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ABSTRACT The penetration of power electronics into power generation and distribution systems has

deepened in recent years, as prompted by the increasing use of renewable sources, the quest for higher
performance in the control of power conversion, as well as the increasing influence of economic plans
that necessitate power trading among different regions or clusters of power distribution. As a result of the
increased use of power electronics for controlling power flows in power systems, interactions of power
electronics systems and conventional synchronous machines’ dynamics would inevitably cause stability
and robustness concerns, which can be readily understood by the coupling effects among interacting
dynamical systems of varying stability margins (or transient performances). In this article, we present the
various problems of power electronics penetration into power grids and the implications on the stability
and robustness of power networks. We specifically attempt to bring together two distinct perspectives,
namely, bottom-up (local) and top-down (global) perspectives, and examine the current progress and future
direction of research in power systems amidst the extensive deployment of power electronics.
INDEX TERMS Power grid, power electronics, grid-connected power electronics, robustness, stability.

I. INTRODUCTION

INCE the inception of the first power system at
Godalming, England, in 1881, the power distribution
network has grown rapidly in different parts of the world
and has been playing an increasingly important role in many
developed and developing economies. For the past Century
and until now, the power distribution network has mainly
been composed of a suite of conventional alternating current (AC) equipment [1]. Much of the electrical power has
been generated and pumped into the grid by synchronous
generators, and the magnitudes of voltage at different locations are transformed by AC transformers. Moreover, the
power consumed by the conventional loads has predominantly been determined by electrical components connected
to the grid, such as motors, incandescent light bulbs, and so
on. The stability issue of the conventional power system has
been relatively well studied and understood by researchers
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and electrical engineers. Typical characteristics have been
revealed and sound theories have been developed and used
for several decades [2].
Today’s power systems, however, are undergoing a rapid
transformation, featured by the increasing level of utilization
of a new kind of equipment—power electronics converters [3], [4]. In terms of power generation, transmission and
consumption, power electronics devices have been extensively used in place of their conventional counterparts. The
electricity generated from renewable energy sources (e.g.,
wind turbines and photovoltaic panels) that interface with
the power grid through power electronics converters continues to increase [5]. The HVDC (High Voltage DC) electricity
transmission, with mandatory interface via power electronics
equipment, has gained increasing popularity for large-scale
and remote power delivery and trading [6]. For the load sides,
power electronics adapters are widely used for electric power
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transformation and modulation. In the power system operated by the State Grid Corporation of China, for instance,
9.7% of electricity was generated by renewable energies and
pumped into the grid through power electronics devices in
2018, with 10 UHVDC (Ultra High Voltage DC) transmission lines built for large-scale and remote electric power
transmission among different areas covered by synchronous
AC power [7]. In the European grid, a large amount of
renewable power plants have also been installed over the
past decade, accounting for about 17% of the overall power
consumption in 2015 [8].
Conventional power systems are dominated by synchronous generators [9]. The rotor (rotating part) of the
conventional synchronous generator creates a rotating magnetic field in the windings of the stator (stationary part).
This process generates AC electricity of the same frequency
as that of the rotor, and different generators in the grid synchronize with each other in the steady state. When there are
disturbances in the power system, for example, due to an
imbalance between the electromagnetic power loads and the
mechanical power of the generators, the rotor will accelerate
or decelerate, causing the frequency to go up or down. The
rotating mass is interpreted as the system inertia. The synchronous generator controls its real output power through the
shaft torque and its output voltage through the field current.
Primary frequency response and automatic generation control (AGC) are further employed to achieve power balance
and system stability.
Power electronics devices have fundamentally different
mechanisms and dynamics compared with the conventional
AC power equipment. Power electronics converters rely on
fast switching actions to achieve electrical power modulation instead of controlling the rotating mass. Featured by
fast controllable dynamics and nearly zero energy storage
capacity, their wide adaptation is bound to change the overall properties of the power system [10] as well as to pose
difficult challenges to the analysis, planning and operation
of the power system. In the operation of China’s power
grid, the stability and safety problem has been found to be
much more severe due to this evolution [11]. According to
the simulation results reported by State Grid Corporation
of China, the stability issue of the power system becomes
more severe and challenging [12], with some new types
of sub-synchronous oscillations observed in areas having a
large amount of installation of wind turbines. Fig. 1 shows
the general configuration of modern power systems with
regional partitions (clusters) which are connected by DC or
AC transmission links. Within each cluster, there are power
electronics converters installed for power flow control, storage systems, power conditioning, power source control, as
well as conventional synchronous generators and associated
control equipment. Fig. 2 shows a specific configuration of
the China’s network, having 7 clusters interconnected by DC
links.
The usual conclusions from classical analysis of conventional AC power systems will be infeasible in the new power
VOLUME 1, 2020

