ABSTRACT

YU, HUI. Stability and Power Quality Issues in Networked Power Electronics Systems:
Analyses and Solutions. (Under the direction of Srdjan M. Lukic).

The world is witnessing a dramatic increase of the deployment of electric power systems
enabled by the power electronics techniques, especially in the presence of distributed
renewable energy resources. Power electronics converters play a pivotal role in a wide variety
of modern energy systems such as PV, wind energy, data centers, electrified transportation,
consumer electronics, etc. Networked power electronics systems (NWPESs) are comprised
of a group of power electronics converters interfaced sources and loads, which are coupled
via one or multiple AC or DC buses in a distributed fashion. Microgrids refer to a special type
of NWPESs and are also the most popular and important ones, and thus are the research
focus of this thesis. With the increasing attention and deployment of NWPESs, stability and
power quality issues are becoming serious concerns.

In NWPESs, the power electronics converters usually follow a modular design fashion
by converter manufacturers and then are coupled together by system operators. In this
way, although each of the converters is stable when they are in standalone operation, small-
signal stability issues may occur when they are integrated as a NWPES. The conventional
impedance based method needs a comprehensive impedance model of all the subsystems.
It may fall short when the microgrid is interfaced by large number of converters with
different parameters, or the microgrid has a time-varying structure, both of which would
make the system modeling extremely complicated. A passivity-oriented design framework
for both grid-forming converters (GFMCs) and grid-following converters (GFLCs), which are
the two key types of converters in AC microgrids, is proposed in this thesis. This framework
decentralizes the stability target to each individual converter and eliminates the need for
a centralized stability assessment. As long as the converters in the NWPESs are designed
using the proposed framework, stability of the NWPESs can be guaranteed regardless of the
system variations. The passivity of GFLCs is realized by using multiple lead-lag controllers
together with an improved virtual resistance damping control. And the passivity of GFMCs is
achieved by a discrete-time state-space control structure that is consisting of state feedback
control, reference feedforward control and load current feedforward control. All the control
design guidelines are provided and validated by experimental results from an Opal-RT
based controller hardware-in-the-loop (C-HIL) testbed.

Large-signal stability issues are another great concern for the secure and resilient opera-



tion of NWPESs. In this thesis, the transient stability assessments of the currently prevalent
grid-forming control, namely droop control, as well as an emerging nonlinear grid-forming
control approach, i.e., dispatchable virtual oscillator control (dVOC) are carried out. Salient
transient stability features of dVOC and droop control during grid faults are summarized
and compared. It is noteworthy that the transient stability assessment framework proposed
in this thesis for virtual oscillator control (VOC) is the first of its kind. Another serious
large-signal stability issue exists in DC microgrids. The conventional droop control shows
unsatisfactory power sharing and voltage regulation performance, and also suffers from
large-signal stability issues, especially when there are considerable constant power loads
(CPLs) in the microgrids. To cope with this issue, dynamic nonlinear droop control (DNDC)
is proposed to ensure decentralized power sharing and almost global asymptotic stability
for paralleled DC-DC converters. The control method can be applied to generic DC-DC
converters regardless of their topologies. In steady-state, it is revealed that the proposed
control shows nonlinear droop control features, which can effectively improve the power
sharing and voltage regulation in DC microgrids. All the aforementioned analyses and
control design are validated by C-HIL results.

Power quality, especially voltage harmonics can be a severe issue due to the increasing
application of nonlinear loads that draw harmonic currents from the system. A VOC based
framework is proposed to eliminate the voltage distortion at point of common coupling in
AC microgrids. This thesis unveils and utilizes the strong harmonics rejection capability
of VOC, and further proposes a frequency adaptive virtual impedance scheme that is
compatible with VOC. The proposed control scheme can effectively attenuate the voltage
harmonics across the microgrid distribution network and ensure proper harmonic power
sharing. Compared to droop control based schemes, the proposed VOC based framework is
much easier to design and can be implemented with ease. The proposed control is validated
by HIL results.

In this thesis, two of the most challenging tasks in NWPESs, i.e., stability and power
quality, are tackled and solutions from the power electronics converter control perspective
are developed. The proposed control and analysis frameworks can help to facilitate the

design, operation and maintenance of NWPESs in the field.
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CHAPTER

1

INTRODUCTION

1.1 Networked Power Electronics Systems

In the last decade, the world has seen a dramatic increase of the deployment of electric
power systems enabled by power electronics techniques, especially in the presence of re-
newable energy resources. Power electronics converters play a pivotal role in modern energy
systems such as PV systems, wind energy systems, data centers, electri ed transportation
systems, power distribution and transmission systems, consumer electronics products,
and so forth Lukic et al. (2008); Flourentzou et al. (2009); Boroyevich et al. (2010); She et al.
(2013). Compared to decades ago, a much larger proportion of the total electric power
consumption in the human society is processed by power electronics systems. While this is
mainly because many of the advanced energy systems are only achievable with power elec-
tronics converters considering the performance and ef ciency requirements, this tendency

is further facilitated by the continuous decrease of the cost of power electronics systems.
For example, the deployment of the PV systems is quite challenging even as recent as a
decade ago and is mainly pushed by the government with subsidies due to their high cost
and lack of competitiveness in the market. Recently, the cost of the electricity from solar



Figure 1.1: A generic microgrid architecture

energy systems has become comparable to that from traditional energy resources, which
makes solar energy not only meaningful for sustainability purpose, but also a promising
industry that can be pro table and competitive Fu et al. (2018).

Networked power electronics systems (NWPESSs) are comprised of a group of power
electronics converters interfaced sources and loads, which are coupled via one or multiple
AC or DC buses in a distributed fashion. While NWPES is a rather broad category, microgrids
refer to a special type of NWPESSs and are also the most popular and important ones, and
thus are the research focus of this thesis. A microgrid is de ned as a group of interconnected
loads and distributed generations within clearly de ned electrical boundaries that acts
as a single controllable entity with respect to the grid Ton and Smith (2012); IEEE (2018).
A microgrid should be capable of grid-connected and islanded operation and seamless
transition between the two modes. According to their bus types, microgrids can be classi ed
into AC microgrids, DC microgrids and hybrid AC /DC microgrids.

