned
with respect to y, (d) Subtraction of y,.., from y, and (e) Disturbed com-
ponent () is obtained at the end of the process.
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minimizes the quadratic error between ¥,.., and y in order to get both signals aligned
(see Figure 3.11c). Once the signals are properly aligned, y,,, can be subtracted from y
(Figure 3.11d) to obtain the disturbed component of the output (7). In the last step, the
result of the subtraction is clipped to the appropriate length (1023) at one end, ignoring
the spurious data due to the extension of ... It is worthy emphasizing that this process

is repeated for each period P used.

The signal presented in Figure 3.11e is the system’s response to the PRBS only,
with the influence of the steady-state point of operation suppressed. By cross-correlating
it with the PRBS, the system’s impulse response can be obtained. The auto-correlation of
the PRBS, and the cross-correlation between g and the PRBS are shown in Figures 3.12a
and 3.12b, respectively. Remark that, as expected by the theoretical formulation, the
auto-correlation is an impulse at the origin of magnitude e? = (0.03)? = 0.0009 followed
by a constant value of —e? /M = —8.798 - 1077, while the cross-correlation is the response
of the system to this impulse. By applying the FF'T to the impulse response, the frequency

response can be obtained.

4 4
10 219, ‘ ‘ ‘ ‘ : 10,
x10™* 4r
. 8f 10 5|
2 X1 =
é 6l Y 0.0009 % 2r
S 5 T,é 1+
g 8 oh
S xs 130
©n Y -8.79765e-07 2ot
2 0 — !
A~ 2r 2 4 6 8 10 ] 2r
3+
0 L L L L L L L 4 L L L L L L
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Samples Samples
(a) (b)
Figure 3.12 — (a) PRBS auto-correlation function and (b) cross-correlation between ¢ and
the PRBS.

Before presenting the final identification result, the steps of the FIR method
will be analyzed. For the following results, the filter is tuned to the fundamental frequency
only (unless otherwise mentioned). As any digital filter depending on previous values of
the input, the FIR filter exhibit an initial transient while not enough samples are fed in.
This is shown in Figure 3.13a, in which both y and its filtered version are depicted. If this
transient is not discarded before extracting the disturbed component, the identification
will be compromised. The data-set of y can be extended by one (or more) fundamental
periods so the transient can be discarded, as shown in Figure 3.13b. After subtracting

both signals, and clipping the result to the appropriate length, the disturbed component
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is obtained (see Figure 3.13c). As for the Time-Alignment method, this signal is then

cross-correlated with the PRBS to get the system’s impulse response.
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Figure 3.13 — Details on the FIR method for a single PRBS period with y = V.. (a)
Disturbed output (y) and its filtered version, (b) FIR filter transient is
neglected, and (c) disturbed component () is obtained at the end of the
process.

Figure 3.14 presents the frequency response of Z;; obtained via both post-
treatment methods and through the analytical model. The impedance is inductive at low
frequencies, as expected due to the 1.5mH inductor. A resonance appears at approxi-
mately 4kHz as a result of the 1nF capacitor. On the whole, both methods match well
the expected result for the magnitude and the phase. The most noticeable difference
occurs around the fundamental frequency of the signals, 60 Hz—while the FIR method
managed to completely suppress the influence of the steady-state component (7), the
Time-Alignment method could not eliminate all its vestiges. In the next section, these

results will be compared with the experimental ones.
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Figure 3.14 — Z,; identification result using PSIM for the Time-Alignment method (in

orange) and the FIR method (in yellow), and the expected model result (in
blue).

3.6.3 Experimental Results

The voltage at the PCC and the current through the inductor L2 during the
PRBS injection are shown in Figure 3.15. Despite the disturbance, the AFR controller
keeps the operating point. Comparing with the simulation waveforms (Figure 3.10), both
voltage and current are less affected by the disturbance in the experimental setup, even

though the same PRBS amplitude is used.

The Z;; frequency response obtained experimentally is presented in Figure
3.16, in which both post-treatment methods are compared with the expected result. Note
that, differently from the simulation results, a more significant mismatch between the
identification and the analytical model is observed, specially in the impedance phase
for higher frequencies. Both Time-Alignment and FIR methods present a great response
for the magnitude identification, specially for frequencies ranging from 100 Hz to 4 kHz,
where the resonance can be identified. At low frequencies, the FIR method exhibit a better
performance than the Time-Alignment one—the magnitude and the phase points of the

latter are more dispersed and present a higher deviation from the expected result.
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Figure 3.15 — PCC voltage (in blue) and current through L2 (in yellow) during the PRBS
injection. The voltage was measured with a 1:500 probe, so 1mV in the

figure corresponds to 0.5V in the experimental setup.
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Figure 3.16 — Experimental Z;; identification result for the Time-Alignment method (in
orange) and the FIR method (in green), and the expected model result (in

blue).

Concerning the phase, both methods diverge from the model for high frequen-

cies, specially above the resonant frequency. Nevertheless, the phase response obtained via
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FIR method correlates better with the expected result—whereas the Time-Alignment’s
phase keeps a negative slope after crossing 180°, the FIR method’s phase levels off around
180°. This high-frequency error is expected since the PRBS spectrum has less power
when compared with lower frequencies. Also, it is important to have in mind that some
unmodeled effect may be present in the experimental setup, contributing to the divergence

between the identification and the expected results.
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Figure 3.17 — Example of disturbed component isolation using the experimental data for
(a) the Time-Alignment method and (b) the FIR method.

The low-frequency error—which is more pronounced in the Time-Alignment
method—can be better understood by looking at Figure 3.17, in which an example of the
output disturbed component obtained through both methods is presented. For the Time-
Alignment method shown in Figure 3.17a, observe that a 60 Hz component is still present
in the isolated disturbance although y and ., seem to be well aligned in time. The
FIR method, however, manages to better suppress the steady-state component, as shown
in Figure 3.17b. Note that this residual 60 Hz component does impact on the identified
impulse response, as can be seen in Figure 3.18, which presents the cross-correlation for
both methods. For the FIR method (Figure 3.18b), the impulse response is less affected

by the low frequency component compared to the Time-Alignment one (Figure 3.18a).

Another interesting effect that can be inferred from the impulse responses in
Figure 3.18 is that the Time-Alignment method introduces a small delay when isolating
the disturbed component. Note that the impulse response (Figure 3.18a) takes approxi-
mately 40 samples to start to grow. This delay would explain the high-frequency phase
shift in Z;4 obtained through this method.

In the simulation, no measurement noise was modeled, thus using one or all
eight PRBS periods would lead to the same result. In the experimental setup, however,
noise is inherently present. A comparison between using only a single PRBS period (P =

1) and eight periods (P = 8) in the post-treatment is shown in Figure 3.19 for both
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Figure 3.18 — Cross-correlation between § and the PRBS for (a) the Time-Alignment
method and (b) the FIR method obtained experimentally.

methods. In both cases, using more periods led to more accurate results not only at

high-frequencies—where a lower SNR is expected—, but also for low-frequencies.
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Figure 3.19 — Comparison between the experimental Z;; identification using a single (P =

1) and eight (P = 8) PRBS periods for (a) the Time-Alignment method
and (b) the FIR method.
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3.6.3.1 Effect of Voltage and Current Distortion

In the previous tests, the voltages and currents in the system were sinusoidal.
In order to evaluate the performance of the post-treatment methods under voltage and
current distortions, a nonlinear load is connected in parallel with the test impedance at
the PCC. The nonlinear load is a diode-bridge with LC filter at the dc side.

Figure 3.20a shows the PCC voltage, the current through L2, and the current
drained by the nonlinear load prior to the PRBS injection. Note that the current drained
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by the AFR presents a low distortion level, maintaining the sinusoidal shape, due to the
resonant controller action, which is capable of compensating odd harmonics up to the 9**
order. This effect can be better understood by looking at the spectrum of iy, presented
in Figure 3.21. It can be seen that the current exhibits lower magnitude for the harmonic
frequencies located up to the 9 order (540 Hz) whereas, for higher orders, the magnitude
is more pronounced. The voltage, in turn, presents significant harmonic content even for
the frequencies that are compensated by the controller. Indeed, since the AFR rejects these
harmonics, they flow through the 1.5 mH inductor towards the grid, distorting the PCC
voltage. For the harmonic components that are not rejected, the current flows through

both the AFR and the grid.
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Figure 3.20 — PCC voltage (in dark blue), current through L2 (in light blue), and current
drained by the nonlinear load (in yellow) (a) prior to and (b) during the
PRBS injection.
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Figure 3.21 — V,,.. and i1, spectrum before PRBS injection.

In this scenario, the identification is performed using the same PRBS param-
eters (see Table 3.2). The effect of the PRBS over the circuit is depicted in Figure 3.20b,
in which the perturbed voltage and currents can be observed. The identification result
is contrasted with the expected model in Figure 3.22 for three different post-treatment

settings, using
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o the Time-Alignment method,

o the FIR method with the FIR tuned only to the fundamental frequency (referred
to as FIR funa),

o and the FIR method with the FIR tuned to the fundamental frequency and to odd

harmonics up to the 11** order (referred to as FIRy,).

Above 1kHz, no effect due to the distortion is noticeable; up to this frequency, how-
ever, the identification is affected, as shown in detail in Figure 3.22b. Note that, for all
three strategies, the harmonic content introduced magnitude and phase deviations. The
Time-Alignment method exhibited better distortion immunity when compared with the
FIR fyna result, specially for the phase and for the magnitude in the harmonic range. It
is interesting to notice that, even around the fundamental frequency, the FIR,,q did
not manage to accurately identify the impedance. Indeed, the harmonic distortion—if
not correctly eliminated from the voltage and the current—worsens the frequency leak-
age effect. The leakage occurs whenever the FFT is applied to a non-integer number of
periods of the signal. This effect is already present even with no harmonic distortion,
since the 1023-sample PRBS does not correspond to an integer number of fundamental
periods. When harmonics exist, however, the PRBS number of samples does not match
any of the respective harmonic periods, which aggravates the leakage, compromising the

identification accuracy.
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Figure 3.22 — Identification results for the nonlinear load case considering three post-
treatment methods (Time-Alignment, FIR, and FIR with harmonic com-
pensation). Details between 20 Hz and 1 kHz are shown in (b).

By including some harmonics in the FIR filter, improved results were obtained.

As shown in the FIR,, response in Figure 3.22b, a better magnitude and phase accuracy
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is achieved through this method, although some harmonic content is still present.

Figure 3.23 compares the identification performance in the nonlinear load sce-
nario with the previous one, without the diode rectifier. The comparison for the Time-
Alignment method is presented in Figure 3.23a. Roughly speaking, no considerable dif-
ference is noticed, which implies that the performance of this method is not critically
affected by voltage and current distortions. This is due to the fact that the information
of the system prior to the PRBS injection, used to suppress the steady-state component
of the disturbed signals, comprises the harmonic frequencies. In Figure 3.23b, the FIR,
method is contrasted with the scenario without nonlinear load. Note that both results are
similar, which denotes that tuning the FIR to harmonic frequencies as well is important

in the presence of distorting loads.
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Figure 3.23 — Comparison between the scenarios with and without the nonlinear load for
(a) the Time-Alignment method and (b) the FIR method with harmonic
compensation.

3.7 Partial Conclusions

For the tested scenarios, the FIR method provided better results. Even though
both methods had a similar performance in simulation, the steady-state component at-
tenuation and the high-frequency resolution were better achieved by the FIR method in

the experiment.

In the Time-Alignment method, the previous output state, ¥,e,, is only an
approximation of the steady-state component that it is intended to represent. In the sim-
ulation, the signals are well-behaved and the system’s operating point does not arbitrarily

vary from cycle to cycle; hence, y,,., manages to satisfactorily represent 7, which leads
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to a good identification result at low frequencies. In a real system, however, the point of
operation may fluctuate from one fundamental cycle to another, which makes y,,.,, deviate
from 3. If a voltage sag or swell occurs during the identification process, for instance, the
resulted frequency response will be affected. Depending on the magnitude of the event,
completely compromised. Moreover, the noise in ¥, also undermines the steady-state
component suppression. As observed in Figure 3.17a, part of 7 remains in the disturbed

component, 7, leading to an accentuated low-frequency error in the identified impedance.

For the fact that the FIR method does not use the system’s previous state
to isolate the disturbed component, it is more resistant to voltage and current changes,
as sags and swells, during the identification. As a consequence, it has outperformed the
Time-Alignment method in the experiment. Nevertheless, it is important to point out
the drawbacks of this method. First of all, the information in the filtered frequencies are
lost. In the tested scenarios, for instance, if the impedance at 60 Hz, or at the filtered
harmonics, were to be known, this method could not be employed. In some situations,
this can be particularly detrimental—if the impedance of a converter regulated through
resonant controllers is to be measured, for instance, filtering out the harmonic frequencies

may not be interesting.

Another drawback concerns voltage and current distortions. Even though good
results were obtained with the FIR,, version, if the FIR filter is not appropriately tuned
to all harmonic frequencies to be suppressed, they may interfere in the identification
response. Although the most prominent component is usually the fundamental one, in
some cases, the harmonic components may have amplitudes as high as the PRBS’. If not
properly eliminated, the identification accuracy is compromised, as observed in Figure
3.22. Therefore, in order to apply the FIR method, the distortion levels of the system

must be known beforehand for tuning the filter.

The results presented in this section are crucial for a better understanding of
the identification process when applied to more complex systems, as for the measurement
of the impedance of another PEC, which will be presented in Chapter 5. Before that,
however, the DB-GFI will be introduced in the next chapter.
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4 Deadbeat-Controlled GFl

In this chapter, the deadbeat-controlled grid-forming inverter is introduced.
The chapter starts by presenting the GFI topology and then the details on the deadbeat
controller. At the end, experimental results are presented to evaluate the GFI performance

in different scenarios.

4.1 GFl Topology

In this work, the GFT is a single-phase, full-bridge voltage-source inverter with
LC output filter, as depicted in Figure 4.1. The dc-link voltage (V) represents any energy
storage system, as a battery or a fuel cell. As aforementioned, the role of the GFT is
to maintain the ac-output voltage (v,) with low distortion regardless of the load (Z;)
connected at its terminals. For doing so, the inverter should be able to produce a current
iz, that ensures a sinusoidal current 7. through the capacitor (C), i.e. i, should compensate

all the distorting components that may be present in the load current (4,).

Vie

Figure 4.1 — Topology of a GFI with LC-output filter

Two-level SPWM is utilized, and the sampling is synchronized with the PWM
so that the mean value of the inductor current (within a switching cycle) is directly
sampled. The carrier wave is a symmetric, triangular signal having unitary amplitude.

More details on the hardware used for the experimental tests will be given in section 4.4.

4.2 The Deadbeat Predictive Controller

Different schemes can be used to control an inverter in the grid-forming mode.
Proportional, proportional-integral, resonant-proportional, repetitive, and deadbeat (DB)

controllers are just some examples of control strategies managing to regulate the output
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voltage of an inverter. Besides, these controllers can be organized and associated in differ-
ent forms, composing—for instance—cascaded or parallel control structures (LIU et al.,
2020), which increases even further the number of possibilities. In this work, the DB was
selected not only due to its great dynamic performance, but also because it represents an
interesting research object concerning its impedance model. Moreover, the DB stability
is usually analyzed in the literature only in terms of parameter mismatches, and not via
the IBSC, as will be done throughout this work.