FIGURE 1. General structure of power grid with power electronics penetration.

FIGURE 2. China’s power grid. Inter-cluster connections are HVDC links.

system scenario under the influence of power electronics
devices. Suitable analytical methods, tools and interpretations
on the system stability and robustness are in hot pursuit, as
the impact of the penetration of power electronics in power
systems has known to be profound and has indeed drawn
serious attention from power system engineers.

II. OBJECTIVES

In this article, we first examine the recent research trends in
key issues associated with the extensive deployment of power
electronics in power delivery and distribution networks, and
in particular we introduce two distinct angles of examination
corresponding to local and global views of the grid. The
local perspective naturally covers novel and conventional
analytical methods aiming to understand the stability of
grid-connected devices (predominantly converters) as well as
141
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interacting devices via the grid. This is essentially a bottomup approach to addressing the bigger and more complex
issues related to power electronics penetration in a large-scale
power grid. As we will explain shortly, this approach typically focuses on the circuit level, and while it offers detailed
views of the dynamics of devices at specific locations or
groups of grid-connected devices, it inevitably falls short
of offering a comprehensive view of the entire connected
system, especially when the effects of dynamic processes
or events in one local area extend to other parts of the
system. For instance, cascading failure in a power grid is
one such important problem. Thus, analytical methods that
take a global perspective would be more suited for largescale connected systems, as it may provide a more complete
view of phenomena that occur at the global system level,
providing information that cannot be available from methods
that take a local perspective. Available methods that take a
global view effectively examine the power system from a
top-down networked system perspective, and are, however,
up-to-now rather limited and much less mature compared to
those that take a local approach. In this article, we attempt
to bring these two perspectives together and re-examine the
current progress of research in power systems amidst the
extensive deployment of power electronics. The merits and
shortcomings of available methods will be discussed, and
the necessary exploration of novel methodologies, including
establishment of new assessment metrics and novel analytical tools, will be highlighted, along with our own projection
of the future trend in this important emerging arena of relatively less explored but highly practically relevant research
area. Table 1 provides an incomplete checklist of problems
and methods, which is expected to expand rapidly in the
coming years.
III. BOTTOM-UP APPROACH

A key paradigm shift in the conventional power grid is
the extensive deployment of power electronics interfaces
connecting power sources and utility loads. Due to the stereotypical existence of a DC bus in renewable energy systems,
storage systems and power conversion systems, high capacity
three-phase interface AC-DC converters are widely adopted
in power delivery and distribution systems, and in particular, the simple two-level voltage or current source converter
topology and the modular multi-level converter (MMC) are
most widely deployed due to their simplicity and benefits of lower harmonics interference. It is not difficult to
appreciate the design issues associated with these kinds of
“grid-connected” converters. From the conventional viewpoint of impedance or loading effects, one would readily
conclude that a stable standalone converter may become
unstable when connected to an imperfect grid, especially
when the converter has been optimized for performance with
high gain and wide bandwidth control loops.
In the recent decade, design challenges arising from stability and robustness of grid-connected converters have emerged
in many application scenarios. For example, low-frequency
142

TABLE 1. Bottom-up and top-down approaches. Sample issues are non-exhaustive
and not uniquely corresponding to methods.