A generic microgrid architecture is presented in Fig. 1.1. As can be seen in Fig. 1.1,
distributed generation systems are classi ed into two types: distributed renewable energy
resources (DRERS) and distributed energy storage devices (DESDs). DRERs are power
electronics converter interfaced renewable energy resources such as solar and wind energy.
DESDs are power electronics converters interfaced energy storage systems such as battery,
super capacitor and y wheel, etc. The loads in a microgrid system can be either simple



Figure 1.2: Grid-following converter

RLC loads, or power electronics converters regulated loads such as motor drives, electric
vehicle chargers, appliances, etc.

From a control and functionality perspective, there can be generally two types of power
electronics converters ina NWPES. One type is current controlled converters, and another is
voltage controlled converters. This classi cation is applicable to both AC and DC microgrids.
However, in AC microgrids, there are other widely accepted names for these two types of
converters, i.e., grid-following converters (GFLCs) and grid-forming converters (GFMCs),
respectively Rocabert et al. (2012); Pan et al. (2020); Yu et al. (2018, 2019, 2021). Although
the two concepts make absolute sense in DC microgrids as well, GFLC and GFMC are
only limited to the power converters in AC systems to date. In the following, the basic
structure and control methods of GFLC and GFMC are introduced. The converters in DC
microgrids share lots of similarities as their counterparts in AC microgrids, and are only
simpler. Therefore, the introduction of converters in DC microgrids is neglected here.

1.1.1 Grid-Following Converters

GFLCs are mostly used as the interface for DRERs and active front end for loads such as
electric drives, although sometimes they can also be found in battery energy storage systems
Xu et al. (2019, 2020a). The most distinguishing characteristic of GFLCs is that they are
current controlled and need a voltage reference. DRERs are usually designed for maximum
energy harvesting via maximum power point tracking (MPPT) algorithms, although some
recent research seeks to reserve a certain amount of power in PV systems Sangwongwanich
et al. (2017). Therefore, basically they feed as much power as they can generate to the
network. In other words, GFLCs are often non-dispatchable. A simpli ed control diagram

of a GFLC is provided in Fig. 1.2, in which the GFLC is connected with the network through



Figure 1.3: Grid-forming converter system

point of connection (PoC). GFLC usually need to sense the voltage reference, which is
typically provided by the grid or other voltage sources within the microgrid, and obtain its
phase information through a phase-locked loop (PLL). The combination of PLL and MPPT
will lead to a current reference, which is sent to an inner current controller for closed-loop
feedback control.

The greatest shortcoming of GFLC lies in its current control nature, which makes it
unsuitable for islanded operation. Up to now, nearly all the solar and wind energy systems
in the eld are interfaced by GFLCs. This wont be of considerable importance as long as
the intermittent renewable energy penetration level remains very low. However, as the
penetration level increases, GFLC interfaced DRERs can be a serious threat to the stability
and resiliency to the utility grid due to their high intermittency and uncertainty.

1.1.2 Grid-Forming Converters

The most distinct feature of GFMC is its capability to work under islanded mode. The
existence of GFMC is the primary reason why microgrids can work in islanded mode and
achieve seamless transition between islanded mode and grid-connected mode. GFMC is
an essential component that typically serves as the interface for DESDs. A typical control
diagram of GFMC is shown in Fig. 1.3. On top of the inner voltage control, a hierarchical
control architecture consisting of primary, secondary and tertiary control is employed Guer-
rero etal. (2011); Rocabert et al. (2012); Long et al. (2019); Awal et al. (2020a). The primary
control is responsible for power sharing, and the secondary control allows elimination of
the frequency and voltage deviations introduced by the primary control, while the tertiary
control manages the power ow between the GFMC and rest of the electrical network.
Currently, droop control is the prevalent primary control method for GFMCs. The basic
idea of droop control can be found in the traditional power systems where synchronous



Figure 1.4: The basic idea of virtual oscillator control

machines operate in parallel. While there are a good many variants of droop control, they
are essentially very similar and the most basic droop control equations are given as below

I =1 ,+mp(P P),
o P( ) (1.1)
V=V, +my@Q Q)
where! ,! ,,V,V, P ,Q ,P,Q, mp, mq denote the frequency, nominal frequency, voltage,

nominal voltage, active power set-point, reactive power set-point, active power and reactive
power, respectively. Virtual synchronous machine (VSM) is another popular droop based
primary control method with an emphasis on inertia emulation Beck and Hesse (2007);
Zhong and Weiss (2011); Wu et al. (2016). Under droop control, inner voltage tracking
control is required and usually achieved by a dual loop control structure. To allow proper
operation of the hierarchical control structure, a clear timescale separation between droop
control and inner voltage control has to be guaranteed. In practical implementations, low
pass lters (LPFs) are indispensable for droop control to suppress the power uctuations
and stabilize the system Pogaku et al. (2007). It can actually be proved that the basic droop
control in (1.1) with LPFs is mathematically equivalent with VSM D'Arco and Suul (2014).

It is noteworthy that not all GFMCs need an inner voltage controller, such as the emerg-
ing virtual oscillator control (VOC) Dhople et al. (2013, 2014); Johnson et al. (2014, 2016);
Sinha et al. (2017); Lu et al. (2019b); Awal et al. (2020a); Awal et al. (2020); Awal and Husain
(2020); Yu et al. (2020, 2021). As shown in Fig. 1.4, the basic idea of VOC is to control the
converters to mimic the dynamics of weakly nonlinear limit-cycle oscillators. Limit-cycle



oscillator is a type of second-order nonlinear systems. Starting from any neighbouring ini-
tial states, the system trajectories will always approach the limit cycle. A coupled limit-cycle
oscillators network can achieve global synchronization in a communication-less fashion.
Comparatively, droop control is a phasor domain controller, which is well de ned only near
the synchronous speed and is only locally exponentially stable. Furthermore, VOC is one
controller that combines the voltage control with primary control. Unlike droop control,
VOC does not need control layer separation, power calculation and LPFs, which makes
VOC faster in terms of synchronization and power sharing. However, it is worth mentioning
that very recently, some research works attempt to incorporate inner voltage control under
the VOC Lu et al. (2019b); Suboti ¢ et al. (2020).