A digital controller is said to exhibit a deadbeat behavior when the regulated
signal is capable of reaching the reference value in a finite number of sampling periods.
That is possible because the DB acts allocating all the poles of the system at the origin so
that the closed-loop transfer function is—ideally—composed only by sample delays. Some
authors refer to the DB as a predictive controller since its operating principle consists of
using the dynamic equations describing the system to obtain the control laws (BUSO;
MATTAVELLI, 2006).

In this work, the DB controller is implemented in a nested, two-loop structure,
similar to the one presented in (BUSO et al., 2001), as depicted in Figure 4.2. The inner
loop regulates the current 7; through the LC-filter inductor and the outer one regulates
the output voltage v,. Also, capacitor-current feedforward is utilized in the voltage loop

in order to improve controller’s performance. The details are explained hereinafter.

PER S e N -

1
1 Vo 1o ir Vo '— Measurements

Figure 4.2 — Simplified controller topology.

4.2.1 Current Loop

The objective of the inner loop is to determine the voltage that the inverter has
to produce in order for the inductor current to reach its reference value in a predetermined
number of sampling periods. In other words, the current loop is responsible for calculating
the value of the duty-cycle that, during a switching period, would generate the required

average voltage at the inverter terminals. Consider the following reasoning.

The discretization of the equation describing the current through the inductor

L over a switching period leads to

ZL(k + 1) = ZL(k“) + [Umv(k) - Uo(k)]7 (41)

L'fsw



Chapter 4. Deadbeat-Controlled GFI 61

where v;,, is the average voltage generated at the inverter output before filtering (see
Figure 4.1) and f, is the switching frequency, which is equivalent to the PWM carrier
frequency. The samples are acquired once a switching cycle, synchronously with the PWM,
such that iy (k) is the average value of the inductor current within a switching period.
Using (4.1), one could determine the voltage v;,,, (k) that would lead the current iy, (k+ 1)
to the desired value at instant k£ 4 1. In practical terms, though, it is crucial to consider
the computational delays involved, since the calculations take a finite amount of time to
execute. A conservative but effective way of doing so is to reserve a whole sampling period
for calculations. Thus, (4.1) should be delayed by one sampling period, resulting in

ir(k+2) :z’L(k+1)+L_1f[vm(k+1)—vo(k+1)]. (4.2)

Substituting (4.1) into (4.2),

ZL(k + 2) = ZL(k) + L‘lfw}[vinv<k + 1) + Uinv<k) - Uo(k + 1) - Uo(k)]' (43)

Considering that the filtered voltage v, does not vary very much between two consecutive

samples, i.e. v,(k + 1) = v,(k), the following expression is obtained
Uinv<k + 1) = —Uim)(k) + QUO(k) + Lfsw [ZL(]C + 2) — ZL(k)] (44)

Finally, knowing the relation between v;,, and the modulating signal (m) (see Appendix

A), one can deduce

k1) = =) + T e () = i ()] + ) (45)
where i, (k+2) was replaced by its reference value i,.; at instant &, and V7 is the dc-link
voltage. Note that both V! and L™ now carry a superscript, indicating that they are
considered as model quantities used for calculations, which might differ from the values
present in the real setup. In case of parameter mismatch, the controller performance is
degraded and, in case of strong mismatch, the controller becomes unstable (BUSO et al.,
2019), as will be detailed in section 4.2.3. In this work, the model quantities are considered

to be matched with the real setup unless otherwise mentioned.

By means of (4.5), it is possible to derive the modulation signal to be applied
at instant £+ 1 based on the information about the system quantities at instant k. Hence,
from instant £ 4+ 1 to k + 2, the desired average voltage will be produced by the inverter
such that the inductor current reaches the reference at instant k& + 2. Thus, the closed-
loop transfer function between iy and i,.¢ is simply given by a two-sample delay. This
reasoning is summarized in Figure 4.3. Since the calculation results are applied at every

switching cycle, the current loop is said to operate at a rate equal to fy,.
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Figure 4.3 — Timeline for DB current control.

4.2.2 Voltage Loop

The voltage loop can be understood in terms of the dynamic equation char-
acterizing the output capacitor, and in terms of the Kirchhoff’s current law for the node
connecting the load to the LC filter. A DB control law could be derived to determine the
appropriate current ¢, that leads v, to its reference value. Hence, the outer loop could
use the calculated 7. and the load current (i,) to generate the reference to be used by the

inductor-current controller. Thus, the output of the voltage loop can be written as
Z.ref =le+ 1o = AZc + Z.c,FF + io; (46)

where the capacitor current was split into two different components: ¢, pp is a portion
that is feedforwarded and Az, corresponds to the deviations that have to be regulated by
the DB voltage control.

The reasoning behind the use of the feedforward strategy is worth commenting:
since the relation between the capacitor’s voltage and current is well-known, 7. can be

directly estimated from the voltage reference via any discrete-derivative technique, as
Z.C,FF(]{:) = Cmfsw : [Uref(k) - Uref(k - 1)] > (47)

where C™ is the capacitor value used in the computations, and v, is the voltage reference.
Of course, if this feedforward estimate were used alone, the system would not operate in
closed-loop. Consequently, the voltage controller must work alongside in order to generate
the portion Ai., which compensates any deviation. The expression for Ai. that exhibits
a DB behavior (BUSO et al., 2001) is given by

Ai.(n) = =Ai.(n— 1)+ % - |vrep(n) — vo(n)]. (4.8)
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As demonstrated in Appendix B, (4.8) is constructed in such a way that the voltage reaches
its reference value in a single control cycle. However, in order not to deteriorate system’s
phase margin and to avoid instabilities, Ai. should not be updated at the same rate as
the current loop (BUSO et al., 2001). Instead, (4.8) must be computed only at every two
switching periods since the current loop introduces a two-cycle delay. By doing so, the
delay introduced by the inner loop becomes negligible from the voltage loop point of view
(BUSO; MATTAVELLI, 2006). That is why the independent variable k& was replaced by
n in (4.8), indicating that the sampling instants occur at every n - 2/ fs,,. For this reason,
the voltage loop is said to operate at a rate equal to fg,/2 even though the components
te,rr and i,, which constitute the current reference as well, are updated every switching

period.

The timeline in Figure 4.4 shows the sequence of events of the voltage controller
with respect to the inner loop. Once v, and i, are sampled, i, is calculated using (4.6)—
(4.8) and the measured load current (i,). With the result, the next modulation index can
be obtained through (4.5). Note that, differently from the current loop, no extra delays
need to be deliberately introduced to take into account the computational delay. This
is only possible for the fact that the voltage loop operates at a slower rate. The only
constraint is that the total time for calculating both 7,.; and m does not take longer than
a switching period.

iz and v, m(k+1)is if, reaches
are sampled applied the reference

m(k+1) is | Required Vinv

calculated is generated
f_Jﬁ r A N current loop
’ E = : >
k : kE+1 k+2 sampling
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= E : >
H_J voltage loop
iref is calculated
Vo and %o v, reaches
are sampled the reference

Figure 4.4 — Timeline for complete DB control.

The complete control diagram, including both control loops, is depicted in Fig-
ure 4.5. Note that a distinction is made between the different operation rate domains. The
block Tpymp(2) in the current loop represents the computational delay, which corresponds
to the one-sample delay (z7!) that was reserved for calculations when developing (4.5).
Following the Tiom,(2) block, there is the PWM model, which will be detailed in the next
chapter. The inverter itself is represented by the gain Vj., while Z; () and Z¢(z) account



Chapter 4. Deadbeat-Controlled GFI 64

for the discrete impedances of the LC-filter inductor and capacitor, respectively. All gains

and filters related to signal conditioning were omitted for the sake of simplicity.
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Figure 4.5 — Complete control diagram.

4.2.3 Internal Stability Analysis

The stability of a DB controller is typically analyzed regarding the behavior
of its closed-loop poles upon parameter mismatches, which is one of the most important
concerns related to the DB—whose mitigation has been sought by many works (BODE
et al., 2005; MARTIN; SANTI, 2014). In this paper, this approach is referred to as the
analysis of the DB internal stability since no external influence is taken into account. By
external influence, one should understand as any output that is fed back into a loop but

that is not directly controlled by it.

For example, from Figure 4.5, the current-loop can be simplified into the dia-
gram shown in Figure 4.6 if the influence of v, is neglected. In this analysis, the digital
PWM model is not taken into account as well. From this diagram, the open-loop transfer

function H;(z) of the inner loop can be written as

L 1 » 1

H;(z) = . . Ve s ——. 4.9
0= e e (4.9
If the forward-Fuler discretization method is applied, Z1(z) can be written as

-zt

Although any other discretization method could be applied, the forward-Fuler was uti-

lized to ensure consistency since the DB equations are also obtained through this method.
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Figure 4.6 — Current-loop direct path considering v, = 0.

From (4.9) and (4.10), the closed-loop transfer function G,(z) can be determined as

L Vi » L VJ?)]l

Gi(z) = [L_mvdcz (1= e (4.11)

whose poles are given by

Z:iﬂ _%] [%]. (4.12)
L™ Vi | LL™ Vg,

If no parameter mismatch is present, i.e. L™ = L and V? = V., the pole pair remains at
the origin of the z-plane as desired, resulting in G;(z) = 2~2. Figure 4.7, however, shows
the behavior of the poles upon inductance and dec-link voltage mismatch. For the inductor
case, considering that there is no error regarding V", the internal stability is ensured as
long as L™ does not go beyond twice the value of the real inductor, since the poles remain
within the unit circle (see Figure 4.7a). For an error on the other direction, with L™ < L,
the system stability is not at risk. It is worth remarking that even if the eventual mismatch

is not strong enough to cause instability, the performance of the controller can be deeply

degraded inasmuch as the poles move away from the origin.

Similar conclusion holds for mismatches regarding V. This time, the system
becomes unstable if V7 is lower than half of the real Vy. value (see Figure 4.7b). In
practical applications, the inductance parameter is a matter of more concern than the
dc voltage one. Whereas the V. value can be easily measured and dynamically updated

in the control equations, the online identification of the inductance may require more
advanced techniques (MARTIN; SANTI, 2014).

Figure 4.8 shows the step response of the current controller obtained through
simulation using a switched model in PSIM. The step responses are acquired for different
levels of mismatch of the parameter L. Remark that the sampled inductor current reaches
the reference value in two samples when L™ = L, as desired by the DB formulation. When
the mismatch is present, however, the control performance diverges from the expected one.
For L™ < L, the response is overdamped, whereas it becomes undamped for L™ > L.
Note that an oscillatory, unstable response is obtained when L™ = 2L, as expected. It is
worth commenting that this simulation includes a digital PWM block; hence, despite the

fact that it had been neglected during the aforedescribed analysis, the conclusions still
hold.
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Figure 4.7 — Influence of parameter mismatches on the closed-loop poles of the current
controller with respect to (a) L™, with V» = V., and (b) V', with L™ = L.

For the voltage loop, the simplified diagram is presented in Figure 4.9, where
the influence of the load current was neglected. Also, the feedforward component was
not considered since the poles and zeros that it introduces are not affected by parameter
uncertainties. Recalling that the voltage loop operates at half the rate of the current loop,
the analysis would not be possible if both parts of the system were not represented in
a single-rate fashion. For that purpose, the two-sample delay introduced by the current
loop—with respect to a sampling frequency equal to f,,—was considered as a pure unit
delay so that it becomes consistent with the voltage-loop rate. That is why G;(z) appears

as 27! in Figure 4.9.

Following the same reasoning as for the current loop, the closed-loop transfer

function G, (z) that represents the voltage controller is

Gy(2) = C; 22+ (O(;n —1) . (4.13)

It can be shown that the poles of G, (z) respond to a mismatch regarding C™ in the same
way the poles of G;(z) do for the parameter L™. Hence, if C™ > 2C', the voltage loop
becomes unstable. The voltage loop internal analysis is not as straightforward as for the
current loop, since the rate domain transition, the load current feedback, and the use of
feedforward introduce certain dynamics that are not taken into account. For this reason,
the voltage loop performance upon parameter mismatches will be discussed based on the

experimental results that will be presented in the next section.

It is worth emphasizing that the analysis of the herein-called internal stability

considers both the feedback of v, in the current-loop and the feedback of 7, in the voltage
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Figure 4.9 — Voltage-loop direct path considering 7, = 0.

loop as disturbing signals; by doing so, these quantities are treated as if they were inde-
pendent inputs of the system—yet they are affected by the controller itself and also by
the load. Even if all parameters match perfectly the real values, the system might become
unstable upon certain conditions from the IBSC point of view. As explained in Chapter
2, even if the controller is stable by design, interactions between the converter and the

network may engender instabilities.
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4.3 Hardware Description

In this work, the experiments are realized using a three-phase, four-leg Sup-
plier® inverter assemblage (Figure 4.10) configured as shown in Figure 4.11, with the main
parameters presented in Table 4.1. The neutral point is connected to the middle point
of the split-capacitor dc link. The fourth transistor leg is used as a buck-boost converter
with constant 50% duty-cycle to balance the dc voltages. Even though the hardware is
for three phases, it is important to emphasize that the focus of this dissertation is the
analysis of a single-phase GFI. Due to the access to the neutral point, the single-phase
DB controller herein discussed can be straightforwardly extended to a three-phase ver-
sion, since each phase can be independently controlled. The only precaution that must
be taken is to consider the V" parameter as half the total dc-link voltage, since this is
the effective voltage applied to one phase with respect to the neutral point. With this in
mind, the analysis of the single- and the three-phase versions are equivalent. In future
applications, this hardware will be used as a three-phase, four-wire GFI in the microgrid

of the Laboratory of Microgrids (LabREI) at Unicamp.

Figure 4.10 — GFI hardware.

The controller is implemented in a F28335 DSP using PSIM’s SimCoder library

for code generation. The currents are measured using LA 100-P LEM ® Hall-effect sensors,
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Figure 4.11 — GFI hardware configuration.

Table 4.1 — Setup parameters

GFI
Power (.5) L0kVA (single-phase)
Output voltage (v,) 127V s
Output frequency 60 Hz
Dec-link voltage 600V (Vg =300V)
Switching frequency ( fgw) 19.8 kHz
LC filter

Inductance (L) 625 nH
Capacitance (C') 105 pF
Cut-off frequency ~620 Hz

whereas the Agilent® HCPL-7510 sensor is used for voltage sensing. The measured signals
are conditioned and filtered through second-order Butterworth analog filters. For the
inductor current (iy) the cut-off frequency is set at 50kHz, while the load current (i,)
and the output voltage (v,) are filtered at 19.8 kHz. These values are summarized in Table
4.2. Note that, in this application, these filters work as denoising filters, and not as anti-
aliasing, since the switching and sampling frequencies are set at 19.8 kHz as well. Specially
for the inductor current, no anti-aliasing filter is needed due to the synchronism between
sampling and PWM, since what is to be reconstructed by the samples is the instantaneous
average value of the current, and not the entire current itself (BUSO; MATTAVELLI,
2006). An anti-aliasing filter would introduce delays, compromising the synchronism and
thus affecting the control performance. That is why a higher cut-off frequency is used
for this current. Moreover, the inductor current is more immune to alias produced by
external sources due to the filtering provided by the LC filter. For v, and i,, delays are

of less concern due to the slower dynamics of the outer loop.
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Table 4.2 — Cut-off frequencies of the denoising filters.