oscillations were reported in the Hami wind farms located
in Eastern Xinjiang of China, which caused severe vibration
of the steam turbines connected to the power system [14].
Some catastrophic cascading failure events reported in the
U.K. and Australia were found to be related to the unexpected shutdown of renewable sources that were mandatorily
controlled by power electronics converters [15], [16]. Thus,
although the use of power electronics enables energy systems
to achieve critical functions in various utility applications, it
necessitates imposition of stringent requirements for stable
and robust operation.
A. SMALL-SIGNAL MODELING AND ANALYSIS

Application of small-signal modeling and analysis generally
assumes that the system under study operates at a fixed operating point. Several models have been reported for studying
the small-signal stability of the power grid that is connected
with power electronics converters [13], [17], [18]. Based on
the models developed in either the time or frequency domain,
standard approaches have been used for analyzing various
stability problems in grid-connected converters, where the
power grid is represented by a voltage source behind an
inductance and conventional circuit analysis is adopted. For
instance, harmonic stability problems [19] have been studied
using impedance-based methods [20], [21].
1) IMPEDANCE-BASED METHOD

Sun [22] and Cespedes and Sun [23] applied an impedancebased method to analyze the small-signal stability of voltagesource converters (VSCs) that are connected to a weak grid.
VOLUME 1, 2020

The stability criterion can be applied to both voltage-source
systems and current-source systems. This method involves
the relevant transfer functions in the frequency domain.
Specifically, the system is described by an equivalent circuit, where a Thévenin circuit represents the grid and a
Norton circuit represents the VSC. It has been found that
the VSC-grid interconnection is stable when the ratio of the
grid impedance to the converter’s output impedance satisfies the Nyquist criterion [24]. Since the impedance-based
method does not require detailed design information of the
converters, the stability analysis can thus be simplified. This
method has been successfully applied to VSCs in the synchronous reference (d-q) frame [25] and the VSC-HVDC
system [26]. Although impedance-based methods have clear
physical meanings in correspondence to real systems, their
applications can be invalidated when the grid fails to be represented by a voltage source behind an inductor, for instance,
when the synchronous generators no longer dominate the
dynamic behavior of the grid.
2) COMPLEX-TORQUE-BASED METHOD

Analogous to the subsynchronous oscillation analysis of synchronous generators [27], a complex-torque-based method
can be used to analyze the small-signal behavior of a VSC
that is connected to a high-impedance AC grid [28], [29].
This method utilizes on the state-space model in the time
domain and can be used in stability analysis of a high order
dynamic system. Both operating points and control loops’
interactions are included in the analysis. It has been shown
that the system is stable when the real and imaginary parts of
the obtained equivalent complex torque of the target system
are both positive. Similar to the impedance-based method,
the complex-torque-based method becomes inapplicable if
the grid has been highly penetrated by power electronics
devices.
B. NONLINEARITIES IN GRID-CONNECTED
CONVERTERS

Three-phase grid-connected converters are nonlinear
systems. The tight regulation performance of the converter
gives rise to a constant input power characteristic. When the
converter operates as a standalone device fed by an ideal voltage source, the tight output regulation is considered highly
beneficial. However, a constant power input characteristic of
the converter would certainly threaten the stability of other
devices that are connected via the imperfect grid. This very
problem exists also in DC distribution systems. Moreover,
rich instability or bifurcation phenomena have been identified in the AC grid-connected systems, as will be briefly
reviewed in the following.
1) POWER SYNCHRONIZATION

Grid-connected converters
the AC grid in order to
active or reactive power.
connected converter with
VOLUME 1, 2020

are required to synchronize with
transmit the desired amount of
Fig. 3(a) shows a typical gridmulti-time scale control, where

FIGURE 3. (a) Grid-connected converter with semiconductor switches and
multi-time scale control to transmit power from a constant power source to the AC grid
with synchronization with grid achieved by a phase-locked loop; (b) phase-locked loop
control in synchronous reference frame under weak grid conditions taking the grid
phase angle θg as input and using additional feedback loop to incorporate the effect
of grid impedance Zs and line current In . Phase detector’s nonlinear gain is ksin .