1.2 Small-Signal Stability Issues

In NWPESSs, the power electronics converters usually follow a modular design fashion by
converter manufacturers and then are coupled together by system operators. It is quite
common that the converters within a NWPES are often from different manufacturers that
follow different design rules. In this way, although each of the converters is stable when
they are in standalone operation, small-signal stability issues may occur when they are
integrated as a NWPES Gu et al. (2015); Ye et al. (2018); Zhang et al. (2015); Yu et al. (2014);
Yu et al. (2018, 2019); Awal et al. (2019).

Small-signal stability is the ability of the system to maintain stable operation under
small disturbances. It is often assessed through a linear model of the system. Although
power electronics converters are essentially nonlinear systems, their linearized small-signal
models can be obtained through small perturbations around a steady-state operating point.
There are two different ways to tackle the small-signal stability issues in a NWPES.

1.2.1 Impedance-Ratio Based Criterion

Fig. 1.5 shows one of the simplest NWPESSs, which is comprised of a source converter and a
load converter. It can be either a DC, or AC power system. We can obtain its small-signal
model as an impedance based representation. The source converter is modeled as an
ideal voltage source with an output impedance Z.(S) in series, while the load converter is
modeled as an impedance Z,(s) Sun (2011).



Figure 1.5: A cascaded system with source converter and load converter

The bus current of the cascaded system can be represented as:

SR P 20 B 2O 1.2)
T Zi(9)+ Z4(5) Zi(s)1+ 2 |

It is pointed out that the stability criterion for this system can be summarized as Sun
(2011):

» Each of the converter is individually stable, meaning that the source converter is
stable when unloaded and the load converter is stable when powered by an ideal
source.

» Theimpedance ratio Z¢(s)=Z,(s) satis es the Nyquist stability criterion.

This stability criterion has proven to be effective, but it is only applicable to a narrow
category of NWPESSs. For example, not all power electronics converters can be de ned as a
source converter and load converter, since there are converters that can work bidirectionally.
In Zhang et al. (2015), a general impedance based stability criterion is proposed. It is
demonstrated that all converters in a power electronics networked system can be de ned
into two types:

» BVCC: Bus voltage controlled converter, i.e., converters that controls its bus-side
voltage

« BCCC: Bus current controlled converter, i.e., converters that controls its bus-side
current

Based on this classi cation, we can derive a small-signal model for any NWPESs and obtain
the bus-side impedances for all converters. A general impedance ratio can be given as

e, , S
_ ZV_buS(S) _ =1 Zy pusj(s) o
Tn(s)= 2 ous®) =& . St (1.3)

k=1 Zy pusk(s)



Figure 1.6: A generic NWPES with its impedance model representation

The stability criterion for this system can be summarized as:

» Each of the converter is individually stable, meaning that the BVCC is stable when
unloaded and the BCCC is stable when connected with an ideal voltage source.

» The general impedance ratio T,,(S) satis es the Nyquist stability criterion.

Although this general impedance-ratio based criterion can handle the small-signal
stability issues of a wide range of NWPESSs, it may fall short in microgrids scenario. Firstly,
it can be seen that a comprehensive model of the whole microgrid is always required.
However, system model can be very complicated as the system scales up, especially when
there are a large number of converters with different parameters. Secondly, grid impedance
and line impedance should be known to assess system stability. However, in a practical
system, grid impedance and other network impedance may be time-varying and hard to be
obtained. Last but not least, the impedance ratio based method is derived on linear system
theory, which cannot deal with a time-varying structure. However, NWPESs like microgrids
have highly exible participants and operation patterns, which allows converter join or
quit from the system with a plug-and-play fashion.



Figure 1.7: Application of the passivity concept in NWPESs

1.2.2 Passivity Based Solution

A promising solution to overcome the aforementioned drawbacks of impedance-ratio based
methods is the passivity based approach Ortega et al. (2013); Gu et al. (2015); Harnefors
etal. (2015, 2016); Wang et al. (2017a); Yu et al. (2018, 2019).

The most useful feature of passivity is that the stability of a passive system is inherently
guaranteed because the energy dissipation process always drives the system back to a
point of equilibrium. Another useful characteristic is that the parallel and feedback inter-
connections of any passive systems are still passive. This is highly applicable to NWPES,
which are basically interfaced by interconnected power electronics converters. The basic
idea of passivity-based design is illustrated in Fig. 1.7. If each subsystem is designed to
be passive, the passivity and stability of the entire system can be ensured. In this way, the
stability target is localized to each subsystem, and a overall system modeling is avoided.
Furthermore, since the connection or disconnection of each converter wont change the



Figure 1.8: Transient stability analysis in a generic AC power system

passivity feature of the entire system, the system stability can be guaranteed under this
condition, which is quite suitable for systems with a time-varying structure.

In the frequency domain, a circuit is passive if and only if its admittance or impedance
seen from the terminal has a positive real part, i.e., its phase angle is limited within the
range of [ 90,90 ]. The frequency domain passivity theory is readily useful for the design
of power electronics converters circuits and control systems. In this thesis, it provides the
basic idea for the control systems design in GFLCs and GFMCs.

1.3 Large-Signal Stability Issues

Up to now, a majority of the research works about stability issues in NWPESs focus on small-
signal stability, and little effort has been devoted to large-signal stability analysis. Large-
signal stability is the stability of the system when subjected to large disturbances. Under this
condition, the linearized small-signal model is no longer applicable. The stability analysis
usually needs to be performed by using more complicated nonlinear system theories. While
large-signal stability of networked power electronics systems is a rather broad subject, this
thesis only focus on the transient stability of grid-connected converters and the large-signal
stability of DC microgrids with multiple paralleled DC-DC converters.