L 50 kHz
Vo 19.8 kHz
lo 19.8kHz

4.3.1 LC Filter Design

The LC filter is designed based on a standard methodology (Guerreiro et al.,
2018). The inductor is calculated to limit the current ripple (Aig) to 15% of the rated

current. Based on
Vdc

2-Aip - fow

a lower limit of approximately 452 nH for the inductance can be found.

L> (4.14)

The capacitor is chosen to set a predetermined filter’s cutoff frequency. Recall
that all the operation principle of the DB controller is based on the average, within a
switching period, of the regulated quantities, specially i, and v,. Thus, it is crucial that
the samples represent, with small error, their average values. For the current 7, this is
ensured by the PWM and sampling synchronization. However, the same is not valid for the
v, samples. Thus, the cutoff frequency of the LC filter should be located many times below
the switching frequency in order to ensure a small enough voltage ripple, and consequently
a small error between the sampled and the average values. Previous simulations showed
that a cutoff frequency approximately 30 times smaller than f,, produced good results
(BUSO et al., 2001). The values of L and C' that represent a good trade-off between the
constraints imposed by (4.14) and the cutoff frequency are listed in Table 4.1.

4.4 Experimental Results

The performance of the DB-GFT was verified upon different scenarios, for both
linear and nonlinear loads. Moreover, experiments were realized in order to analyze the

effect of parameter mismatches on the generated output voltage.

4.4.1 Resistive Load Test

Before adding the resistive load, the GFI was tested unloaded, as shown in
Figure 4.12a. All the voltages presented in this section where measured using a 1 V:1000 V
probe, such that 1mV in the figures correspond to 1V in the setup unless otherwise
mentioned. As confirmed by the spectral content presented in Figure 4.12b, the voltage

generated by the converter is sinusoidal, with no significant harmonic content. The RMS
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value measured by the oscilloscope (125.7 V) is slightly different (=1%) from the expected
one of 127 V.
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Figure 4.12 — (a) Output voltage (v,) for the no-load condition, and (b) its FFT.

Figure 4.13' shows the waveforms for the converter supplying three levels of
resistive load—approximately 400 W, 750 W, and 1kW, which represent 4%, 7.5%, and
10% of the rated power, respectively. A voltage drop is observed with respect to the
unloaded case. This is due to the non-null value of the converter’s impedance at 60 Hz.
Even though the controller is designed so the converter behaves as close as possible to
an ideal voltage source, with low impedance, this is not achieved in practice. As will be
detailed in Chapter 5, the impedance of the DB-GFI presents a low—but finite—value
at 60 Hz, which causes a voltage drop when a current passes through. The values of
the voltage drops for all three tested cases are listed in Table 4.3, with the corresponding
percent variation with respect to the unloaded case (125.7 V). Although not really accurate

due to the lack of extra data points, it is possible to estimate an impedance of roughly

L Current dc level due to measurement probe.
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0.5 at 60 Hz for the GFI using the values in Table 4.3. This result will be contrasted
with the ones obtained through the PRBS identification in Chapter 5.
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Figure 4.13 — Output voltage (v,) and load current (i,) for (a) 400 W, (b) 750 W, and (c)
1 kW resistive loads.

Figure 4.14a shows the controller behavior upon the connection of a 1kW

resistive load. The connection occurs at the peak of the voltage, which is the worst point

for the converter to respond. A voltage transient of approximately 15V is observed, which

is quickly extinguished by the controller in less than 0.5 ms. At this point, it is important
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Table 4.3 — Voltage drop due to resistive load (with respect to 125.7V).

Load AV (Vims) AV (%)
400 W 2.4 1.9%
750 W 3.6 2.9%
1 kW 4.3 3.4%

to separate two different effects involved in the transient—the controller response and the
converter’s physical limitations. A converter’s capacity of delivering current is limited by
the dc voltage and by the ac-filter inductance, since the allowed current variation through
the inductor is given by

At

Aip = T(I/;lc — ), (4.15)

which varies depending on the instantaneous value of v,. When v, is at its peak, the
GFI can deliver a maximum of 9.7A (or 0.09 p.u.) in a switching cycle considering the
parameters in Table 4.1. This value increases to 24.2 A (or 0.22 p.u.) when v, is at the zero-
cross. Thus, even if the controller were able to instantly respond to a load transient, the
converter would be physically constrained in the case the current load variation exceeded

these limits.
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Figure 4.14 — Output voltage (v,) and load current (i,) for a 1 kW load step for (a) V. =
300V and (b)Vg = 210V.

Actually, the current step shown in Figure 4.14a represents a current variation
that is above the hardware capacity. The current raises from zero to approximately 12 A
almost instantly. Thus, the magnitude of the current step provoked by the load connection
takes the controller out of the linear region of operation, making the modulating signal
(m) reach the saturation ceiling of 1. Nonetheless, the DB controller manages to quickly

extinguish the transient.

To illustrate the influence of the dec-link voltage on the GFI’s dynamical per-

formance, another test was carried out for a reduced value of V. (210 V), whose results
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are presented in Figure 4.14b. In this situation, the voltage delta over the inductor when
v, is at its maximum is of only 30V in lieu of 120V for the precedent case. This implies
a decrease in the current delivery capacity, which drops to 2.5 A per switching cycle. The
impact of this reduction is noticeable in the voltage transient shown in Figure 4.14b. Not
only the voltage transient increases (to almost 25V), but so does the time needed to

suppress the transient (to approximately 1.5ms).

4.4.2 Nonlinear Load Test

The DB performance was also tested for the nonlinear load depicted in Figure
4.15. Tt is a 650 W, single-phase diode rectifier with a dc-side LC filter, whose cutoff

frequency is set at approximately 30 Hz.

YYY ] |/ YYY
300uH 8 mH
Vo [ 50 Q2
2.82 mF

Figure 4.15 — Nonlinear load topology and parameters.

The voltage formed by the GFI and the current drained by the load are shown
in Figure 4.16a with the respective FFT. According to the oscilloscope measurement,
the power drained by the load is of approximately 490 VA. The harmonic values can be
found in Table 4.4. The current presents a Total Harmonic Distortion (THD) of 48.68%
(calculated up to the 40*® harmonic), with a crest factor of approximately 2. Despite the

current distortion, the voltage remains almost unaffected, with a THD of 1.13%.

In order to test the GFI performance further, the 8 mH inductor was taken off
the nonlinear load. With the capacitive filter only, the current crest factor increases to
roughly 2.7, and the apparent power reaches 870 VA. Figure 4.17a presents the voltage
and current waveforms as well as their spectral contents. A voltage peak flattening can
be observed during the current pulses. The current distortion now reaches 114.7% while
the voltage THD raised to 2.37%. The values for each harmonic component can be found
in Table 4.5. It is worthy highlighting that the maximum load current variation is of
approximately 0.4 A per switching cycle, which is comfortably within the GFI physical

limitations, implying that the observed distortion regards only the controller performance.
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Figure 4.16 — (a) v, and i, waveforms and their and their respective FFT in (b) and (c)
for the nonlinear load case.

4.4.3 Operation Upon Parameter Mismatch

As explained in section 4.2.3, the performance—and even the stability—of the
DB controller may be compromised in case of parameter uncertainties. The steady-state
performance of the DB-GFI was tested for mismatches in the parameters L™ and C™

alming.
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Table 4.4 — Voltage and current harmonics for the nonlinear load (with LC filter) test.

Harmonic Vo (Vims) io (Arms) Harmonic Vo (Vims) io (Arms)
order order
1 122.3 3.543 2 0.00003 0.099
3 1.213 1.668 4 — 0.044
5) 0.258 0.339 6 — 0.026
7 0.074 0.203 8 — 0.022
9 0.074 0.114 10 - 0.011
11 0.074 0.062 12 - 0.014
13 0.074 0.051 14 - 0.011
15 0.037 0.037 16 - 0.007
17 0.037 0.022 18 - 0.007

Table 4.5 — Voltage and current harmonics for the nonlinear load (with C filter) test.

Harmonic Vo (Vims) io (Arms) Harmonic Vo (Vims) io (Arms)
order order
1 122.9 4.622 2 0.700 0.298
3 2.173 3.981 4 0.111 0.192
5 1.547 2.913 6 0.074 0.070
7 0.810 1.709 8 — 0.022
9 0.258 0.700 10 — 0.062
11 0.074 0.192 12 - 0.044
13 0.258 0.295 14 - 0.004
15 0.184 0.247 16 - 0.026
17 0.037 0.107 18 - 0.037

The model parameters were shifted from the nominal values in order to emulate

mismatches ranging from 50% to 120%. Figure 4.18 presents the GFI output voltage

contrasted with the voltage reference for different cases. The voltage reference was read
from the DSP using a 12-bit digital-to-analog converter (MCP4921/4922) through the
serial peripheral interface (SPI) with a sampling rate of 1.2kHz. That is why this signal

is stepwise in the figure.

It is worthy pointing out that the mismatches are relative to the values the

inductance and the capacitance are supposed to have—6251nH and 105 pF—, which may

differ from the real values. Indeed, there will always be parameter uncertainties accounted

for several reasons, as the components’ manufacture and assemblage, the system’s point

of operation—the inductance, for instance, may vary depending on the current level—,
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Figure 4.17 — (a) v, and i, waveforms and their and their respective FFT in (b) and (c)

for the nonlinear load case with capacitive filter only.

unmodeled effects, etc. Thus, the real mismatch present in the tested cases may be slightly

different from the expected one.

From the results in Figure 4.18, no severe issue was observed for the tested

cases, specially for the mismatches in L. The most noticeable performance degradation

concerns the test for C™ = 0.5C (Figure 4.18b), in which v, remarkably lags behind the

reference, specially when v, is increasing in value.
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Figure 4.18 — Output voltage v, (in pink), and voltage reference (in light blue) for different
mismatches between model (L™, C™) and setup parameters (L, C').

4.5 Partial Conclusions

The DB-GFI operation was verified for different scenarios. The controller was

able to satisfactorily follow the 60 Hz sinusoidal reference, specially for the unloaded case.

When supplying the resistive loads, voltage drops were observed in v, due to the converter

impedance at 60 Hz, roughly estimated as 0.5€). For the nonlinear load tests, the current

distortion affected the output voltage within acceptable limits, reaching a THD of 2.37%

when supplying the rectifier with capacitive filter only. This value is reasonable considering

the elevated magnitude of the current THD (114.7%). It is important to note, however,

that the load level was not the nominal one in any of the tested scenarios. In the nonlinear

load case, the voltage distortion would increase for higher power levels if the current shapes

were kept the same.
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Concerning parameter mismatches, no major issues were verified for the tested
scenarios. However, it is worthy pointing out that the mismatches were kept within the
theoretical stability limits. The tested range comprises mismatch values that would occur

in practice, though.

The 60 Hz voltage drop and the distortion upon nonlinear load suggest that
the DB-GFI impedance in the harmonic range is not negligible—and may not be as
negligible as expected by the ideal DB performance. In the next chapter, the impedance
model of the GFI will be presented and measured. With the theoretical model and the
measurement at hand, the effects influencing the converter impedance and dynamics will
be further explored, contrasting the analysis with the results presented in this chapter.

Also, an improvement on the DB controller will be discussed.



80

5 Grid-Forming Inverter Impedance Model

and Measurement

In this chapter, the DB-GFI impedance model is presented. Initially, a model
is derived for the inverter operating as a current source, with only the current loop closed.
Then the complete model, including the outer voltage loop, is derived. The effect of
the parameter mismatches on the inverter’s impedance is analyzed as well. The method
exposed in Chapter 3 is employed to identify the DB-GFI impedance experimentally. From
the comparison between the measured impedance and its analytical model, a possible

improvement for the DB controller is identified and tested.

5.1 DB-GFI Impedance Model

5.1.1 Inverter as a Current Source

The impedance model for the current loop can be obtained from the controller
scheme after some block-diagram algebra, as depicted in Figure 5.1. The result of the

manipulations is a Norton equivalent circuit with an ideal current source of value G; - i,e¢

4 5 N\

ym

v o
'I:ref Lm. + Viny N 3 Vo

| ) 1 HewamHva ’ 17 Ze >
QTR :
n 2! Teomp i
- 1/7; |«
Va2 ! /%

1/Z, |« *

Figure 5.1 — Impedance model for the inverter operating as a current source.
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in parallel with an impedance given by

1

Zoi =~ &g
T dist

(5.1)

G; represents the closed-loop transfer function of the inner loop, which is equal to the one
derived during the internal stability analysis, except that, now, the PWM model is not
neglected. As will be shown, neglecting the delay introduced by the PWM may result in
an overestimation of the impedance value. The transfer function denoted by G}2,,—where

dist is for disturbance—accounts for the influence of the voltage feedback over Z, ;.
The digital PWM small-signal representation for a triangular carrier is given

ST GLELE) B RIE23) RS

in the s-domain (SYPE et al., ), where f, is the sampling frequency and D is the duty-cycle

by

at a certain point of operation. This equation is valid when the PWM is synchronized with
the sampling process, and the samples are acquired once per switching cycle, during the
modulator on-time. For ac operation, the average duty-cycle is equal to 0.5. By making
D = 0.5 in (5.2), the equation reduces to

2fs

which is equivalent to a half-sample delay. When the system is modeled in the discrete

PWM(s) = exp (— i ) , (5.3)

domain, the PWM is typically considered as a pure unit delay since it is not possible
to readily represent a half-sample delay in the z-domain. Two options to work around
this difficulty are 1) rewrite the control equations in the s-domain and model the entire
system in s, or 2) rewrite (5.3) with a Padé approximant and discretize it, so that the
entire system can be written in the z-domain. As it will be shown, both approaches lead

to similar results.

For the continuous impedance model, Z,;(s), the DB transfer functions in
z, Gi(z) and G, (2), can be taken to the s-domain through the inverse transform of
any discretization method. Again, the forward-Euler method is employed since the DB
equations are derived using the forward-Euler integral. The relation between z and s is

given by
s

=7
For the discrete impedance, Z,;(z), the DB equations are naturally in the z-
domain—only the LC-filter and the PWM model have to be discretized. For the former,

z + 1. (5.4)

simple forward-Euler discretization technique is employed; for the latter, (5.3) is first
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written as its second-order Padé! form

1 1 2
s\ Lo gpstaps

exp A MR (5.6)
2fs) 1t apstqps

and then the forward-Fuler discretization is applied.

Figure 5.2 presents the frequency response obtained for both continuous and
discrete models of Z,; for the setup parameters presented in Table 4.1. Both of them
are compared with their respective versions that do not include the PWM half-sample
delay. The figures also present, for reference, the frequency response identified in PSIM
simulation through PRBS injection. In the simulation, a switching model of the converter
was utilized and all components were considered ideal. Note that not taking the PWM
model into account led to a 6dB gap between the model and the PRBS reference. Even
though a 6dB difference may not be significant depending on the final purpose of the
model, it still represents a factor-two error. It is interesting to notice that the PWM
dynamics affect all the frequency range, which may compromise the accuracy of the outer
loop impedance if not taken into account. A similar result was shown in (BUSO et al.,

2019). In this dissertation, the models that will be further derived from Z,; will include
the PWM effect.
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Figure 5.2 — Continuous (a) and discrete (b) impedance models for the current loop (Z,;),
highlighting the effect of the PWM half-sample delay.