a phase-locked loop (PLL) is adopted to determine the
phase difference between the grid and the converter’s voltage output. First, under some extreme conditions, the PLL
may move away from its stable equilibrium point (SEP).
Göksu et al. [30] have pointed out that in case of a deep voltage sag, the PLL will be unstable due to the non-existence
of SEP. Geng et al. [31] approximated the PLL as a synchronous machine, and the limit of the active reference can
be found according to the range of the SEP. However, it
has also been found [31], [32] that despite the power or
current reference of the inverter being set to comply with
the stability limit, the inverter can still be unstable due to
undesirable damping characteristics. The nonlinearity of the
PLL is one of the main causes of such instability. In the
work of Dong et al. [33], taking the nonlinear phase detector into account in the system model, the PLL has been
found to be unstable under varying grid impedance, and
a nonlinear damping characteristic of the PLL has been
identified [34]. Thus, a feedback control of the PLL in a
synchronous reference frame can be applied to utilize the
grid impedance information for synchronization control, as
illiustrated in Fig. 3(b). It has been shown that with a low
short-circuit ratio (SCR) of a very weak grid, the damping
ratio will drop sharply due to the nonlinearity of the PLL
phase detector, as shown in Fig. 4. Problems associated with
the synchronization requirement will continue to draw the
attention of researchers as more power electronics devices
are deployed in AC power distribution systems [35].
2) SATURATING NONLINEARITY

Saturation is a common kind of nonlinearity inherent in
many engineering systems. The usual manifestation is a
143
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FIGURE 4. Damping characteristics of the phase-locked loop system versus short
circuit ratio which is defined as Vg /In Zs , where Vg is the grid voltage, In is the rated
line current and Zs is the source impedance of the grid [34]. Parameters Kp and Ki
determine the loop characteristics.

FIGURE 5. Saturating nonlinearity that causes expansion of output current in
three-phase voltage source converter [37].

“hard limit” operation, which is often needed for protection purposes and restricting the range of operation. In
a recent work [36], the three-phase voltage-source converter has been found to exhibit a kind of “catastrophic
bifurcation”, the physical origin being a special nonlinear
relationship between the control command and the current
output due to over-modulation and power transfer saturation. By adopting a piecewise current transfer function, the
dynamic state equation and the boundary of the various
operating regimes can be found. Similar phenomena can
be observed when the grid voltage experiences a dip [37].
The phenomenon is catastrophic in the sense that the converter exhibits an irreversible instability after a voltage dip,
which is accompanied by a sudden expansion of the magnitude of the reactive current that may damage the system,
as shown in Fig. 5. Furthermore, Xu et al. [38] presented
a describing function-based model that took in account key
nonlinear elements involved in sub-synchronous oscillation
(SSO), which is caused by the controller’s saturating nonlinearity. The generalized Nyquist criterion was used to estimate
the SSO amplitude and frequency and to derive the current
phase diagrams under different limit values of the saturating
nonlinearity.
3) CONVERTERS INTERACTION

A grid-connected converter typically interacts with the power
grid in various time scales, as a result of the grid being
coupled with a variety of devices such as synchronous generators, impedances of varying magnitudes and frequencies,
and possibly other grid-connected converters [39]. In the representation shown in Fig. 6, the interaction of (n+1) inverters
with the AC grid is modeled as a two-way interaction where
one inverter interacts with an aggregated system of n inverters and the grid. In a previous work [40], a small-signal
model in the dq-frame was adopted to analyze such an
interacting system using an impedance-based approach. It
has been shown that the system of interacting converters
can become unstable, and results presented in design-oriented
forms have been found to be practically useful in facilitating
the identification of stable operating boundaries.
144

FIGURE 6. Interaction between grid-connected inverters and power grid. Constant
power source can be a renewable power source or DC transmission line feeding one
inverter. The aggregated model (lower dashed box) represents the equivalent system
including the n inverters and the grid that interacts with inverter 1.