1.3.1 Transient Stability Issues of Grid-Connected Converters

In traditional power systems, transient stability analysis is a well-established topic and it is
performed with synchronous machines. The most basic system con guration for transient
stability study is given in Fig. 1.8.
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The active power that the generator is delivering to the network can be expressed as

3EV, . _
P, = sin = Py SiN (1.4)
Xy

where E, ,Vy, Xt, Phax are the generator voltage magnitude, power angle, grid voltage
magnitude, total network impedance and the maximum power that the generator can
deliver to the network, respectively. Essentially, transient stability issues occur when the
generator tries to inject more power than P, . The issues are often caused by sudden
change of V, E or X1. In a NWPES, system structure changes, grid voltage sages, short
circuit faults, etc., can lead to change of V,, E or X;. Without loss of generality and for
simplicity, we adopt the most used system con guration for transient stability study, which
includes a single generator connected with the in nite bus through a transformer and two
transmission lines Kundur et al. (1994), which is shown in Fig. 1.8.

With the increasing integration of power electronics converter based distributed gen-
erations, transient stability assessment of grid-connected converters subjected to large
grid disturbances is of vital importance for the secure and resilient operation of the future
grid Wu and Wang (2019, 2020); Pan et al. (2020); Awal et al. (2020); Yu et al. (2021); Wang
et al. (2020). Recently. some research works on transient stability of PLL based GFLCs and
droop controlled GFMCs have been reported. But for other emerging grid-forming control,
such as VOC, a systematic tool for the transient stability assessment is still lacking. This
thesis will explore this topic and compare the transient stability characteristics with droop
control.

It should be noted that the research in this thesis is limited to one grid-connected
GFMC case. The transient stability of NWPESs with multiple GFMCs is an interesting and
important topic, but it is beyond the scope of this thesis.

1.3.2 Large-Signal Stability Issues in DC Microgrids

DC microgrids have gained great attentions recently due to their relatively simple archi-
tectures both in terms of circuits and controls compared to their AC counterparts, and
also because of the increasing integration of DC loads. A simple system diagram of a DC
microgrid is depicted in Fig. 1.9. Power electronics converters interfaced loads, such as
motor drives, DC-DC converter fed resistive loads, behave as constant power loads (CPLS)
when they are tightly regulated. CPLs exists extensively in modern power systems, and they
consume constant amount of power regardless of the input voltage. As a result, they have a
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Figure 1.9: A DC microgrid system

Figure 1.10: Negative impedance characteristic of CPLs

rather undesirable characteristic, namely the negative incremental impedance, which can
greatly decrease the system damping and easily destabilize the system Emadi et al. (2006);
Xu et al. (2020d,c). The negative impedance characteristic of CPLs is illustrated in Fig. 1.10.
To handle the challenge brought by CPLs, numerous solutions have been reported. Most
of the existing research works approach this issue from a small-signal angle and consider
only a single converter case Rahimi and Emadi (2009); Lu et al. (2015); Zhang et al. (2015,
2019); Xu et al. (2020b). These methods are hardly applicable for generic DC microgrids with
multiple paralleled DC-DC converters and large disturbances. Hardware based solutions
are proposed to address the stability issues in DC microgrids Zhang et al. (2012); Potty
et al. (2020). These methods can be effective and modular, but they introduce additional
hardwares in the system and may not be seen as a cost-effective solution. To date, very few
works are reported that aim at solving the large signal stability issues in a DC microgrids
with multiple converters in parallel. In Xu et al. (2020d), a robust controller is proposed
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that can address the large-signal stability issues of multi-converter systems. However, the
control structure is rather complicated, which greatly limit its applications in the eld.

1.4 Power Quality Issues

Power quality is an even more broad category than stability. In this thesis, we only consider
voltage harmonics issues in NWPESs with an AC bus Li and He (2014); He et al. (2015); Yu
et al. (2020). With the increasing application of nonlinear loads, such as computers, lamps,
refrigerators and a good many other home appliances drawing harmonics currents from
the grid, power quality issues are becoming a serious concern. The harmonic currents
demand can result in severe voltage distortions at the point of common coupling (PCC)
and affect other sensitive loads, distributed generations (DGs) or even interfere with the
communication systems.

In traditional power systems, the voltage harmonics issues are often tackled by dedi-
cated passive lters or active power lters (APFs). These dedicated Iters can effectively
eliminate the voltage harmonics in certain scenarios, but the additional investment makes
this solution not so cost-effective. In addition, the nonlinear loads in the NWPESs are highly
distributed, as can be seen from Fig. 1.1. The traditional centralized APFs are not very
effective, especially in a complex distribution system setting Li and He (2014). Alternatively,
using the existing DGs for harmonics compensation as an ancillary services to the grid
could be a very competitive and effective method.

The research on voltage harmonics mitigation based on droop control is well established
now Wang et al. (2012, 2013); He et al. (2015); Zhong (2013); Liu et al. (2019). For a droop
controlled GFMC, a proportional-resonant (PR) controller based dual loop control structure
is usually enough for normal operations. However, advanced voltage control structures
such as multiple PR controllers and repetitive controller are usually implemented to ensure
good voltage tracking and harmonics rejection when nonlinear loads are a major concern.
These advanced controllers greatly complicate the control system design. In addition, the
droop control structure should be improved in order to suppress the voltage harmonics at
PCC. One option is to modify the droop control with addition of harmonic droop controllers.
The most widely used method is virtual impedance emulation at harmonic frequencies.
This thesis will explore how the same objective can be achieved using a VOC based control
structure.
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Figure 1.11: Opal-RT based controller hardware-in-the-loop testbed

1.5 Real-Time Hardware-in-the-Loop Testbed

Hardware-in-the-loop (HIL) based real-time simulation is getting increasing attention in
both the academia and industry for the research and development of NWPESSs. It has been
successfully used for system analysis and control algorithms veri cation, especially in large-
scale power electronics systems Ye et al. (2017); Tu et al. (2018a,b, 2020); Du et al. (2020); Xie
et al. (2020); Awal et al. (2018); Long et al. (2020a,b); Yu et al. (2021). Compared to hardware
test, HIL simulation provides a more exible and comprehensive solution, especially for
research on stability issues and faults in power electronics systems considering the safety
issues, cost and complexity of introducing instabilities and faults in the lab environment.