Comparing the continuous model in Figure 5.2a with its discrete version in

Figure 5.2b, no meaningful difference is observed for frequencies lower than 1kHz. For

1

The second-order Padé approximant for a general delay function exp(—6s) is given by

_8 6% 2
1 55+ 1358

exp (—0s) ~ .
p(=0s) 1+g5+%52
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higher frequencies, however, some small differences are spotted. Concerning the phase,
the discrete model matches better the reference, presenting no noticeable error up to
around 3 kHz, whereas a light mismatch is found for the continuous model from 1kHz to
3kHz. For the magnitude, the discrete model also outperform the continuous one for high
frequencies—while Z, ;(s) diverges from the reference for frequencies above 3kHz, Z,;(z)
response tends to keep track of the reference. Actually, Z,;(z) without the PWM model
matches perfectly the identified phase, and the same would occur for the magnitude if it
were not for the 6 dB shift. The magnitude and phase high-frequency deviation regarding
the z-model with PWM is assumed to be due to the approximation using the Padé form

followed by discretization.

All models converge for the fact that the impedance acts as an integrator
for lower frequencies, corresponding to a capacitive behavior. Considering no parameter
mismatch, and neglecting the PWM effect, Z,;(z) reduces to

mesw : 22
Zoile) ="

in the discrete domain, from which it is possible to derive the equivalent capacitance as

(5.7)

1/(L™f2%)). Since the PWM acts reducing the impedance by a factor of two, the equivalent

impedance considering this effect is given by two times the latter, 2/(L™f2 ).

In the following, the results herein presented will be used to derive the complete
impedance model of the DB-GFT.

5.1.2 Inverter as a Voltage Source

Similar procedure can be applied to the outer loop. When including the voltage
controller, however, some new challenges arise since the current and the voltage loops

operate at different rates, as will be discussed.

The control diagram can be redrawn with the current loop represented in terms
of the impedance model, as shown in Figure 5.3. Indeed, from the Norton equivalent circuit

derived in the last section, the following equation holds
Giiref — Zo,ivo = ’io -+ ’ic. (58)

As suggested in Figure 5.3, the system can be represented by a Thévenin equivalent
circuit composed by an ideal voltage source of value Gv,s With a series impedance Z, ,,.
The transfer functions G;,_ pr and Ga;, accounts for the capacitor-current feedforward and
the voltage loop DB equation, respectively. The term G, represents the voltage controller
closed-loop transfer function, which can be found as the relation between v, and v,y when
1, 18 zero, as

G, = . (5.9)
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Figure 5.3 — Impedance model for the inverter operating as a voltage source.

Similarly, the impedance Z,, corresponds to the relation between v, and 7, when the

voltage reference is zero, as in
Vo
Loy = —— ) (5.10)
29 -
Vpe § =0
where the negative sign is for the adopted current direction convention. Note that the
feedforward has no impact on the impedance since it only has the voltage reference as

input.

All the elements corresponding to the current loop have been modeled in the
previous section for both continuous and discrete domains. The next step consists of
correctly integrating ;. pr and G a;, into the model, recalling that G/a;, operates at half
the frequency of the inner loop. To deal with this issue, two of the possible procedures
are 1) resample G ;, at the same rate of the current loop in order to obtain the complete
model in the z-domain, and 2) convert G;, pr and Ga;, to the continuous domain and
integrate them into the s-domain current-loop model. Both options require some sort of

approximations, each one with its own advantages and disadvantages.
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5.1.2.1 Discrete Model

For applying the z-domain approach, the DB transfer function

Cm sSw
Gai(2) = 2f (1—271, (5.11)
fow/2
can be written as if it were to be executed at twice the rate,
Cm Sw
)| =Clmaa, (5.12)
fsw

The only difference between (5.11) and (5.12) is that the unit delay was substituted by a
two-sample delay in order to compensate for the rate change. Of course that this is just
an approximation, since—in the real controller—Ga;, (z) only changes its output (Ai..)
each two switching cycles. For the samples in between, the inner loop sees A, as if it was

under a holder effect.

Once this approximation is done, a single-rate diagram can be obtained so the
discrete impedance model can be derived as
1-G;
GiGRr +1/Z,; + 20

)

Zow(2) = (5.13)

whereas the closed-loop transfer function, including the feedforward effect, is given by
GRrGiZcZ,,
Zoi+ Zo + GR{GiZc Zos

Gi.rr
fsw
Gx;

lc

Gy(z)= |1+

(5.14)

5.1.2.2 Continuous Model

Concerning the continuous model, it can be obtained in a more straightforward
way by applying the forward-Euler transform to G;, pr and Ga;, using the corresponding
sampling rates. Similar procedure is adopted in (PETRIC et al., 2022), in which a multi-
rate discrete system is modeled in the continuous domain by utilizing another z-to-s
transform. It is important to recall that, in our case, a zero-order holder (ZOH) effect
exist at the interface between both rate domains. Thus, a ZOH,
1—exp(—sT,) 1- e'rp(_sfs%)

sT, 2 ’

ZOH(s) = .
fsw

(5.15)

written with respect to the outer loop sampling rate (1/Ts = fs,/2), is added in series

with G, as shown in Figure 5.4.

The presence of this ZOH can be understood from another standpoint. In
digital-controlled systems, the sample-and-hold effect is usually modeled as a ZOH with
T, corresponding to the sampling frequency of the system. By doing so, both continuous-
to-discrete and discrete-to-continuous conversions are taken into account—the former re-

garding the sampling process, and the latter, the holding effect. In digital-controlled power
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Figure 5.4 — Continuous domain diagram for impedance model derivation.

electronics systems, the PWM itself plays the role of the discrete-to-continuous converter;
therefore, by including the PWM model, the ZOH effect is already taken into account.
In our two-rate system, the PWM does play this role—only for the part of the system
that operates at f,,, though. Hence, for modeling the sample-and-hold effect regarding
the signals that are sampled at half the switching frequency, the ZOH must be added. In
the end, the equivalent continuous system becomes the one depicted in Figure 5.4, from

which the s-domain form of Z,, and ¢, are deduced as

1 -G

Zoaw(s) = ; (5.16)
GiGri Z0H + 1/Z,; + Zc
Gu(s) = Gi..rr GhrGiZeZ,; ZOH -
° GLrZOH | Zyy + Zo + GR2GiZe Z,; ZOH '

Roughly, the difference between (5.16) and (5.17) and their discrete version is the ZOH

term.

5.1.2.3 Model Comparison

The frequency response of Z,, for both discrete and continuous domains are
contrasted in Figure 5.5 with a PRBS identification result obtained via PSIM simula-
tion. As previously done for Z,;, no nonidealities are considered in the simulation. The
difference between both models is noticeable, specially for frequencies above 1kHz. Also,
differently from the current-loop impedance, none of the models match perfectly the iden-
tified response, even for frequencies lower than 1kHz, where an approximately constant
2.5dB mismatch is observed. This is assumed to be due to the approximations needed for
obtaining both models. Looking at the PRBS response, an anti-resonance is observed at
approximately 5 kHz, which correlates with half the operation frequency of the outer loop
(4950 Hz). This effect is also pictured by the z-domain model, but not by the continuous
one. The phase of Z,,(2), however, significantly diverges from the identified response.
Besides, there is a considerable mismatch in the magnitude of Z,,(z). The continuous

model, on the other hand, presents a smoother behavior regarding both the magnitude
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and phase. Even though neither the anti-resonance nor the phase shifts are accurately
modeled by Z,,(s), it represents better the system and will be used for the following

analyses.
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Figure 5.5 — Complete DB-GFI impedance model (Z,,) frequency response.

Generally speaking, the DB-GFI impedance presents an inductive behavior
in the low-frequency range, equivalent to an inductance of approximately 200 pH for the
converter parameters in Table 4.1. Also, the continuous model suggests that the impedance
is passive for all the frequency range, since it is constrained within —90° and 90°. However,
both the PRBS identification and the discrete model suggest the existence of nonpassive

regions in the high-frequency region, where the phase jumps are observed.

5.1.3 Effect of Parameter Mismatch

This section explores the effects of parameter mismatches on the DB-GFI
impedance models, analyzing the influence of L™ and C"™ over both control loops. In all

analysis, the continuous models will be used.

Figure 5.6 presents the results concerning the current loop, showing the fre-
quency response of G;(s) and Z,,(s) for different mismatch values of L™ with respect to
the real inductance value, L. Looking at the closed-loop transfer function (Figure 5.6a),
the model indicates a bandwidth of approximately 2.96 kHz when no mismatch is present.
For an underestimation of the inductor value (L > L™), the bandwidth reduces, whereas
mismatches on the other direction (L < L™) cause a bandwidth increase at the expense

of a more accentuated resonance at its vicinity. This result is compatible with the internal
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stability analysis carried out in section 4.2.3, which concluded that the system moves

toward instability when L™ increases with respect to the real value.
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Figure 5.6 — Effect of inductance parameter (L) mismatch on (a) the closed-loop transfer
function and (b) the impedance for the current loop.

The low-frequency impedance shape is not considerably affected by L™, as
shown in Figure 5.6b. Only for frequencies above 1kHz the mismatch is noticeable on
the magnitude although the phase is visibly affected from 100 Hz on. Nevertheless, the
impedance remains passive for all the frequency range analyzed, according to this model.
Similar to the effect on G;(s), the impedance is more degraded for overestimations of the
inductance value (L < L™), since the magnitude considerably drops for high frequencies,

which is not desirable for a current source.

Concerning the voltage loop, both L™ and C"™ have to be analyzed. Figure 5.7
presents the influence of the inductance parameter over G,(s) and Z,,(s). Even though
this parameter regards only the current-loop equations, the mismatch impacts the outer
loop as well. As shown in Figure 5.7a, a mismatch in L™ affects (G, in a similar way as
it did for G;—reducing the bandwidth for L > L™, and increasing the bandwidth at the
expense of a more undamped system for L. < L™. It is important to comment that the
voltage reference has only a 60 Hz component, such that the resonant effect starting at
approximately 200 Hz is not supposed to represent a problem for the system. Nevertheless,
in case of any disturbance fed back into the system having frequencies within the resonance

range, oscillations may appear at the output.

Regarding the impedance Z,,, an underestimation of the inductance value
(L > L™) shifts the resonance to the left, increasing the impedance magnitude in a wide
frequency range—which is not desirable for a voltage source. The opposite occurs for

L < L'™; however, a misconception must be avoided. Even if the impedance magnitude
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Figure 5.7 — Effect of inductance parameter (L™) mismatch on (a) the closed-loop transfer
function and (b) the impedance for the voltage loop.

decreases, this is accompanied by an increase of the resonance in G,. Thus, reducing the

output impedance does not necessarily imply a controller performance improvement.

In Figure 5.8, the influence of the parameter C™ is presented. As for the
previous cases, an overestimation of the capacitive value reduces the system’s damping,
as can be visualized in Figure 5.8a. The impedance Z,,(s) is almost not affected for
low frequencies, specially concerning its magnitude. Near the resonance, however, the
mismatch effect is more visible. An overestimation of the capacitance leads to a more
pronounced resonance as well. It is important to emphasize that—within the mismatch

range analyzed—mneither L™ nor C™ took the impedance out of the passive region.
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fer function and (b) the impedance for the voltage loop.
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5.2 Impedance Measurement

The DB-GFI impedance was experimentally measured using the Active Front
Rectifier (AFR) presented in section 3.6, following the same procedure as for the identifi-
cation of Z.s. The converters operated as in an islanded system—with the GFI forming
the grid for the AFR. For these tests, the AFR’s EMI filter was removed, since high-
frequency interactions between both converters were observed when the filter was used.

More details on that can be found in Appendix C.

Since the GFI impedance is the one to be measured, the disturbance must be
injected by the AFR. The PRBS design parameters used in this experiment are listed in
Table 5.1. As in Chapter 3, a 10-bit PBRS is generated at the AFR switching frequency,
24 kHz. In this case, however, 100 PRBS periods are used instead of only eight. This
choice is for enabling a more accurate measurement, since the GFI impedance magni-
tude is supposed to be low, which undermine the identification SNR. Indeed, the small
impedance makes the GFI voltage more immune to current disturbances. Each PRBS
period is 42.63 ms long, so the total injection takes 4.26 s. As this experiment is an offiine
identification in a well-behaved system, whose results will be used only for comparison

with the theoretical expectations, the injection duration must not be a matter of concern.

Table 5.1 — PRBS parameters for DB-GFI impedance identification

Generation frequency (fo) 24 kHz

Number of bits (V) 10

Sequence length (M) 1023

Number of periods/acquisitions (P) 100

Amplitude (e) 10% (with respect to the modulator)

Figure 5.9 shows the interconnected system voltage and current prior to and
during the PRBS injection. The AFR operates at approximately half rated power (560 W).
When the PRBS is turned on, the current becomes noticeably disturbed, with ripples
reaching amplitudes of 5 A. Even though this disturbance may be significant for the AFR,
the GFT voltage is barely affected. As explained in Chapter 3, there is a trade-off between
the PRBS amplitude and the number of periods in use, since either increasing the ampli-
tude or the number of periods (P) improve the SNR of the process. Hence, more periods
could be used, keeping the same identification accuracy with a lower disturbance ampli-
tude. The selected amplitude and P are not necessarily the optimal choice; nevertheless,

the values presented in Table 5.1 will be kept for the analysis.
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Figure 5.9 — Voltage (in pink) formed by the GFI and current (in blue) drained by the
AFR, (a) without and (b) with PRBS injection.

The identified impedance is contrasted with the model Z,,(s) in Figure 5.10.
For the post-treatment, the FIR method, tuned to the fundamental component only, was
used. As can be seen, the experimental result considerably diverges from the model—
the resonance presents a higher damping and, for low frequencies, a resistive behavior
is dominant in lieu of the expected inductive characteristic, since the phase approaches
zero and the magnitude is roughly flat. The identification presents a good resolution up
to approximately 5kHz, where the anti-resonance (previously shown in Figure 5.5) is
located. Above this frequency, the PRBS energy was not enough to overcome the noise
of the process. This effect was expected based on the results presented in Chapter 3. At
60 Hz, the measured impedance is of approximately —5dB (0.56 €2), which corresponds to
the estimated value in section 4.4.1 based on the voltage drop associated with the resistive
load.

The gap between the model and the experimental result can be explained by
some nonidealities that have not been included in the model so far. As discussed in the
previous section, parameters mismatch affect the impedance shape; yet, other characteris-
tics may significantly impact it as well. The low-frequency resistive behavior, for instance,
can be explained by the series resistance of the inductor. Figure 5.11a shows what hap-
pens to Z,,(s) when a series resistance (Ry) is included in the inductor impedance (Zy,).
Note that the impedance becomes more resistive for higher values of R, reaching values
similar to what was observed in the experimental result. The capacitor series resistance
(R¢) also plays an important role, but for high-frequencies, as shown in Figure 5.11b. Re-
mark that the model suggests that the DB-GFI impedance can even become nonpassive,
with the phase exceeding 90°, for high Ro values. The effect due to this resistance was

not observed in the identified response, though.