When the operating point of a grid-connected converter
is changing more widely due to power fluctuation or fault
strikes, the converter may enter a new operating mode and
trigger possible wideband oscillations. These oscillations can
often be analyzed by some linearized models which are valid
as long as the converter stays within a reasonable distance
around the expected operating point. Moreover, in practice,
when the converter oscillates, some of its voltages or currents are expected to take a much wider range of values,
possibly involving a structural change in the operation, e.g.,
switching between continuous conduction and discontinuous
conduction modes or even moving in and out of a saturating
range. Thus, the usual linearized models are all invalidated.
Tedious analytical works become inevitable for the purpose
of tracking the dynamics of the interacting systems [41].
C. LARGE-SIGNAL MODELING AND ANALYSIS

As the power system broadens its geographical coverage and
is exposed to wild environments and weather conditions,
VOLUME 1, 2020

FIGURE 7. Examples of design-oriented boundary charts of two interacting three-phase grid-connected voltage source converters presented in a 2-dim parameter plane, with
various combination of component values of the converter circuits [40]. Connecting inductance is the inductance separating the two interacting converters, which is effectively
the total aggregated inductance of the line filters.

it is subject to various disturbances. Large-signal stability is inevitably the major concern for power companies.
Compared to the small-signal stability, the large-signal stability analysis involves much more complicated processes
due to the varying operating (equilibrium) point.
One key practical aspect in the study of nonlinear systems
is the wide range of parameter variation, including input and
load fluctuations. Under such conditions, small-signal analysis becomes quite restrictive, though not entirely prohibited.
In practice, one has to track the change of the operating
point and continuously re-derive the small-signal parameters (and possibly the structure of the model) in order to
apply the small-signal analysis under wide parameter variations. In the study of grid-connected converters, the problems
associated with parameter changes are almost unavoidable.
The continuous change of operating regimes and necessary
re-establishment of the small-signal equations (Jacobians in
matrix forms) have become a standard procedure that can
effectively capture the dynamical behavior of the system.
1) DESIGN-ORIENTED ANALYSIS

Thanks to the computational capability of modern computers, the aforementioned laborious analysis procedures can
be neatly performed to generate useful practical information
related to the different operating regions in selected parameter space. Since the results are presented in terms of practical
parameters highlighting the boundaries of expected operation and hence directly applicable for design, such methods
have been termed as design-oriented analysis (DOA) [42].
Moreover, in the work cited earlier [40], grid-connected converters have been analyzed using DOA, and specific stability
boundaries in terms of critical parameters have been generated. Furthermore, due to the multi-time-scale property of
the grid-connected converters, low-frequency oscillations are
among the instability phenomena that occur at frequencies
much below the switching frequency. Such oscillations are
identified as Hopf bifurcation, and can be clearly located in
the DOA charts, as exemplified by Fig. 7.
The principle of DOA is applicable to other kinds
of analyses. For instance, in the power synchronization
VOLUME 1, 2020

problem discussed earlier, the transient process upon occurrence of a grid disturbance is hard to derive analytically.
Wu and Wang [43] and Pan et al. [44] developed the phase
portraits for grid-connected converters under grid-forming
control. Their works have revealed that, comparing with the
synchronous machines based systems, the first-order power
synchronization loop contributes significantly to the transient
dynamics of the power synchronization control, and that the
virtual synchronous generator (VSG) control can be destabilized due to the lack of damping in the transient responses.
Using phase portrait plots, the underlying stability mechanism has been elaborated, and the impacts of the controller
gains and the virtual inertia clearly identified. Such studies have provided design guidelines for ensuring adequate
amount of system damping and thus enhancing the transient
stability.
2) ENERGY FUNCTION BASED METHODS

The use of classical methods has dominated the early
research in power systems’ stability. In 1997, Belkhayat [45]
studied the stability criteria for power distribution systems
with constant power loads under large disturbance conditions, using essentially a Lyapunov-type energy function to
model the DC power system. Kömürcügil and Kükrer [46]
proposed a control law based on Lyapunov’s stability theory
and defined a positive definite Lyapunov function for gridconnected converters for assessment of global stability under
large-signal disturbances. These earlier studies were mostly
based on simplified views of synchronous operation of power
systems, which were valid when converter interactions are
limited. However, with more power electronics penetrating
the power grid, multiple operating regimes of converters have
complicated the stability problem, and the study of stability
must take into consideration various operating issues related
to grid-connected converters. For instance, in the study of
the impact of grid voltage dips [37], a reduced-order mixedpotential-theory-based analysis has been adopted to derive
the large-signal stability criterion for grid-connected converters. Key parameters have been identified and the stability
boundaries located analytically. An irreversible instability
phenomenon, mentioned earlier as catastrophic bifurcation,
145
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FIGURE 9. Catastrophic bifurcation in three-phase grid-connected voltage source
FIGURE 8. Measured line current and grid voltage from grid-connected three-phase

converter [36]. Line current suddenly expands with rapid increase in input reactive
power, causing damage to devices.