To validate the stability analysis and control algorithms proposed in this thesis, an Opal-
RT based controller-HIL (C-HIL) testbed is built using industry-grade control hardware,
as shown in Fig. 1.11. In the OP5607 real-time simulator, the FPGA-based simulator with
a simulation time step of 500 ns is used to simulate the semiconductor devices with high
frequency switching dynamics, while the CPU-based simulator with a simulation time step
of 20 sis used to simulate most of the non-switching components of the NWPES under
study, such as feeders, transformers, RLC loads, etc. The models for the NWPES are rstly
built in Matlab / Simulink, and then compiled and loaded into the simulator via its user
interface, i.e., RT-LAB. The industry-grade digital signal processor (DSP) TMS320F28377S
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from Texas Instruments is used for implementation of the control algorithms for the con-
verters in the NWPES. Simulated states like voltages and currents are sent to the DSP via
analog out modules on OPAL-RT simulator, and the PWM signals are generated and sent
to the simulator as gate signals for the power electronics converters. The switching and
sampling frequency are selected to be 10kHz and 20kHz, respectively. All the signals can be
sent to the analog out modules on the simulator and monitored using an oscilloscope.

1.6 Thesis Outline

Each of the following chapters is dedicated to the analysis and solution of one speci c
stability or power quality issue in NWPESSs.

In Chapter 2, a passivity-oriented controller design for GFLCs is proposed to address
the small-signal stability issues in AC microgrids. First, the passivity concept is introduced
and a passivity margin criterion for paralleled GFLCs is proposed, which decentralizes the
stability target to each individual converter. The system will be stable with satisfactory
margin as long as each converter is designed in accordance with the criterion. And then
a passivity-oriented design approach with the lag controller to make the system passive
and the improved virtual resistor damping control to further improve the passivity margin.
Compared with existing methods, the proposed controller can be implemented with ease.
Both of the proposed criterion and control design are veri ed by results from an Opal-RT
based C-HIL testbed.

In Chapter 3, a passivity-oriented discrete-time voltage controller for GFMCs is pro-
posed by leveraging the advantage of the state-space and complex vector method. The
control architecture is consisting of state feedback control, reference feedforward control
and load current feedforward control. A detailed control parameters design guideline is
provided. Compared with existing methods, the approach ensures not only superior ref-
erence tracking performance and load disturbance rejection capability, but also provides
passive output impedance, and therefore, guaranteed stable operation under weak grid
condition. A comparison study among the proposed controller, dual-loop control and
a state-of-the-art control is carried out. The control design is validated by experimental
results from a C-HIL testbed.

In Chapter 4, transient stability assessment for droop controlled grid-connected GFMCs
is rstly reviewed. Then a novel transient stability assessment framework for dispatch-
able virtual oscillator control (dVOC) is proposed. The framework provides a concise and
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straightforward graphical approach for transient stability assessment of dVOC using vector
eld on the circle. To provide a more in-depth analysis, a complete large-signal model of
dVOC based GFMCs is derived and the impact of dVOC voltage amplitude dynamics is
analyzed. Salient transient stability features of dVOC and droop control during grid faults
are summarized and compared. The theoretical analysis is validated by experimental results
from a C-HIL testbed.

In Chapter 5, a dynamic nonlinear droop control for DC microgrids is proposed. The
control approach aims to realize decentralized power sharing and global voltage asymp-
totic stability for paralleled DC-DC converters. A step-by-step control design guideline is
proposed. The steady-state characteristics of the proposed control is analyzed and it shows
that the proposed control exhibits a nonlinear droop control response. Compared to con-
ventional linear droop control, the proposed control can achieve better voltage regulation
and load sharing, as well as improved large-signal stability. The control design is validated
by experimental results from a C-HIL testbed.

In Chapter 6, a VOC based framework is proposed to mitigate the voltage distortion
at point of common coupling (PCC) in AC microgrids. This thesis unveils and utilizes the
strong harmonics rejection capability of VOC. However, due to the converter Iter and
feeder impedance, the voltage at PCC will still be distorted when feeding nonlinear loads.
To resolve this issue, a frequency adaptive virtual impedance scheme based on multiple
second-order generalized integrators with frequency-locked loop (MSOGI-FLL) is proposed
for VOC. The proposed control scheme can effectively attenuate the voltage harmonics
across the microgrid distribution network and ensure proper harmonic power sharing. The
control design is validated by experimental results from a C-HIL testbed.

Chapter 7 concludes the thesis by listing the key contributions and future work.
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CHAPTER

2

PASSIVITY-ORIENTED CURRENT
CONTROLLER DESIGN FOR
GRID-FOLLOWING CONVERTERS

As a conventional stability analysis method of NWPESSs, the impedance-ratio criterion needs
a comprehensive impedance model of all the subsystems. The application of this criterion
can be rather unrealistic when the NWPES is interfaced by large number of converters
with different parameters, or when the NWPES has a time-varying structure, both of which
would make the system modeling extremely complicated. In this chapter, a passivity margin
criterion for GFLCs, which are an important type of converters in a wide variety of NWPESSs,
is proposed. The proposed criterion decentralizes the stability target to each individual
converter. The system will be stable with satisfactory margin as long as each converter is
designed in accordance with the criterion, regardless of the system variations. Based on
the proposed criterion, a passivity realization approach for GFLCs is proposed.
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2.1 Introduction

Small-signal stability issues can be a serious concern in NWPESs. In NWPESSs, the power
electronics converters usually follow a modular design fashion by converter manufacturers
and then are coupled together by system operators. In this way, although each of the
converters is stable when they are in standalone operation, small-signal stability issues may
occur when they are integrated as a NWPES. From a timescale perspective, there are mainly
two types of small-signal stability issues. One is induced by the slow power control loops
Mohamed and El-Saadany (2008) and grid synchronization loops Wen et al. (2015), which
often happens in very low frequency range with a typical timescale of tens or hundreds
of milliseconds Zhao et al. (2015). Another is often caused by the interactions among the
multi-converter systems' fast inner current loops, higher order lters, or grid impedance
Liserre et al. (2006); Sun (2011), which often occurs in a higher frequency range with a
typical timescale of less than a few milliseconds Zhao et al. (2015). In this chapter, we focus
on the second type of stability issues.