The nonidealities were included into the model in order to approximate its

frequency response to the identification result. With Ry, = 1.7, and mismatches of 20%
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Figure 5.10 — DB-GFI impedance obtained via experimental measurement in contrast
with the expected result.
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Figure 5.11 — Effect of (a) the inductor series resistance and (b) the capacitor series re-
sistance on the GFI impedance.

in the inductance (L = 1.2L™) and 7% in the capacitance (C' = 1.07C™), the model fits
satisfactorily the experimental result, as depicted in Figure 5.12. From this results, it is
possible to infer that the real inductance value is, approximately, 750 pH instead of 625 nH,
and that the capacitor is of 112 pF in lieu of 1051F. The capacitance and inductance
divergence can be explained by the constructive characteristics of the components. It is
worthy pointing out that uncertainties concerning the gains of the voltage and current
sensors also affect the output impedance as the inductor or capacitance mismatch do.
Although these gains have been hidden in the analytical analyses throughout this work,

they have to be known for the practical implementation of the controller. If mismatches



Chapter 5. Grid-Forming Inverter Impedance Model and Measurement 93

exist, effects similar to those caused by the inductor and capacitor mismatch would be
observed. Thus, part of the 20% and 7% mismatches estimated for the inductance and
capacitance, respectively, may be due to the sensing and conditioning system. Anyhow,
the most important effect observed is due to the inductor series resistance, estimated as
1.7€). Actually, this resistance could represent not only the inductor series resistance, but
any resistive effect in the switching loop, which includes the nonidealities associated with
the transistors, wiring, connections, for instance. Indeed, the resistance of the inductor
itself was measured as approximately 10 m{2, which is far from the 1.7 ) estimation. This
suggests that the others parasitic effects are of more relevance than the inductor resistance
itself. Nevertheless, an inductor series resistance models well the observed effect over the
impedance shape. Therefore, the terms R; and inductor resistance will be kept to refer

to all parasitic, resistive-like effect in the switching loop.

This parasitic resistance only impacts the GFI impedance because it is not
modeled within the DB control equations. In the next section, it will be shown that, if

Ry is taken into account, the controller manages to compensate for its effect.
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Figure 5.12 — DB-GFI impedance obtained via experimental measurement in contrast
with the model including nonidealities (R, = 1.79Q, L = 1.2L™, and
C =1.07C™).

Before presenting the new controller version, however, the impact of the mis-
match of L™ and C™ is experimentally investigated. Figure 5.13 shows the identified
DB-GFT impedance for different mismatch scenarios. The frequency content above 5kHz,
in which the identification does not have good resolution, was omitted for clearness. The
results are contrasted with the adjusted model, including the nonidealities. Even though,

for some cases, the experimental result does not perfectly match the model within certain
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frequency ranges, the impedance behaves as expected by the results previously presented

in section 5.1.3 for both L™ and C"™ mismatch types.
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Figure 5.13 — Experimental evaluation of the parameter mismatch effect for (a) L™ and
(b) C™.

5.3 Revisited Deadbeat Control Version

As discussed in the previous section, the inductor series resistance plays an
important role in the DB performance. In this section, a revisited version of the DB con-
troller (R-DB), taking into account the presence of Ry, is introduced. Since the inductor
impedance only regards the current loop, the outer loop is kept unchanged. As aforemen-
tioned, it is important to emphasize that, although it has been considered as the inductor

resistance, R; may represent the effect of any resistance in the switching loop.

Equation (4.1) can be rewritten as

Ry
Lfow

such that the new DB equation for the inner loop becomes

1
L'fsw

(k4 1) = [1 _ ] i2(8) & — [t (k) — v K], (5.18)

RY7 1 RY
m(k+1)=— [1 - Lfiw] m(k) + v [1 - Lfiw] v, (k)

Lfsw . Ry 1*
+ Tdc {me(k‘) — ll — Lfsw] ZL(/{?)} s (519)

instead of (4.5). Note that R; was substituted by RY', indicating that it represents a
parameter of the model, which—as for L™ and C"*—may differ from the real resistance

value. When R7* = 0, the traditional DB equation is retrieved.
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The new control block-diagram is presented in Figure 5.14. The impedance
model of the DB-GFT can be obtained as done in section 5.1, with no additional difficulty,

Vo

by using the revisited versions of G, and ¢; shown in the diagram.
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Figure 5.14 — Revisited DB current control diagram.

Since R}’ represents a new control parameter, it is important to analyze the
effect of any mismatch on the final closed-loop transfer function (G,) and on the R-DB-
GFI impedance (Z,,). Figure 5.15 shows the respective frequency responses considering
different mismatch levels. It is worthy pointing out that when R7* perfectly matches the
real Ry value, both G, and Z,,, correspond to the traditional, ideal DB model, as if the
inductor series resistance was null. Thus, as desired, by including R; in the DB equa-
tions, the controller is able to compensate for its influence. Underestimations of the series
resistance (R, > R7}") dampen the resonance present in (¢, while making the impedance
more resistive. On the contrary, overestimating Ry, (R; < R}') intensifies the resonance in
(G,. Also, the magnitude of the impedance increases for low frequencies, becoming similar
to a resistive behavior; however, the phase approaches 180° instead of 0°. Therefore, the
impedance presents a negative resistance characteristic in this case, out of the passive
region. Hence, it is recommended not to use very high values of R}* in order to avoid
exceeding the real value of R;. An underestimation is preferable over an overestimation

of this parameter.

In comparison with the traditional DB, the revisited version exhibits a lower

impedance for lower frequencies even upon R7' mismatch. Figure 5.16 presents the ex-
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Figure 5.15 — Effect of inductance series resistance parameter (R}") mismatch on the R-
DB-GFI (a) closed-loop transfer function and (b) impedance.

perimental measurement of the R-DB-GFI impedance for different values of R}'. The
case in which R} = 0 is equivalent to the traditional DB version. In Figure 5.16a, the
impedance for all tested values of R7* are plotted together whereas from Figure 5.16b to
5.16d each measurement is compared with the respective response expected by the analyt-
ical model. Again, the spectral content above 5 kHz was omitted for clarity. Note that the
measured impedance for R} = 1.7 satisfactorily correlates with the expected inductive
impedance behavior, suggesting that the real value of the series resistance is, indeed, very
close to 1.7€). For lower values of R}', the impedance changes in accordance with the
R7-mismatch analysis. Even for R} = 0.5€2, which corresponds to approximately one
third of the estimated Rj value, the converter’s impedance is lower than for the tradi-
tional DB (R} = 0) in the low-frequency range. Note, however, that from approximately
700 Hz on, the impedance magnitude increases with R7'. Thus, for frequencies near the
impedance resonance, the magnitude for the tradition DB is lower than for the revisited
version. Nevertheless, the impedance reduction for low-frequencies may compensate for

this high-frequency increase.

5.3.1 Performance Evaluation

The R-DB-GFT performance was evaluated for the nonlinear load with capac-
itive filter, as done in section 4.4.2 for the traditional DB. The obtained waveforms are
show in Figure 5.17 for R} equal to 0.5, 1€, 1.7Q, and 2.5{2. One may notice the
asymmetry between the positive and negative current cycles. This sort of phenomena
can either be caused by a voltage dc level or by even-order voltage harmonics. Since the

voltage mean values measured by the oscilloscope do not exceed 1V, the asymmetry is
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Figure 5.16 — R-DB-GFI impedance measurement for different R} values.

supposed to be due to the even-order harmonics. The diode rectifier with capacitive filter
is very sensitive to this kind of asymmetry—even a very low even-harmonic content in
the voltage can cause a noticeable current asymmetry, which, in turn, amplify the voltage

asymmetry.

For the tested values of R7', the highest asymmetry level was observed for

7 = 2.5€2, which is the sole value representing an overestimation of Rj. Similar asym-
metry levels were verified for R7' = 12 and R7* = 1.7 while, for BT = 0.5, it was
slightly higher. It is important to comment that this even-order harmonic problem was
also present for the traditional DB version in section 4.4.2; yet it appears to be intensified
for the R-DB when a high mismatch in R7* exist. Nevertheless, the voltage THD for all
three cases (R} = 0.5Q, 1Q, 1.79) remained below the 2.37% found for the traditional
DB. The new values are listed in Table 5.2, which represented a THD variation of, respec-
tively, —16%, —24%, and —18% with respect to the traditional DB. For R}* = 2.5¢) the

THD was not even calculated since the controller performance was not considered good
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enough due to the pronounced asymmetry.
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Table 5.2 — Voltage and current THD for different R} values.

RT THD v, THD i,
0.5Q 1.99% 118.1%
10 1.81% 119.0%
1.70 1.93% 121.6%

An interesting results is that the lower THD was not obtained for R}* corre-
sponding to the estimated value of 1.7). Actually, R}' = 1 represented a better trade-
off between the low-frequency impedance reduction and the high-frequency impedance
increase provided by the R-DB version. Although the impedance reduces more for low
frequencies than it increases near the resonance frequency, the fact that the nonlinear
current presented a significant high-frequency content justifies the better performance
exhibited by the intermediate R}' value. Looking at Table 5.3, in which the harmonic
values for all three cases are presented, and comparing with the results previously shown
in Table 4.5 (reproduced in Table 5.4) for the traditional version, it is possible to conclude
that the R-DB contributed to reducing the distortion mostly up to the fifth harmonic.

Remark that the fundamental component increases as R} approaches 1.7 (.

It is worthy commenting that this increase in the impedance for high frequen-
cies is expected by the ideal DB controller behavior. When the effect of R; over the
traditional DB was analyzed in Figure 5.11, it could be seen that higher values of R
increased the low-frequency impedance while reducing it in the region around 2kHz. De-
viating from the DB expected behavior implies reducing the high-frequency impedance at
the expense of increasing the low-frequency one. Hence, the R-DB, by trying to retrieve

the ideal DB behavior, results in a higher impedance around 2 kHz.

5.4 Partial Conclusions

This section started by presenting the impedance model of the GFI considering
only the current-loop and then considering both loops closed. For each case, models were
derived in the s- and z-domain. Regarding the current-loop impedance, it was shown that
including the half-sample delay due to the PWM was important for improving the model
accuracy—avoiding the propagation of the error onto the voltage loop model. The model

also revealed the capacitive behavior of the current loop.

For the outer controller, it was demonstrated that the converter ideally presents
an inductive behavior up to approximately 1kHz, with a lower magnitude in the low-

frequency range, as desirable for a voltage source. The continuous model, Z, ,(s), repre-
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Table 5.3 — R-DB-GFTI: Voltage and current harmonics for the nonlinear load test.

Harmonic Order \ Vo (Vims) \ io (Arms) \ Harmonic Order \ Vo (Vims) \ io (Arms)

R =05
1 123.979 | 4.699 2 0.809 0.891
3 1.655 1.058 4 0.184 0.615
5 1.324 2.987 6 0.110 0.284
7 0.772 1.786 8 0.074 0.052
9 0.368 0.781 10 0.074 0.133
11 0.074 0.265 12 0.074 0.125
13 0.257 0.298 14 0.037 0.052
15 0.221 0.254 16 0.000 0.055
17 0.074 0.133 18 0.074 0.085
19 0.074 0.099 20 0.037 0.059
21 0.110 0.114 22 0.000 0.026
23 0.074 0.081 24 0.037 0.044
25 0.037 0.048 26 0.037 0.044

R =1
1 124.738 | 4.758 2 0.737 0.669
3 1.363 1136 4 0.184 0.467
5 1.252 3.074 6 0.110 0.221
7 0.847 1.886 8 0.037 0.066
9 0.405 0.882 10 0.037 0.114
11 0.110 0.338 12 0.074 0.110
13 0.221 0.327 14 0.000 0.055
15 0.258 0.287 16 0.000 0.048
17 0.110 0.158 18 0.074 0.066
19 0.074 0.110 20 0.037 0.051
21 0.147 0.125 22 0.000 0.029
23 0.110 0.096 24 0.037 0.040
25 0.037 0.059 26 0.037 0.040

R =17
1 125.732 | 4.839 2 0.626 0.814
3 1.363 1.224 4 0.221 0.589
5 1.363 3.178 6 0.147 0.317
7 0.994 1.996 8 0.074 0.129
9 0.589 0.994 10 0.037 0.129
11 0.184 0.438 12 0.110 0.125
13 0.258 0.365 14 0.037 0.077
15 0.331 0.309 16 0.037 0.066
17 0.184 0.188 18 0.110 0.081
19 0.110 0.136 20 0.074 0.066
21 0.184 0.144 22 0.037 0.041
23 0.147 0.110 24 0.074 0.048
25 0.074 0.066 26 0.074 0.052




Chapter 5. Grid-Forming Inverter Impedance Model and Measurement 101

Table 5.4 — Traditional DB: Voltage and current harmonics for the nonlinear load test.

Harmonic Vo (Vims) io (Arms) Harmonic Vo (Vims) io (Arms)
order order
1 122.9 4.622 2 0.700 0.298
3 2.173 3.981 4 0.111 0.192
5 1.547 2.913 6 0.074 0.070
7 0.810 1.709 8 — 0.022
9 0.258 0.700 10 — 0.062
11 0.074 0.192 12 - 0.044
13 0.258 0.295 14 - 0.004
15 0.184 0.247 16 - 0.026
17 0.037 0.107 18 - 0.037

sented better the converter’s impedance although the high-frequency behavior related to

the voltage-loop operation rate could not be correctly portrayed.

With the models at hand, the effect of parameter mismatches on the impedance
was also explored. Generally speaking, it was seen that overestimating both the induc-
tance and the capacitance values contributes to reducing the damping of the system,
which matches the internal stability analysis presented in section 4.2.3. The study of the
parameter mismatch impact was also useful in order to adjust the ideal model to the

experimentally identified impedance frequency response.

The most important conclusion from this chapter regards the information ac-
quired through the experimental measurement of the DB-GFI impedance. By doing so,
it was possible to diagnose and improve the controller. The identification result enlight-
ened the fact that the converter was not operating as it was supposed to—in fact, the
measured impedance was dominantly resistive, instead of inductive, for low frequencies.
By adding some nonidealities to the impedance model, it was possible to contrast it with
the identified response and conclude that the total resistive-like effect in series with the

inductor was the major cause of the problem.

From this result, the DB controller was revisited and the inductor series resis-
tance was modeled in the controller equations. The R-DB version is able to completely
suppress the influence of R;, as long as the parameter R} perfectly matches the real resis-
tance value. Nevertheless, the experimental results showed that, even upon mismatches,
the R-DB-GFI presented a lower impedance magnitude in the low-frequency range when
compared to the traditional DB controller, at the expense of a slight increase on the

impedance magnitude near the resonance frequency. This improvement could also be no-
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ticed through the reduction of the voltage distortion when the GFI was supplying the
nonlinear load, reaching a —24% THD reduction with respect to the traditional DB test.

Despite the improvement related to the impedance, it was shown that higher
mismatches in R} tend to intensify the even-order harmonics in the output voltage,
leading to an asymmetry between the positive and negative cycles. The causes of this

issue will be further investigated in future works.

It is also important to highlight the fact that, despite the DB controller being
very sensitive regarding noise, the GFI was capable of maintaining a stable voltage even
during the PRBS injection. Nevertheless, it is possible that the PRBS itself affects the
DB behavior for high frequencies, which may be reflected on the measured impedance as
well. This effect may be attenuated, since denoising filters are used; however, it should be

further investigated in future work.
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6 Stability Analysis of an AFR-GFI| System

Until now, the analysis focused on the GFI itself—its control structure and
terminal characteristics were thoroughly discussed. In Chapter 5, the GFI impedance
was analytically and experimentally explored. This chapter, on the contrary, focus on
the stability of an interconnected system composed by two power converters—the R-DB-
GFI and the AFR. Such system has appeared in last chapter for the GFI impedance
measurement. Now, the focal point is the overall stability assessment of such system
applying the IBSC. The chapter starts by the system modeling, presenting a discussion
on the analytical MLG. Then the MLG frequency response is experimentally identified,
and the results are examined in order to evaluate the feasibility of applying the studied

methods to real systems for online stability assessment.