voltage source converter showing irreversible large-signal instability [37]. The system
fails to return to stable operation even after reversing the parameter change.

has been found in grid-connected converters. The irreversibility property refers to the failure of the system to return to
stable operation by merely reversing the direction of the
change of parameters [36], [37]. Typical waveforms are
shown in Fig. 8. Application of potential energy function
has also been considered for studying the large-signal instability of PLL synchronized voltage source converters [47]. It
has been found that increasing the equivalent damping can
improve the large-signal stability in the transition process
and prevent desynchronization. Furthermore, application of
Lyapunov’s direct method has been found effective in studying the transient angle stability of a virtual synchronous
generator (VSG) [48]. This article also permits the critical
fault clearance time to be determined analytically.
It should be noted that energy function based methods do
have their limitations. Specifically, it is almost impossible to
use such methods to track the specific processes or mechanisms involved in the loss of stability. Thus, they may not
be useful to understand the exact nonlinear processes underlying a particular type of change in the operating regime.
Bifurcation analysis, however, will be more useful for such
applications.
3) BIFURCATION ANALYSIS

Bifurcation analysis is a well established and effective
approach to identifying the processes involved in the loss
of stability of a given nonlinear system [49]. Bifurcation
analysis has been applied to grid-connected power electronics systems, e.g., in three-phase boost rectifiers and
interacting grid-connected loads [36], [50]. The physical
origin of catastrophic bifurcation has been analyzed according to the principle of bifurcation analysis and captured
experimentally for three-phase grid-connected converters.
An example of low-frequency oscillation as a post-Hopf
bifurcation operation is shown in Fig. 9.
Formal analysis of Hopf bifurcation (HB) and saddle-node
bifurcation (SNB) in a grid-connected modular multilevel
converter (MMC) has been reported by Zong et al. [51],
using a nonlinear continuous-time averaging model that takes
146

FIGURE 10. Hopf bifurcation in three-phase grid-connected voltage source
converter showing high harmonic contents in grid voltage and line current, and AC
coupled load voltage [48].

capacitor voltage fluctuation and circulating current into consideration. Moreover, in the study of low-frequency Hopf
bifurcation in the three-phase grid-connected power-factorcorrection (PFC) power supplies [52], the presence of a large
amount of harmonics on the line current has been found
analytically and experimentally, as shown in the waveforms
given in Fig. 10. In practical voltage dip scenarios (e.g.,
due to short circuit faults), the application of bifurcation
analysis generates bifurcation diagrams which are essentially design-oriented charts if presented in terms of practical
parameters [37]. Furthermore, the use of a nonlinear statespace equation model has permitted the identification of
Hopf bifurcation and generalized saddle-node bifurcation in
voltage dip scenarios [53]. These studies show that the variations in AC grid voltage, phase angle, DC-link voltage, grid
impedance, etc. can lead to loss of stability via a variety
of bifurcation paths. Another example is the study of lowfrequency Hopf bifurcation in a synchronverter-dominated
microgrid [54]. In this article, a nonlinear model of the whole
system including the synchronverter, the equivalent network
and load has been developed. Results from MATLAB simulations have located the bifurcation points where loss of
stability occurs. The study also highlighted the parameters
that have a greater influence on the system dynamics.
VOLUME 1, 2020