Impedance-ratio criterion is a state-of-the-art method for small-signal stability analysis
of NWPESs. Only the terminal impedances of the two subsystems are required, and the
stability analysis can be performed with the impedance ratio Sun (2011); Zhang et al.
(2015). However, since a comprehensive model of the entire system is always required,
the impedance ratio solution may fall short with the complex scenarios such as that of
microgrids. For instance, the converters may join or quit the microgrid in a plug-and-play
manner due to the exibility and uncertainty of DGs, which will result in a time-varying
system structure Gu et al. (2015). In addition, when the microgrid is scaled up and involves
lots of paralleled converters with different parameters, the modeling of the entire system is
still possible but extremely complicated. Apart from the microgrid side problems, it is also
hard to obtain the accurate information of the time-varying grid and network impedances,
which further complicates the analysis.

A decentralized control to avoid the entire system modeling is required. Fortunately, the
passivity concept offers the possibility to realize this target. Passive systems have two very
useful characteristics: 1. a passive system is inherently stable; 2. the parallel and feedback
interconnections of any passive systems are still passive Gu et al. (2015); Ortega et al. (2013).
Hence the passivity based design is highly applicable to the control of NWPESs, which are
basically interfaced by interconnected converters. As long as each converter is a passive
subsystem, and the grid impedance is a RLC network (which is certainly passive), the entire
NWPES will be stable.
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Figure 2.1: N number of GFLCs connected in parallel with the grid

This chapter is dedicated to the passivity based analysis and design of GFLCs. A NWPES
with N number of grid-connected GFLCs is shown in Fig. 2.1. By leveraging the passivity
concept, a passivity margin criterion for GFLCs is proposed in this chapter. As a generic
design approach, it decentralizes the stability target to each individual converter in the
microgrid and guarantees a satisfactory stability margin. Furthermore, an analogy between
the passivity margin criterion and impedance-ratio criterion is derived.

InGu etal. (2015), a passivity realization method for DC microgrid based on voltage feed-
forward is introduced. In Harnefors et al. (2015), a capacitor voltage feedback based active
damping is proposed to achieve passivity for converter-side current control of grid-tied
inverters. The negative real part cancellation effect for paralleled converters with different
parameters under certain conditions is studied in Bai et al. (2016), but it can hardly be
a general design guideline. In Wang et al. (2017a), a discrete derivative controller based
passivity realization method is proposed. However, substantial mathematical analysis is
required for the parameters tuning. Furthermore, none of Harnefors et al. (2015); Wang et al.
(2017a) discussed the passivity margin. Lead-lag controller and virtual resistor damping
have been proposed to in the literature Blasko and Kaura (1997); Pefia-Alzola et al. (2013);
Pan et al. (2014, 2015) for current controlled grid-connected converters. However, none of
them is designed and optimized from a passivity perspective.
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Based on the passivity margin criterion, a passivity-oriented design approach is pro-
posed in this chapter with the lag controller to make the system passive and the virtual
resistor damping to further improve the passivity margin, which is easy to understand
and can be implemented with ease. Finally, the theoretical analysis is veri ed on a C-HIL
platform.

2.2 Passivity Margin Criterion

2.2.1 The Passivity Concept

Passive systems are a class of dynamical systems in which the rate of the energy ows into the
system is no less than the increase in storage. The difference between the energy supplied
to the system and the stored energy is called the dissipated energy. The stability of a passive
system is inherently guaranteed because the energy dissipation process always drives the
system back to a point of equilibrium Ortega et al. (2013). Another useful characteristic for
passive systems is that the parallel and feedback interconnections of any passive systems
are still passive Gu et al. (2015); Ortega et al. (2013). This result is highly applicable to the
control of NWPESs, which are essentially comprised of interconnected power electronics
converters. If each subsystem is designed to be passive, the passivity and stability of the
entire system can be ensured. Furthermore, since the connection or disconnection of each
converter wont change the passivity feature of the entire system, the system stability can
be guaranteed even when there are system structure changes.

The frequency domain passivity concept is the most suitable for the power electronics
community. A circuit is passive if and only if its admittance Y seen from the terminal
satises RefY (j! )g Oforall ! ,ie., itsphase UY (j! )2[ 90,90 ]Ortega et al. (2013). On
the complex plance, the passivity region for an admittance if the right half-plane (RHP),
which is depicted in Fig. 2.2(b). Although stability is inherent in passive systems, the stability
margin may not be acceptable. This can be easily understood with the simple  LC circuit
example. It is a passive and stable system, but there is no passivity margin since it is an
undamped system that oscillates forever. From the frequency response point of view, the
Y (j! ) of the circuit totally lies on the imaginary axis of the complex plane since it has a
zero real part. If the admittance could be kept away from the boundary, i.e., the imaginary
axis, the stability margin of the system could be improved. And this conclusion can be
drawn from a simple RLC circuit example.