6.1 AFR-GFI| System Modeling

As the GFI was modeled in terms of a Thévenin representation, the AFR can
be modeled as a Norton equivalent circuit, as shown in Figure 6.1, with a current source
in parallel with an output admittance (Y4rgr). The interconnection of the AFR and the
GFI results in a Z+Y-type system following the reasoning presented in Chapter 2. The
stability of such system can be analyzed through the IBSC by looking solely at the MLG,

defined as
Zo,v

ZAFR
assuming that both converters are individually stable by controller design. Also, as it

MLG = Zyp - Yapg = (6.1)

concerns a Z+Y system, no unstable poles are supposed to be present in the MLG;
otherwise, either Z,, or Y4rr would be unstable, which is not true. This particularity
enables the stability to be assessed by applying a simplified version of the NSC—as the
one considered by the forbidden region criteria (see section 2.1.2)—, which implies that
the closed-loop system will be stable if the MLG frequency response avoids encircling the

critical point —1 + j0 in the complex plane.

Prior to analyzing the MLG, however, the AFR impedance (Z4rr) has to be

introduced.

6.1.1 AFR Impedance

As mentioned in previous chapters, the design of the AFR hardware and con-

troller was not done in this project, nor was it developed by the author of this dissertation.
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Figure 6.1 - AFR-GFI system representation.

Therefore, only the details about Z4rg that are useful for the present discussion will be
given. The reader may find more information in (GUERREIRO, 2020).

Figure 6.2 depicts the analytical frequency response of Z,pr. The effect of
the resonant controller—employed for regulating the AFR output current—is noticeable
both in the magnitude and the phase. At the resonant frequencies, magnitude peaks are
observed, which indicates that the current drained by the AFR presents high immunity
against voltage distortions at these frequencies. Similarly, phase jumps occur at the res-
onant frequencies. It is important to comment that no magnitude peak corresponding to
the fundamental component (60 Hz), which is compensated by the resonant controller as
well, is observed. This is for the fact that this impedance model includes the effect of
the PLL, used by the AFR to generate the current references in phase with the network
voltage. Indeed, the PLL establishes a link between the output voltage and the current
drained by the AFR at the fundamental frequency, reducing the voltage-immunity of the
current. This effect is partly translated as an impedance reduction for low frequencies.
Nevertheless, the impedance still exhibits a sufficiently high magnitude—of approximately

35dB—at 60 Hz, implying a good current regulation at this frequency.

Generally speaking, the impedance presents a capacitive behavior for low fre-
quencies, specially between 100 Hz and 1 kHz, excluding the resonant controller effect. For
high frequencies, the LCL filter characteristic is dominant. Figure 6.2 also highlights that
Z arr exhibit a nonpassive behavior for certain frequencies, since the impedance phase
tours beyond the passive region delimited by —90° and 90°. This occurs specially due
to the phase jumps caused by the controller in the intermediate frequency range, and
due to the PLL dynamics for low frequencies. As discussed in Chapter 2, the impedance
passivity is usually sought as it represents a sufficient condition for stability, since the
MLG automatically respects the NSC when both impedances composing the ratio are
passive. Yet, presenting nonpassive regions does not directly imply instability. Whenever

interconnected with other devices in a network having unknown impedance characteris-
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Figure 6.2 — Analytical frequency response of Z4pp.

tics, however, oscillations or even stability issues may arise in these regions, as will be

experimentally verified.

6.1.2 Analytical MLG

Figure 6.3 presents the frequency responses of Z,, and Z,pgr. For the GFI,
the continuous model of the R-DB version, with no R}" mismatch, is considered. The
first thing to point out is that the magnitude of the AFR impedance is higher than the
GFI one for all the frequency range. This is in accordance with what is expected from
a current and a voltage source. Specially for this system, whose one of the impedances
exhibits nonpassive regions, having |Z pg| >> |Z,,| is of extreme importance. As shown
in Figure 6.3b, the MLG phase crosses 180° for the frequencies comprised within the ranges
in which Z4pg is not passive. As a matter of fact, if both impedances were completely
passive, the MLG would be confined within —180° and 180°, which means that—in the
complex plane—the real axis would never be crossed, and, as a consequence, never would
be encircled the critical point. In the situation depicted in Figure 6.3b, however, even
though the phase crosses 180°, the fact that the MLG magnitude is inferior to 1 (or 0 dB)
prevents the critical point from being reached. As the MLG magnitude is considerably far
from 0dB in the 180°-cross, which implies a high gain margin, no undamped oscillations

are supposed to be observed at these frequencies. In short, the system is stable.

Figure 6.4 depicts the same curves for another scenario. In this case, the GFI
is supplying ten identical AFRs operating in parallel, connected to the same PCC. It is
possible since the GFI's power rating is ten times higher than the AFR’s. This scenario
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Figure 6.3 — (a) Z,, and Z,rg, and (b) MLG frequency responses.

is equivalent to a reduction in |Z4rg| by a factor of ten. As shown in Figure 6.4a, the
magnitude of Z4pp was translated —20dB downwards, approaching Z,, in the region
between 1kHz and 2kHz. Actually, for certain frequencies, the magnitude of Z,rr even
gets lower than the magnitude of the GFI impedance. In terms of MLG, this is translated
into a magnitude above 0dB, as presented in the detail of Figure 6.4b. Nevertheless,
note that, when it happens, the MLG phase remains far from +180°, which implies a
satisfactory phase margin. This is possible for both impedances are passive in this region.
Hence, even with a factor-ten reduction in Z 4rpg, the system remains stable. This example
is interesting to illustrate that stability issues are not supposed to arise in frequency ranges

within which the impedances are passive, even if the MLG magnitude exceeds 0dB.
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Figure 6.4 — (a) Z,, and Z,rg, and (b) MLG frequency responses considering 10 AFRs
in parallel
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In the next section, it will be shown how the MLG can be experimentally
identified, discussing the practical aspects of applying the impedance identification to the
stability assessment. Also, the challenges introduced by the presence of extra impedances

in the system will be exposed.

6.2 Experimental Stability Assessment

In order for the stability of the AFR-GFI system to be assessed, the MLG
frequency response has to be known, which imply knowing the impedances composing
it. The most straightforward way of getting this information is using one converter to
identify the impedance of the other. As shown in Figure 6.5, the impedance seen by the
AFR, herein called Z{F%, readily corresponds to the GFI impedance Z,,. Similarly, the

impedance seen by the GFI, Z$F! | is given by the AFR impedance Z4rg. Thus, the MLG

can be identified as AFR
Zo,v o Zz'd

= = FI°
Zarr 25

Such procedure, however, imposes some requirements for the system if the stability is to be

MLG (6.2)

assessed online. First of all, both converters must be able to perform the identification, and
only one converter must inject the PRBS at a time in order not to cause spectrum overlap.
Moreover, it is desirable that both impedances are identified one just after the other. By
doing so, problems related to changes in the system’s point of operation are minimized.
Therefore, a coordination between the converters is required as well as a communication

system enabling the exchange of the identification results so the MLG can be calculated.

AFR
Zid

él:fi ________ GFI
B e \‘ R s \‘
1 ; 1 ;
: Yarr : ' Zoyw :
W : : !
1
5 ; ()
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ZGF!

Figure 6.5 — Representation of the impedances that can be identified by the AFR (ZAFF)
and by th GFI (ZGF).

In order to reduce the requirements over the system, the stability can be as-
sessed by just one of the converters by making use of impedance models. For instance, one

can use the GFI to identify ZGF! = Zpgr and, instead of obtaining the GFI impedance
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through the AFR, the analytical model of Z,, can be used. By doing so, only one con-
verter is in charge of the stability assessment. In lieu of using the analytical model, offline
identification results can be utilized as well. In this case, the impedance of the converter
in charge of the online identification has to be measured prior to employing it in the

application.

The rest of this section is organized as follows. First, the AFR impedance is
identified using the GFI and the results are compared with the analytical model. Then the
experimental MLG of the AFR-GFTI system is calculated using the identified responses.
The result is compared with the analytical MLG and with the case in which the impedance
model of one of the converters is employed in the MLG calculation. At the end, the impact

of impedances located between the GFI and the AFR is investigated.

6.2.1 AFR Impedance Identification

In Chapter 5, the AFR was utilized to identify the GFI impedance. In this
section, the opposite is done, following the same procedure. The parameters of the PRBS
injected by the GFI are shown in the column “GFI PRBS” of Table 6.1. The genera-
tion frequency corresponds to the GFI switching frequency (19.8 kHz), and the number
of bits is kept the same as for the previous identifications, producing sequences of same
length (1023). Compared to the identification performed by the AFR, the lower genera-
tion frequency of the GFI PRBS results in a better frequency resolution (of approximately
19.35 Hz instead of 26.43 Hz), at the expense of a reduced limit up to which the identi-
fication is possible. Eight PRBS periods are utilized, which represents a total injection

time of approximately 413 ms.

Table 6.1 — PRBS parameters for MLG identification

Parameter AFR PRBS GFI PRBS
Generation frequency (fy) 24kHz 19.8kHz
Number of bits (N) 10 10
Sequence length (M) 1023 1023
Number of periods (P) 8 8
Amplitude (e) 10% 15%
Total injection duration 341 ms 413 ms

Figures 6.6a and 6.6b show the voltages and currents during the disturbance
injection for two different PRBS amplitude values—6% and 15%, respectively, with re-
spect to the modulator. Note that with 6% the system is not considerably disturbed,
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which would imply a poorer SNR. For 15%, the signals are sufficiently excited and the

disturbance is kept within safe levels. Hence, e = 15% is selected.
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Figure 6.6 — Voltage (in pink) and current (in blue) during PRBS injection via GFI for a
disturbance amplitude of (a) 6% and (b) 15% with respect to the modulator.

The identified frequency response is shown in Figure 6.7 along with the an-
alytical model. For data post-treatment, the FIR method tuned at 60 Hz was utilized.
As for the results previously presented, the identified response exhibits poor accuracy
at high frequencies, specially above 2 kHz. For the decade between 200 Hz and 2kHz, the
identification correlates well with the analytical expectation except for the resonant peaks
and phase-jumps. This hides the nonpassive behavior of the impedance at the resonant

frequencies and may undermine the stability assessment in certain situations.

When compared to the response in Figure 6.7, the results presented in Chapter
5 for the identification of the DB-GFI impedance exhibited better performance for higher
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Figure 6.7 — Experimental measurement of Z,rp contrasted with the analytical model.
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frequencies, reaching a satisfactory resolution up to approximately 5kHz. This can be
explained as a consequence of two factors—the reduced generation frequency of the GFI
PRBS (19.8 kHz against 24 kHz for the AFR), which confines the PRBS energy within a
narrower bandwidth, and the controller characteristics. Indeed, part of the energy of the
PRBS injected into the modulator will be rejected by the controller itself before reaching
the impedance to be identified.
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Figure 6.8 — Equivalent circuit for PRBS power analysis.

In order to analyze the influence of the DB controller on the identification,
the PRBS injection can be included in the GFI impedance model, as shown in Figure
6.8. Note that a voltage source of magnitude PRBS - H,. was added in series with the

previously existing one, G,v,ef. The term H7,,, is for the transfer function between the

prbs
PRBS signal and the output voltage, calculated as shown in Appendix D. Both current
and voltage sources corresponding to the current and voltage references are shaded in
Figure 6.8 since the analysis to be carried out concerns only the PRBS input, so the

60 Hz steady-state components are neglected.

Figure 6.9 shows the frequency response of H,,.,

of the controller and the GFI power stage over the PRBS. As can be observed, the GFI

acts as an amplifier for the disturbance, specially for low frequencies. From 100 Hz, the

which represents the effect

amplification smoothly decreases up to around 1400 Hz, from which the magnitude of
orbs Plummets. Thus, the DB-GFT does not manage to amplify the disturbance injected
into the modulator for all frequencies, which means that only part of the PRBS energy

will excite the GFI output voltage.

Looking at the circuit in Figure 6.8, the voltage source value is given by the

PRBS filtered by H”

s> Whose frequency response is depicted in Figure 6.9 as well (yellow

curve). Indeed, it is possible to observe that the 15%-amplitude PRBS power spectrum
(blue curve) is not sufficiently amplified for high frequencies. Actually, defining whether

the amplification is satisfactory or not depends on the noise in the system. If the distur-
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Figure 6.9 — PRBS spectrum (in blue), transfer function between the PRBS and the GFI
open-circuit output voltage (I, in orange), and the filtered PRBS (H,,, -
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bance source has enough power to excite the voltages and currents above the noise level,
the impedance identification is possible. From the equivalent circuit, the voltage over and
the current through the impedance to be identified (Zarr), respectively given by v s
and 7,15, can be analytically calculated as the models of Z4pp and Z,,, are known. The
results are presented in Figure 6.10. These frequency responses correspond to the fraction
of the PRBS power that manages to reach v, ,.4s and ¢, ,5s. Note in Figure 6.10a that

bse SiCE Z,,, is considerably

Uoprbs 18 virtually equal to the voltage source PRBS - H,
negligible compared to Z4rg. Due to the high value of Z4pp, the current i, s exhibits a
very low magnitude, below —65 dB for all frequencies. For the fact that the post-treatment
methods rely on both voltage and current measurements, both v, ;-4 and i, -4 must be
excited above noise levels. To exemplify, Figure 6.10 also includes a representation of the
noise (considered as a white noise), whose level was arbitrarily selected just to illustrate.
A noise of approximately —70dB in the voltage measurement would enable an accurate
identification only up to 2kHz, whereas, for the current measurement, the noise level can-
not exceed, roughly, —85dB in order for the identification to be precise up to the same
frequency. Specially for the current constraint, the identification is practically limited to

5 kHz—from this frequency on, unrealistically low noise levels would be required.

This analysis explains why the AFR impedance identification (Figure 6.7)
was not accurate for high frequencies. It also explains why the resonant peaks were not
correctly identified. As can be seen in Figure 6.10b, very low noise levels would be required

for the resonances to be identified. Moreover, it is important to recall that the PRBS
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the frequency responses.

presents a discrete spectrum, with a certain frequency resolution, although it has been
represented as a continuous spectrum in Figure 6.9. As the resonance peaks are narrow,
precisely placed at the harmonic frequencies, the PRBS does not necessarily excite these

frequencies.

6.2.2 Experimental MLG

The experimental MLG will be calculated in two different ways. The first one
considers that both converters are able to perform the identification in a coordinated
fashion, such that the MLG is given by the ratio of the identified responses, as in (6.2).
The MLG corresponding to this scenario will be referred to as MLGg or coordinated
strategy. The second one delegates the stability assessment to a single converter, which is
capable of calculating the MLG by using its own impedance model along with the online
measurement of the impedance looking outwards from its terminals. In this work, the
GFI will be in charge of this task, since this is the converter under special analysis, whose
impedance model was thoroughly discussed. Moreover, as it is the converter responsible
for forming the grid, its impedance is less prone to change over time compared to the
load’s; hence it is preferable to update the information about the load impedance via
online measurements. For this scenario, the MLG will be referred to as MLGg or single-

converter strategy.