The main challenge in applying bifurcation analysis is the
large number of parameters in a grid-connected system, as
well as the many variables to be controlled, including power,
frequency, voltage, current, phase angle, etc. Moreover, in
the presence of grid fault disturbance, a grid-connected converter may exhibit wideband dynamic response with limited
knowledge of the constraints of each parameter.
The abovementioned analysis methods all attempt to
address the shortcomings of small-signal methods. The most
relevant method would be DOA which directly exposes the
effect of each parameter with the assistance of powerful
simulation tools. However, since no analytical expression
is given, the stability and dynamics performance of gridconnected converters cannot be studied qualitatively with
DOA. The energy function based methods offer clear physical meaning and can ready derive analytical expressions.
However, the high complexity of power electronics converters necessitates some approximations to be made, which
may lead to results that are not fully consistent with reality.
Moreover, bifurcation analysis is a practical tool for power
electronics systems as it provides analytical expressions
for accurate computational experiments without resorting to
linearization. However, due to the high dimension of gridconnected systems, bifurcation analysis may require the use
of computational software in order to provide useful design
guidelines applicable to a wide range of operating conditions.
D. CONTROL ENHANCEMENT UNDER COMPLEX GRID
CONDITIONS

From the foregoing discussion, it should be evident that the
complexity of the grid condition is posing serious threats to
the stable and safe operation of grid-connected converters.
Therefore, some specific control methods have emerged in
recent years to tackle the nonlinear control problems in gridconnected converters.
Hu et al. [55] presented a new direct active and reactive power control (DPC) for grid-connected doubly fed
induction generator (DFIG)-based wind turbine systems.
The proposed DPC strategy employs a nonlinear slidingmode control scheme to directly compute the required
rotor control voltage and to eliminate the instantaneous
errors of active and reactive powers without involving synchronous coordinate transformation. More recent research
efforts have been devoted to maintaining transient stability
under various grid conditions. Huang et al. [56] proposed an
H∞ -control design framework to achieve robust and optimal
control of grid-tied power converters. They discussed the
choice of weighting functions to achieve anticipated and
robust performance satisfying multiple control objectives.
Furthermore, Wu and Wang [57] analyzed the transient stability of grid-connected virtual synchronous generators, and
proposed a mode-adaptive power-angle control method to
avoid the loss of synchronization in the event of grid voltage
disturbance. Needless to say, research on control is important
for power electronics penetrated power grid, and up to now,
only a limited types of grid conditions have been considered.
VOLUME 1, 2020

More advanced nonlinear or novel artificial intelligence (AI)
assisted control would be developed using faster controllers
and deployment of sensors in power converters.
IV. TOP-DOWN APPROACH