Based on the circuit diagram in Fig. 2.2(a), the admittance of the R LC circuit can be
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Figure 2.2: lllustration of the passivity concept with a RLC circuit example

easily derived as

sC
V= [cevrCst 1 1)
And the damping factor of this circuit is given as
vV
_R'C 22)
2 L

A group of Nyquist plots of Y (s) using different values of  are provided in Fig. 2.2(b). In
the LC circuit example, the admittance Nyquist plot totally lies on the imaginary axis
since it has no damping at all. When the damping factor is not zero, as can be seen from
Fig. 2.2(b), as the damping factor increases, the Nyquist plotof Y (j! ) will move away from
the imaginary axis of the complex plane.

2.2.2 Passivity Margin Criterion

Based on the analysis in Section 2.2.1, a modi ed passivity region is proposed for GFLCs,
as shown in Fig. 2.3. The upper part of the RHP is modi ed with a phase margin of
while the lower part of RHP is unchanged. The explanation is provided as below. For LCL
type grid-tied converter, the Iter capacitor could be considered as a short circuit at high
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Figure 2.3: Modi ed passivity regionfor Y (j! )

frequency range. Therefore, from a physical perspective the output admittance  Y;,, is only
the grid side inductor, which makes the admittance's phase 90 , and thus the lower part
of the region is unalterable. This conclusion could also be drawn from the expression of
Yinv » Which is provided in (2.7). When sisvery large, Y, (s) 1=sL,.

If the admittances of all the GFLCs in parallel are designed to be within the proposed
passivity region in Fig. 2.3, a higher stability margin can be achieved. In addition, if each
subsystem satis es the passivity margin criterion, so does the entire interconnected system.
Take parallel connection for example. If both of  Y,,,; and Y;,, » lie within the modi ed
passivity region, the combined admittance Y, 12= Yinv1 + Yiny 2 Will be between Y;,, ; and
Yy 2 according to the parallelogram law for complex number addition, hence it also lies
within this region, as shown in Fig. 2.3. The proof is similar for series connection Gu et al.
(2015).

2.2.3 Analogy Between Passivity Margin Criterion and Impedance-Ratio
Criterion

Next, an analogy between the proposed passivity margin criterion and impedance-ratio

criterion is provided. As shown in Fig. 2.4, the AC microgrid is divided into 2 subsystems.

Subsystem 1 contains all the BCCCs, whereas subsystem 2 contains all the BVCCs. It should
be noted that aweak grid is a special case of BVCC Zhang et al. (2015). Ys;(S)and Yg,(s) are the
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Figure 2.4: Impedance-ratio criterion for a generic NWPES

admittances of the two subsystems, and both  Y;;(s) and Y,,(s) satisfy the passivity margin
criterion, i.e., UY5(j! ), UYs,(j! )2[ 90,90 ]. For a small-signal current injection [
at the point of coupling, the consequent voltage ripple v can be obtained as (2.3), which
indicates the relationship between each admittance and the impedance ratio.

v(s) 1 B Z4(s)
i(S)  Yer(S)+ Yeo(S) 1+ Zp(S)=Zy(S)’

(2.3)

where Z¢,(s)and Z,(s) are the corresponding impedance of Yg;(s)and Y, (s). Theimpedance
ratio Z,(S)=Zs1(S) could be considered as the equivalent loop gain of the system. Therefore,
the system stability can be determined by studying this impedance ratio. The suf cient
and necessary condition for the system stability is that this impedance ratio satis es the
Nyquist stability criterion Zhang et al. (2015). The phase of Z4,(S)=Zs1(S) can be derived in
(2.4).
022 (7 (s) UZuy(s)= Umse Ut = O¥yy(s) UYar(s). (2.4)
Zsl(s) YSZ(S) Ysl(s)

Recall that UYg,(j! ), UYg,(j! )2[ 90,90 ], hence UfZ,(S)=Z4(s)gshould be [ 180 +

,180 ], thisis exactly the impedance ratio criterion as derived in Sun (2011); Zhang et al.

(2015). Apparently, the passivity margin criterion is the suf cient yet unnecessary condition
for impedance-ratio criterion. The main difference is that passivity margin criterion is a
requirement for the admittance of each individual converter, whereas the impedance-ratio
criterion involves two subsystems. A major disadvantage of passivity-based method is that
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Figure 2.5: A current controlled grid-tied inverter system

Figure 2.6: A current controlled grid-tied inverter system

it will leads to a more conservative controller design. So there is a trade-off between the
stability objective and the conservativeness of the controller design.

2.3 Passivity Realization for GFLCs

Based on the passivity design guideline described in Section 2.2.2, a passivity realization
approach for LC L-type grid-tied GFLCs is introduced here.

2.3.1 System Modeling

A current-controlled grid-tied inverter system is depicted in Fig. 2.5. It can either be a
single-phase inverter, or a balanced three-phase inverter under the stationary frame.
The grid-side current control diagram is provided in Fig. 2.6.

As mentioned earlier, this chapter is focused on the higher frequency stability issues. And
the PLL bandwidth used in this paper is designed to be low enough that no low-frequency
oscillation will not occur Wen etal. (2015). Gp(S) is the current controller with its expression
provided in (2.5). G4(s) is the digital control delay, itis normally modeled asa 1.5T; delay
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Pan et al. (2014), where T is the sampling period. Kp y is the transfer function of the PWM
converter and H; is the grid-side current sensor gain.