Figure 6.11 presents the identified responses contrasted with the MLG ob-
tained via the analytical model. As expected based on the previous results, the measured
response becomes inaccurate for frequencies above 2 kHz. The accuracy is specially limited
by the AFR impedance identification performed by the GFI, as commented in the last
section. Comparing the MLG¢ with the MLGg, no important difference is noticed. Hence,
using the GFI impedance model instead of the identified response provided by the AFR
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Figure 6.11 — Experimental identification of the MLG considering (a) a coordination be-
tween the converters (MLG¢) and (b) that only the GFI is in charge of the
stability assessment (MLGg).

produced satisfactory results. Note, however, that it was only possible because the GFI
model had been appropriately analyzed and previously corrected based on experimental

measurements.

Again, the identification produced a satisfactory result within the decade from
200 Hz to 2kHz. For lower frequencies, the phase data-points are considerably dispersed.
This is assumed to be due to the poor low-frequency resolution in the AFR impedance
identification, since this effect was also present in Figure 6.7. While the high-frequency
inaccuracy can be explained by the PRBS power analysis, as previously shown, the low-
frequency imprecision is an effect of the steady-state component elimination performed in
the post-treatment phase, which, in some cases, does not manage to completely suppress
the 60 Hz. Despite the nonidealities present in the identified MLG, the stability assessment
is not jeopardized in this case study. As a matter of fact, the magnitude of both MLG¢
and MLGg remains bellow 0dB for all frequencies, so the critical point is not encircled

in the complex plane.

6.2.3 Impact of Line Impedance and Passive Load

Until now, the analyses considered that the AFR and the GFI were connected
together with no impedances placed between them. These extra impedances, however,
may introduce some difficulties regarding the stability assessment through identification,

as discussed in this section.

Figure 6.12 depicts a situation in which an impedance Z, is added in series

with the GFI and an impedance Z, = 1/Y,, is placed in parallel with the AFR. Z; could
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Figure 6.12 — AFR-GFI system representation with series (Z;) and parallel (Z,)
impedances added.

represent the line impedance while Z,, symbolizes any load connected in parallel with the
AFR. In this situation, where all the series impedances are placed at one side of the PCC,
and all parallel impedances are located at the other side, no significant change has to
be introduced in the development presented in Chapter 2. The definition of the MLG as
the product ZY still holds; yet, Z; and Y, have to be incorporated into Z,, and Ysrg,

respectively, as in

ZOU + ZS
MLG = (Zoy + Zs) - (Yarr +Y,) = m (6.3)
P

where the symbol || represents the parallel association. As expected, if Z; and Y, are negli-
gible, (6.1) is retrieved. For other scenarios, with more complex associations of impedances

placed throughout the system, the MLG has to be cautiously redefined.

In this scenario, the stability assessment through identification is affected since
the impedances seen by the AFR and by the GFI change; now, the impedances Z, and

Z, appear in both ZAF® and ZGF7 | as

arn =Z, Zs Zov
{ i (Ze + Zo) 6.4)

ZglFI =Zs+ (Z;UHZAFR)-

Thus, if the MLG is calculated from the ratio ZAF%/ZGF! using the coordinated strategy
to obtain MLG¢, as if Z, and Z,, did not exist, the stability analysis may be compromised.
As a matter of fact, from (6.4),

MLG _ Zi?lFR _ ZPH(ZS _I_ Z()ﬂ))
T ZGT T Zo+ (Z||Zarr)

(6.5)

which is different from the actual MLG expressed in (6.3). Depending on the values of
Zs and Z,, the actual MLG may significantly differ from the identified ratio. Even if
the identification is performed only by the GFI—using the single-converter strategy—the
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MLG diverges from the real one, since

model Zmodel
o,v

MLGg = o = .
ZGF Zs+ (Zyl| Zarr)

(6.6)

It is important to note that, as explained in Chapter 2, the MLG-based IBSC depend on
the selected PCC. For the MLGg strategy, since the stability is assessed from the GFI
perspective, the PCC should be located at the GFI terminals, and not as depicted in
Figure 6.12. By making this change, though, the MLG defined as in (6.3) still holds, since
the current ¢ through the PCC is kept the same. Thus, even from the GFI point of view,
the MLG of the system is defined as (6.3).

Figure 6.13 shows three different frequency responses for the MLG—the ac-
tual MLG, calculated via (6.3), and the responses expected by the coordinated and the
single-converter identification strategies, MLG¢ and MLGg, calculated as in (6.5) and
(6.6), respectively. For all three, the frequency responses were analytically calculated—
not identified—using the respective equations. Four different scenarios are considered. In
Figure 6.13a, Z; corresponds to a 50 pH inductor and Z, to a 1nF capacitor while, in
Figure 6.13b, the capacitor was exchanged for a 10 pF one, keeping the same value for
the inductance. In the third and fourth scenario (Figures 6.13¢ and 6.13d) the inductance
presents a higher value of 3mH. As aforementioned, the series impedance may symbolize
the line impedance. In the context of microgrids, where the devices are not placed very far
from each other, the line inductance is likely to be in the range of a few tens or hundreds of
1H, considering cables that are a few hundreds of meters long. Even though the scenarios
with a 3mH inductor do not represent an usual grid, this value was selected in order to
emphasize the impact of non-negligible line impedances, and to enable an experimental
verification of instability, as will be shown later. The parallel impedance, in turn, repre-
sents any passive load that may be supplied by the GFI as well. As a capacitor, it may
represent the EMI filter of eventual PECs in stand-by mode, which typically presents a
few nF.

The objective of the analysis presented in Figure 6.13 is to show that, depend-
ing on the impedances located between the converters, the MLG assessment through the
identification strategies may diverge from the actual MLG of the system. Note that, for
the first scenario (Figure 6.13a), both the MLGs and the MLGg do not diverge from
the actual MLG for frequencies up to approximately 1400 Hz. From this frequency on,
however, expressive differences are noticed for the MLGg strategy. For the second sce-
nario, with a higher capacitance value in Z, and keeping the inductance value, the same
effect is observed, which implies that the accuracy of the MLG¢ strategy is almost not
affected by the capacitor value (except for very high frequencies). Also, it suggests that
the series inductance affects more the MLGg than it does for the MLG¢. Looking at
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the third and fourth scenarios (Figures 6.13c and 6.13d), it becomes more evident that
the single-converter strategy is largely affected by Z;. In this scenario, both MLG¢ and
MLGg strategies considerably diverge from the actual response. Nevertheless, as for the
precedent cases, the coordinated strategy correlates better with the actual MLG. In short,
it Z; and Z, are negligible, both strategies for identifying the MLG are suitable. When
the effect of the in-between impedances cannot be neglected, the coordinated identifica-
tion strategy provides better results, specially because this strategy is less sensitive to the

series impedance.
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Figure 6.13 — Analytical MLG response (6.3) contrasted with the analytical results pro-
vided by the MLG¢ (6.5) and MLGg (6.6) strategies for three different
scenarios—(a) Zs : 50pH and Z, : 1pF, (b) Z, : 50 pH and Z, : 10 pF, (c)
Zs:3mH and Z, : 1 pF, and (d) Z; : 3mH and Z, : 10pF.

Even with the exaggerated value of Z, in the fourth scenario, the MLG¢ is
capable of correctly predicting an unstable operation. As shown in the detail in Figure
6.13d, the MLG¢ exhibits a low gain margin at 540 Hz, which is the PR-controller res-

onant frequency corresponding to the 9*® harmonic. Since the phase crosses 180° at this
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frequency, the system may be subjected to undamped oscillations. This phenomenon was
experimentally observed, as shown in Figure 6.14. In the beginning, the GFI is supplying
the AFR with no impedances in between. At 500 ms, approximately, the 3mH inductor
and the 10 pF capacitor are added to the system, placed as Z; and Z,, respectively. Note
that an undamped oscillation is launched and exponentially grows until the AFR current
protection is triggered, which occurs at approximately 4.5s. The frequency of the oscilla-
tions matches perfectly the 9" harmonic (540 Hz), as expected by the analysis. For the
other combinations of Z; and Z, in Figure 6.13, no instability was observed, as expected

by the models.
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Figure 6.14 — AFI-GFI unstable operation. The GFI output voltage and current are shown
in pink and blue, respectively.

It is worthy emphasizing that the unstable scenario reproduced in the experi-
ment is unlikely to happen in a real, isolated microgrid for the parameters and impedance
characteristics of the GFI and the AFR under study. As explained, even though the 10 pF
capacitor is reasonable to be present in the system, the line impedance is not likely to
reach a 3mH value. Nevertheless, this case study with a magnified inductor is interest-
ing to elucidate the impact of non-negligible line impedances on the MLG identification.
Also, since the nonpassive region of the AFR impedance is located in a frequency range
where the GFI impedance magnitude is considerably low, such line impedance value was
necessary to experimentally verify an unstable operation. Real systems are not immune

to this kind of instability, though; depending on the impedance characteristics of the



Chapter 6. Stability Analysis of an AFR-GFI System 118

interconnected converters and loads, instabilities may occur even with a negligible line

impedance.

6.3 Partial Conclusions

This chapter started by introducing the AFR impedance characteristic, which
exhibits nonpassive regions near the PR-controller resonant frequencies and also in the
low-frequency region due to the PLL dynamics. The AFR impedance frequency response
was subsequently identified by using the GFI as the PRBS source. The identified response
presented good accuracy for the frequency range between 200 Hz and 2 kHz, except for
the resonant peaks and phase jumps. The frequency limit of 2 kHz—which was inferior
compared to the identification performed by the AFR in Chapter 5 (section 5.2) could be
explained by two factors—1) the reduced PRBS generation frequency, and 2) the restric-
tion imposed by the R-DB-GFI capability to amplify the PRBS at the GFI terminals.
The PRBS power analysis showed that the R-DB controller (along with the converter
power stage) was able to amplify the PRBS up to around 1400 Hz with a satisfactory
magnitude. By analyzing the fraction of the PRBS energy reaching the output voltage
and current used for the impedance identification, it was possible to better understand
the 2kHz accuracy limit and also why the resonant peaks could not be identified. This
PRBS power analysis can be extended to any system in order to improve the design of

the disturbance.

The MLG was initially analyzed through the theoretical models. It was shown
that an unstable operation was unlikely to happen in the regions where both impedances
are passive. Even in the 10-AFR scenario, taken as an example, in which the MLG mag-
nitude is above 0dB for frequencies around 2kHz, the system remains stable since the

nonpassive regions are located well bellow this frequency.

Concerning the MLG identification, two different strategies were discussed—
the coordinated (MLG¢) and the single-converter (MLGg) strategies. Both techniques
produced equivalent results in this first scenario, in which the line impedance and passive
loads between the converters were neglected. It is important to comment, however, that
the identified MLGg was equivalent to the MLG¢ only because the GFI impedance model
had been previously adjusted and studied based on experimental measurements. Indeed,
if the model does not represent well the converter impedance, the coordinated strategy

will produce more accurate results.

The identified MLG (Figure 6.11) presented satisfactory accuracy for up to
2kHz, which is the limit imposed by the identification of Z4rr. Beyond this frequency,

no conclusion could be inferred about the system’s stability. Even within the accurate
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range, it was shown that the resonant peaks and phase jumps were not satisfactorily
identified, and that is exactly the region in which the AFR behaves as a nonpassive
component and instabilities may arise. In the tested scenario, it was not a problem since
the MLG magnitude was far below 0dB. Thus, even with a certain inaccuracy level, the
identification of the MLG remains useful to determine how far the system is from an
unstable operation. By establishing safe gain and phase margins, following the reasoning
behind the forbidden region criteria, it is possible to determine safe operation regions. As
an example, by looking only at the identified magnitude response, it is possible to ensure
stability by keeping it below 0dB. Actually, this is exactly the Middlebrook criterion,
briefly explained in section 2.1.2, which establishes that a sufficient condition for stability
is keeping the MLG inside the unit circle in the complex plane (under the assumption
that the MLG contains no unstable poles).

Thereafter, an analysis was carried out regarding the impact of impedances
placed between the GFI and the AFR on the MLG assessment through identification. It
was shown that neither the MLG¢ nor the MLGg strategies are capable of identifying the
actual MLG frequency response. In the system under study, with a series inductor and a
series capacitor, both strategies manage to estimate the MLG up to approximately 2 kHz
when the impedances in between are almost negligible. Since that is also the frequency
up to which the MLG identification produced accurate results, both strategies could be
used with no considerable performance reduction if the inductor and the capacitor values
are kept around tens of pH and tens of pF. For higher values of the series inductor, the
MLGg diverges more from the actual MLG compared with the MLG¢; in this case, the
coordinated strategy is recommended. As it was experimentally shown, the MLG¢ could

assert about the system’s stability even for exaggerated inductor values in Z,.
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7 Conclusion and Future Work

This work addressed three main aspects—the stability of converter-based net-
works, the system identification, and the controller of a GFI. In all three, the concept
of impedance was at the core of the analysis. Through the impedance-based criteria, it
was shown how the overall stability of an interconnected system can be investigated by
looking at the terminal characteristics of the PECs. Via the cross-correlation method,
associated with the PRBS injection, it was demonstrated how the PECs themselves can
be used to identify an impedance of interest. For the GFI controller, the impedance model
and measurement enabled the performance of the controller to be analyzed, diagnosed,
and the stability of the AFR-GFI system to be assessed.

Concerning the identification scheme, the PRBS technique associated with
the proposed post-processing methods produced satisfactory results, not only for the case
study presented in Chapter 3, but also for the GFI impedance measurement in Chapter
5, and the MLG assessment in Chapter 6. Roughly speaking, the identification scheme
was capable of accurately estimating the impedances specially within an intermediate
frequency range, from approximately twice the fundamental grid-voltage frequency up to
at least one tenth of the PRBS generating frequency, being the lower limit mostly due
to the ac steady-state components suppression and the upper one due to the SNR. Even
with the limited identification bandwidth, the resulting accuracy was adequate for both

the stability assessment and the controller analysis.

Nevertheless, there is room for improvement and future work related to the
identification. First of all, some works employ the post-processing directly in the frequency
domain, with no need of explicitly calculating the cross-correlation function between in-
put and output (SIEGERS et al., 2013; MARTIN et al., 2013; ROINILA et al., 2019).
Even though this approach imposes some restrictions related to the disturbance gener-
ating frequency and sampling to avoid aliasing, it enables a more flexible choice of the
disturbing signal so that other binary sequences—as the IRS and the DIBS—suit well the
application. In order to apply frequency-domain-based post-processing methods, however,
it is also necessary to implement a synchronization mechanism between the disturbance
injection and the steady-state components of the system, which burdens the communica-

tion/acquisition system with new requirements.