Gor(s) = k 21 s 25
Pr(S)= p+52+2!is+!§’ (.5)
Gy =e 5, (2.6)
The expression of the inverter admittance can be derived as in (2.7).
s?L,C; + 1
Yiny (8) = (2.7)

S3L1L,C + S(Ly+ Ly)+ Gpr(S)Kpwm Gy (S)H;

Table 2.1: GFLCs System Parameters

Parameter Symbol Value

Input voltage Vi, 200V

Grid voltage (RMS) Vg 110V

Current sensor gain H; 0.015

Fundamental frequency fo 60Hz

Sampling frequency fs 20kHz

Switching frequency fow 10kHz

PWM converter transfer fucntion Kpwm 200
Power rating P, 6kW-#1, 3KW-#2
Converter-side inductor L, 300 H-#1,400 H-#2
Filter capacitor Cs 20 F-#1,12 F-#2

Grid-side inductor L, 100 H-#1,150 H-#2

A 6kW DER inverter is taken as example here, of which the parameters are provided
in Table 2.1 and 2.2. The Bode plot of Y;,, (s) is shown in Fig. 2.7. Y;,, (S) rst exhibits an
inductive feature, then there is a phase jump from approximately 90 to 90 atfundamental
frequency f, = 60Hz, which is induced by the PR controller. Recalling from Section 2.2.2, the
phase of Y;,, (s) should be kept away from 90 ° for satisfactory passivity margin. However,
PR controller is introduced to achieve zero steady-state error for fundamental current
component, and normally it will not destabilize the system. Furthermore, only the high
frequency harmonic stability issue is of interest in this paper as mentioned before, hence
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Table 2.2: GFLCs Controllers Parameters

Controllers GFLC#1 GFLC #2
Gpr k, =0.9,k, =250 kp = 1.33,k, = 316
Giag 1=3.95 10 5, Kiag =12, =40| ;=35 10 5, Kiag = 1.1, =23
Hi. H;. = 0.005 H;. = 0.008
Giead 5=3 10°Kieaq=04, =8 =28 10° Kjeaq=04, =6

the phase jump at f, does not matter. After f,, the phase of Y;,, (s) decreases until at f, -,
which is the resonant frequency of L, and C;. A 180 phase jump occurs due tothe L, and
C; resonance. Due to the digital control delay, the phase of Y;,, (S) will be greater than 90,
which suggests that it is non-passive.

An analytical expression of the non-passive region for Y;,, (S) can be obtained from (2.7).
The R part of the PR controller Gp(s) is designed for zero steady-state error at fundamental
frequency, therefore it has little in uence at higher frequency range Wang et al. (2017a). To
simplify the calculation, use k, instead of the expression in (2.5). By substituting swith j! ,
the real part of Y, (s) can be derived as

(! 2L;Cy + 1)k, Kpwu H; cos(1.5! Ty)
A2+ b2 ’
A=Ky KpwmHjcos(1.5! Ty),
B=1!3L,L,C ! (Ly+L,)+ Kp Kpwm Hisin (1.5! T).

Ref Yiny (! )9=
(2.8)

The expression of RefY;,, (j! )gsuggests that the negative real part is determined by
both the digital control delay and the L; and C; resonance. As a general conclusion, the
system is non-passive between f - and f;=6, where fg is the sampling frequency. Fig. 2.7 is
an example with f ¢ below f;=6.

2.3.2 Passivity-Based Controller Design

To get rid of the non-passivity region, an intuitive idea is to make a phase drop of Y, (S)
between f, ¢ and f;=6. This could be achieved by integrating a lag element G, (s) in series
with the PR controller. The implementation is very easy in the DSP, with no requirement for

26



Figure 2.7: A current controlled grid-tied inverter system

additional sensors. The expression of a rst-order lag-controller is given as

1S

1+
Glag (S) = kIag 1+ S’ (2.9)
1

where k.4, 1, aretheparameters forthelag compensator. Note that for alag compensator,

> 1. The maximum phase lag ' ..« that can be realized, and the frequency atwhich ' .«
occurs are given by

. 1 1
SIN' max = — 1 fmax = z—p: (2.10)
1

To eliminate the non-passivity region, i.e., to limit the phase-frequency curve of Yinv ()
to[ 90,90 ], agood choice of f,,,, wouldbe f,.x = fic,and"' .y isdesigned asthe phase
drop Y, (s) required to be Y;,, (s)at f . Inthisway, 4, canbe determined. The phase
drop should not be too large, because an excessive phase drop would make the lower part
of Y;,, (S) non-passive due to the 180 phase jump at f ..

So far the design of k;,4 has not been discussed. Although the required compensation
for eliminating the non-passivity region of Y, (s) is assumed to be an ideal phase drop,
the lag-controller also inevitably introduces a magnitude attenuation at higher frequency
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Figure 2.8: Y, (s) with lag controller

range, which would greatly decrease the bandwidth of the current loop. Hence, k4 > 1is
required to compensate this magnitude attenuation. On the other side, due to the phase
dropintroduced by G4 (S), this bandwidth also needs to decrease a certain extent to ensure
enough phase margin for the current loop gain. The selection of K, is a trade-off between
stability and dynamic performance.

For the 6kW DER inverter example, the lag-controller parameters are designed as =
4.0, ;=3.95 10 ° kjnq = 1.2, which is provided in Table 2.1. The expression of the lag-
controller compensated inverter admittance Y, 144 (S) is givenin (2.11). And its Bode plot
is depicted Fig. 2.8. The phase of Yj,, |54 (s)islimitedto [ 90,90 ] with the lag-controller.

y $2L,C; + 1
; S)= .
inv_1ag () S3L1L,Ct + s(Ly+ L)+ Gpr(S)Giag (S)Kpwm Gy (S)H;

(2.11)

Now a passive inverter output admittance is obtained. However, since the L, and C;
resonance still exists, there will always be a 180 phase jump at f, ., which suggest that it
will never satisfy the passivity margin criterion. A straightforward idea is to damp the L,
and C; resonance. If a virtual resistor R, could be introduced in parallel with the capacitor,
the L, and C; resonance could be damped. Fig. 2.9 depicts the realization of the virtual
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Figure 2.9: Control diagram with passivity-based controllers

Figure 2.10: Y;,, (s) with lag controller and virtual resistor

resistor by sampling the capacitor current and feeding it back to the lag controller output
via a gain of H;.. The expression of the inverter output admittance could be derived as
Yinv_cmb(s) in (2-12)-

Yinv_cmb(s):
s°L1Ct + SCi HicGlead (S)Kpwm Gy (s) + 1
S3L4L,Cs + S2L,Ci Hic Gl ad (S)Kpwm Gy (S) + S(L1 + L) + Gpr(S)Giag (S)Kpwm Gy (S)H; .
(2.12)
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