Regarding the GFI, the DB controller presented notable results. Its effective-
ness when facing load transients and when supplying nonlinear loads has been exper-

imentally demonstrated. Also, a comprehensive impedance analysis of the DB-GFI was
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done—the impact of parameter mismatches over the impedance was shown, the impedance
model was contrasted with the developed analytical model, and, most importantly, the
impedance measurement allowed the controller to be improved through the R-DB version.
In fact, from the impedance measurement and the analytical model comparison, the effect
of a resistive term (R ) was made clear. By modeling this resistance in the DB equations,
the desired DB characteristic could be retrieved, considerably reducing the impedance of
the converter within the low-frequency, inductive range at the expense of increasing the
high-frequency impedance around 2 kHz, which is expected by the ideal DB behavior. It
was shown that, depending on the spectral content of the load current, the value of the
parameter R}’ that results in the lowest voltage distortion may not correspond to the
perfect match between R7' and Rj. It occurs as a consequence of the trade-off between

the low and the high-frequency impedance change.

As for the identification scheme, some improvement points can be listed for
the controller. As future work, the even-order harmonic issue has to be further explored.
Preliminary tests showed that it may be related to the dc-link voltage ripple, which is not
symmetric over a fundamental cycle for the hardware topology utilized (measured over
one of the dec-link capacitors). Nevertheless, more detailed investigations must be done.
Another aspect is that recent works have brought in a higher-bandwidth, FPGA-based DB
version (BUSO et al., 2019). Although the DSP-based version represents a cost-effective,
easy-to-implement solution, the FPGA-based DB presents considerable improvements in

dynamics and should not be set aside in future research.

With regard to the stability assessment, the strategies for obtaining the MLG
frequency response provided satisfactory results; yet, some limitations exist. First of all,
the accuracy of the identified MLG depends on the accuracy of the impedance identifi-
cation performed by the PECs individually. Moreover, it will be limited by the converter
that exhibits the worst accuracy. In the discussed case, the MLG precision was limited by
the identification performed by the GFI. Another drawback is that the MLG content in
the nonpassive regions could not be correctly identified since, for the tested system, they
were very narrow and would also require a great disturbance energy to excite the current
above noise levels. As a consequence, in order to use the identified MLG to make decisions
concerning the network operation, safe margins are recommended to be used. Moreover,
it was shown that passive impedances located throughout the network may undermine
the MLG estimation.

Using the identified MLG response in adaptive rules for the system is a major
point for future work. The main advantage and interest behind the online identification
is being able to use it to adapt the controllers of the PECs lest the overall stability
be at risk. Recent works as (ROINILA et al., 2019) have demonstrated the feasibility
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of utilizing the real-time stability assessment through PBRS identification along with

adaptive techniques.

Although the studied stability assessment system is capable of estimating how
far the network is from an unstable operation, a major drawback is that, once an instability
is triggered, the impedance identification is not possible anymore. In other words, it is
not possible to identify the MLG for a system that is already unstable. In an isolated
microgrid, for instance, if a load connection provokes a step-change in the MLG that
triggers an unstable oscillation, the identification system will not be able to assess the
MLG frequency response anymore. To avoid this kind of issue, it is important to operate
the system with safe stability margins. Another drawback is concerning systems having
paralleled voltage-controlled converters, which is the case for networks operating with
some types of droop control, for instance. In this case, unstable poles may be present in

the MLG, which complicates the determination of stability margins (LIU et al., 2020).

In conclusion, this work provided a better understanding on how an identi-
fication technique can be employed to analyze both the controller performance and the
stability of a converter-based network. Details were given on the identification technique,
providing valuable information on the post-treatment methods. The DB controller was
also exposed in details—the predictive equations were cautiously derived, the impedance
model was thoroughly presented, and the performance was experimentally evaluated. Fi-
nally, the stability of a two-converter system was evaluated, pointing out some difficulties

that may arise in a real-world application.
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APPENDIX A - Details on the Modulation

This appendix presents more details on the modulation strategy utilized, de-
scribing how the relation between the modulating signal m and the dc-link voltage V.
can be obtained. As mentioned in section 4.1, two-level SPWM is used in this work, as

shown in the diagram in Figure A.1.

[L — d(#)|Tew

_a_]

vinv(t)A i
O R i mae
: .
B R
: . '
Tsw

Figure A.1 — Two-level PWM diagram.

The upper part of the figure presents the triangular carrier ¢(t) whose ampli-
tude is given by ¢. The carrier frequency determines the switching period, denoted as T§,,.
The modulating signal m(t) is considered to be constant within a switching cycle. The
lower part of the figure presents the switched voltage v;,, at the output of the inverter
bridge. Note that, when m(t) > c(t), vi,(t) is equal to the dc voltage; otherwise, it is
equal to minus the dc voltage. This results in a switched voltage with a duty-cycle d(t),

defined as the ration between the positive-voltage time and the switching period.
By triangle similarity, the relation

26 e—m(t)
Tsw B [1 - d(t)]Tsw7 (Al)

can be written based on the major triangle formed by the carrier itself and the tiny one

formed between the modulating signal and the carrier peak. From (A.1), the duty-cycle
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can be written as a function of the modulating signal, as in

d(t) = ; l1 + mét)] : (A.2)

Also, the average value of v;,,(t) within a switching cycle can be calculated as
(Vinw) (1) = Vaed(t) — Vae[1 — d(t)] = Vi [2d(t) — 1]. (A.3)

By substituting (A.2) into (A.4),

() (8) = Ve - ™. (A4)

C

which relates the modulating signal with the average voltage produced by the inverter in
a switching cycle. In the presented application, the carrier has unitary amplitude (¢ = 1),
thus

(Vinw) (1) = Ve - m(t). (A.5)

This is the equation used to derive (4.5) in Chapter 4.



130

APPENDIX B - Voltage-Loop Deadbeat
Equation

This Appendix concerns the development of (4.8). The notation follows the
same principles of section 4.2, with the discrete independent variables k£ and n representing

the fs, and the f,,/2 operation rate domains, respectively.

By integrating the output voltage over the interval [k, k + 1],

vl + 1) = v (k) + lefswz'c(k), (B.1)
and over [k + 1,k + 2],
Vo(k+2) =v,(k+ 1)+ Cmfswz'c(k: +2), (B.2)
the following equation can be deduced:
vk +2) = v (k) + Omlfw liu(k + 1) + iu (k)] (B.3)

Since the inductor current (i) is controlled by the inner loop, and the output
current (i,) is directly measured, the capacitor current can be considered to be indirectly
controlled, such that

iok) = 07 (= 2) (B.4)

holds, with i7¢/ being a reference value analogous to the inductor current reference ().

Thus, rewriting (B.3) in terms of i’/ one obtains

ok +2) = v, (k) + [ie! (k= 1) + i (k = 2)] . (B.5)

C

C™ fsw

Assuming that i7" does not vary very much from one switching cycle to another, (B.5)
can be written as

2 jres (k —2). (B.6)

vl +2) = 0fk) + i

For the reasons explained in section 4.2.2, the voltage-loop voltage equation
must be calculated at half the rate of the inner loop. Hence, by sampling (B.6) at a rate
equal to fs,/2,

2 irf(n —1) (B.7)

Vo(n 4+ 1) = vo(n) + G fo e

is obtained.
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In order to find a predictive equation that zeroes the voltage error, (B.7) can

be written in incremental terms as

2

Avy(n+ 1) = Av,(n) + WAiZef(n —1). (B.8)

The control law that ensures zero voltage error in the next sampling instant is given by
Cm sSw

A" (n) = — 2f Av,(n +1), (B.9)

since Av,(n+1) = 0 when (B.9) is substituted into (B.8). Note, however, that Av,(n+ 1)
must be known in order to apply (B.9). One option is to obtain it through a Luenberger

space observer. For a state-space representation given by

{ #(n+1) = Ax(n) + Bu(n) (B.10)
y(n) = Cz(n) + Du(n)
the observer equations can be written as
{ 2(n+1) = A#(n) + Bu(n) + Lly(n) = §(n)] (B.11)
j(n) = Ci#(n)+ Du(n)

such that the dynamics of the observer is defined by the eigenvalues of the matrix A— LC,

with L being an design parameter.

Equation (B.8) can be regarded as a state-space representation with x = Aw,,
u=Ai" A=1 B=2/C"fs, C =1,and D = 0. Thus,

A-LC=1-1L. (B.12)

Therefore, L must be chosen as 1 in order for the observer to present a deadbeat behavior

(pole located at the origin). With this choice, the estimator becomes

Aby(n+ 1) = Avy(n) + A" (n —1). (B.13)

C™ fsw

From (B.9) and (B.13), the control law can be obtained:

Airefn) = — g 1)~ — Cm2f 0 Ajo(n + 1), (B.14)
A (n) = —Ai (0 — 1) + ST ) — ()], (B.15)

2
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APPENDIX C - High-Frequency
Interactions in the AFR-GFI System

In addition to the LCL filter, the AFR has an EMI filter, whose topology is

depicted in Figure C.1. For the experimental results presented throughout this disserta-
tion, this EMI filter had been removed in order to avoid the high-frequency interaction
discussed in this appendix. Even though this effect is out of the scope of this disserta-

tion, it represents a practical problem that might be present in interconnected-converter

systems, and may cause power quality or stability issues.

EMI filter
e Y Y Y -
T 470kQ
L JAFR —= ; | =F P 3 — GFI(TL
5 uF IHF:’ 105 pF
Three-level —— Two-level
48 kHz 100nF 19.8 kHz

Figure C.1 — High-frequency representation of the AFR-GFI system, highlighting the
AFR’s EMI filter topology.

When the AFR and the GFI are interconnected, the EMI filter provides a
low-impedance path for the high-frequency content produced by the switching of both
converters. For high frequencies, beyond the controller’s bandwidths, both converters can
be regarded as switched voltage sources (see Figure C.1) with a certain spectral content
around the switching frequency, which depends on the modulation in use. The AFR
utilizes a three-level SPWM with the carrier frequency set at 24 kHz. Due to the three-level
modulation, the most relevant spectral content of the switched voltage produced at the
full-bridge’s terminals appears around 48 kHz. Even though this high-frequency content
is filtered by the AFR’s LCL filter, it is not completely suppressed and appears over
the EMI filter. The same occurs for the GFI, whose 19.8 kHz switched voltage, although
attenuated by the LC filter, produces a current flow through the EMI filter.

Figure C.2 shows the GFI output current when the AFR is on standby mode,
i.e. when its PWM and control are not enabled. In this case, the impedance seen by
the GFI corresponds solely to the AFR’s passive filters, which includes the EMI filter,
the 300 pH inductor, and the 5 pF capacitor. Note from the spectrum that the polluted
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Figure C.2 — High-frequency interaction between the AFR and the GFI when the AFR’s
EMI filter is connected. The AFR is on standby mode (PWM disabled). The
voltage (in light blue) and the current (in dark blue) are measured at the
output of the GFI's LC filter.

50 kHz 63 K 92 khz

BAN

current is mostly composed by the GFI switching frequency (19.8 kHz) and its multiples.
Similar results are shown in Figure C.3, but for the AFR’s PWM enabled. In

Figure C.3a the AFR is draining no current while, in Figure C.3b, it drains a current of
approximately 6 A,c.;. Now, the GFI output current contains the high-frequency compo-
nents produced by the GFI itself, which circulates mostly through the EMI filter, and
also the components produced by the AFR. In fact, the same high-frequency voltage that
the AFR produces over the EMI filter will also be over the GFI's LC filter, causing a
current to circulate towards the GFI. Thus, the AFR high-frequency pollution appears in
the measured current as well. Looking at the spectra, besides the frequency components
already present in Figure C.2, new ones appear around the multiples of the AFR’s carrier
frequency. Note that, despite the three-level modulation, not only the components that
are integer multiples of 48 kHz appear, but also the multiples of 24 kHz (even though with
lower magnitude). This imperfection in the capability of the three-level modulation to
double the apparent switching frequency is mostly related to transistors’ raise and falling

times and to deadtime.

Problems may arise due to the high-frequency pollution if this current is used
by the controller and the signals are not sufficiently filtered by the acquisition/conditioning
circuitry, due to the aliasing effect. In the tested case, the DB controller managed to
maintain the desired voltage despite the output current pollution—which is fed back into
the voltage loop (see Figure 4.5). The denoising filter set at 19.8 kHz was probably enough
to avoid complications related to the external pollution produced by the AFR. Also, the
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Figure C.3 — High-frequency interaction between the AFR and the GFI when the AFR’s
EMI filter is connected. The AFR is active (PWM enabled) and draining
(a) no current and (b) 6 A,e.i. The voltage (in light blue) and the current
(in dark blue) are measured at the output of the GFI's LC filter.

identification method was not compromised by this high-frequency pollution, as stated
by Figure C.4, which shows the R-DB impedance (discussed in Chapter 5) identified
by the AFR in both scenarios—with and without the EMI filter connected. Nevertheless,

depending on the sampling and switching frequencies involved in a multi-converter system,

uncertainties caused by aliasing are assumed to appear in the identified response.
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Figure C.4 — R-DB impedance identified by the AFR considering the scenarios with and
without the EMI filter.
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APPENDIX D - R-DB-GFI Impedance
Model with PRBS

The PRBS is injected in the modulator as shown in Figure D.1, which depicts
the current-loop control diagram of the R-DB.

L [2 - R_?]
Vi ' I

PRBS Yo
) + oy
tref L™ fou + Viny . v,
50 {%—» PWM (H va >
+ de J + +

Teomp

R1£ 2
[1 - L'"f.m]

Figure D.1 — R-DB current-control diagram including the PRBS injection.

The PRBS can be regarded as a new input for the system, and can be included
in the Norton equivalent circuit of the inner loop as a new current source, as presented

PRBS, with I

prbs corresponding to the

in Figure D.2. The source has a value of H;;Tbs

transfer function between the PRBS and the inductor current i;. Indeed, by analyzing

ir i}
Gi ire f Vo
DO D |em T
; Gi G;‘;st Z ()
H:, PRBS -

Figure D.2 — Current-loop impedance model including the PRBS.

the Norton equivalent circuit, H’ . can be found as the relation between the PRBS and

prbs
7, when both i,.¢ and v, are zero, as

Hi, = D.1
prbs T PRBS| ’ (D-1)

LrefsVo =0

which can be obtained by rearranging the block diagram as in Figure D.3.

With this modified impedance model for the current loop, the effect of the

PRBS can be extended to the voltage controller. The new Norton equivalent circuit trans-
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Figure D.3 — Simplified diagram for obtaining H;Tbs.
forms the relation previously given by (5.8) into
;zi)rbsPRBS + GiiTef - ZO,Z'UO = Z.o + ic; (DQ)

which can be represented in the voltage-loop block diagram as depicted in Figure D.4

l/Zo’i (3)

H:;ist (8)

Vo

Gi(s) Zc(s)

\

1/Z(s)

Figure D.4 — R-DB voltage-control diagram including the PRBS.

In the Thévenin equivalent circuit of the complete impedance model, the PRBS
can be modeled as a voltage source of value H),, PRBS. The transfer function H},,, can

be derived as the relation between the PRBS and the output voltage v, when the load

current and the voltage reference are zero, as denoted in

v
e, =—2_ D.
prbs T PRBS ’ (D3)

Uref 71'020

according to the circuit in Figure D.5.

Vo

Figure D.5 — Voltage-loop impedance model including the PRBS.
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By reorganizing the control diagram, the simplified block diagram for obtaining

v s becomes the one depicted in Figure D.6.

prbs
PRBS i ZoZ, Ly
I H;zst (S) o - >
! + Zo,i + ZC '
: Gai, - ZOH - G :
\ H;rbs /

__________________________________________

Figure D.6 — Simplified diagram for obtaining H”

prbs*