In the foregoing discussion on the study of grid-connected
converters and interacting systems, a “local” viewpoint is
taken. From this local perspective, a power electronics converter is connected to the AC grid at the point of common
coupling and the AC grid is taken as a voltage source behind
an impedance (usually inductive). Analysis under this perspective can be extended to cover a group of equipment
surrounding the point of common coupling, or even groups
of equipment interacting via a few points of common coupling. However, if we continue to take a bottom-up approach,
as described in the previous section, we will soon be stuck
by the escalating complexity of carrying out circuit analysis
when the number of interacting devices becomes large or
the area of interaction widens. In this section, we shift our
viewpoint from the local group of equipment to the global
system, and attempt to find effective analytical methods to
assess certain essential properties of the whole system, such
as stability [19], reliability [82], robustness, and so on. In
this article, we focus on the robustness for illustrating the
use of analysis from the global network perspective. The
robustness of a system characterizes its ability to support
the intended functions under disturbances or attacks, and is
an important system property. The opposite side of a robust
system is vulnerability, and for power systems, cascading
failure (leading to large-scale blackout) has been the most
concerned vulnerable feature that has proved to cause severe
disruptions to human activities.
In view of the increasing deployment of power electronics equipment in the power grid, the robustness of the entire
power distribution and delivery system should be reexamined. In addition, compared with the stability issue, the time
scale of the cascading failure events is much longer. In other
words, the sequence of failure events often occur at a rate
much slower than the typical transient time of grid-connected
equipment including power electronics circuits. Thus, the
steady-state power flow analysis becomes relevant for the
purpose of assessing the dynamic profile of failure events.
Concerning the impacts of the intensive penetration of
power electronics devices on the power system’s robustness,
complete system models should be developed and a top-down
approach should be taken to examine the system robustness
in the new scenario. The system model should embody simple and feasible descriptions for local equipment and their
mutual interactions. Fig. 11(a) shows a top-down network
model for describing the IEEE 118 Bus test case. Fig. 11(b)
shows the composition of a node consisting of a local bus
connected with a generator or consumer. Also, the transmission line or transformer is represented by a link. Instead
of focusing on a local electrical circuit, all the system’s
elements and their interconnections are considered and represented in the network. Furthermore, Fig. 11(a) shows a
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robustness of power systems. By abstracting power substations and power transmission lines as nodes and links,
complex network theory can be applied to modeling the
cascading failure in power networks. In early studies [60],
the main criterion for determining the likelihood of failure of
a power component is the loading or overloading condition,
i.e., the relative stress being withstood by the component.
The failure process begins with an initial failure caused by
random factors or intentional attacks, leading to the removal
of a node or a link in a power network. Then, load redistribution is conducted upon change of network topology.
The process repeats once a new overloaded node or link is
found, and ends until no overloaded components are found.
Using concepts from complex network theory, the loads and
capacities of individual components can be assessed based
on betweenness centralities [61], [62].
Network-based modeling methods readily expose the
effect of network topology on the system’s vulnerability
and identify the set of critical power components in a
power system. However, as the physical principles of power
system operating are often ignored in these methods, results
generated may sometimes be inconsistent with practical
observations [63]. To overcome this limitation, extended
models have been proposed incorporating maximum power
flow models and hybrid models. Although some electrical
characteristics are considered, for instance, by defining an
electrical betweenness [64] and searching the shortest path by
calculating the maximum flow [65], the dynamics of failure
tripping in power networks have still not been fully consistent with reality due to the omission of the actual operating
processes.
FIGURE 11. Network model. (a) Representation of the IEEE 118 Bus Test Case.
Rectangles represent synchronous generator-based power source nodes; triangles
are converter-based power source nodes; circles represent consumer nodes; links
represent transmission lines or transformers. Red nodes and links are overloaded and
tripped during the cascading failure process; blue ones are disconnected from the
power sources and deprived of power. (b) Details of nodes and links in the network
model.

final power blackout condition after a series of cascading
failure events have occurred. The cascading failure is triggered by an initial failure of the generator at bus 100, and
nodes 10, 69, 80 and 89 are converter-based power sources.
A. CASCADING FAILURE MODELING AND ANALYSIS

When evaluating a power system’s robustness, cascading failure processes where an initial failure triggers a sequence
of subsequent failure events and eventually leads to blackouts have been modeled in the broad sense [58], [59]. The
system’s robustness is assessed by the amount of load that
is still being served after the failure cascade has come to
a halt. In this section, some commonly used failure models
are reviewed.
1) TOPOLOGY-BASED MODELS

Network topology-based models provide a convenient framework to assess the effects of network topology on the
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2) STEADY-STATE POWER FLOW BASED MODELS

Power flow models have the ability to capture the essential variation in power distribution over a power network
with a given topology. The change in power distribution of
a power system during a failure process can thus be accurately traced, providing a practically consistent progression
profile of the blackout. Steady-state power flow-based models have been widely adopted to calculate the continuous
rerouting of power flow after the failure of a power component. Therefore, permitted by relatively longer time scale of
cascading failure events, the steady-state power flow calculation can be used to assess the change in power distribution
during the cascading process.
The Oak Ridge-PSERC-Alaska (OPA) model [66] has
adopted DC power flow to approximate cascading failure in
power systems. To increase the effectiveness and the practicality for modeling cascading failure, an improved OPA
model [67] has been developed by considering not only
line flow limits but also the effects of dispatch, automation,
relay protection, operating modes, and planning. In these
two models, power flow re-dispatch is performed when the
topology of a power network is changed due to the failure of power components, and new failure will be identified
by searching the overloaded power components. Moreover,
VOLUME 1, 2020

if failure events have been caused by circuit transient or
have occured in a faster time scale, AC power flow-based
models should be used to characterize the post-contingency
dispatch of active and reactive powers [68] and voltage
instability [69]. Probabilistic models such as the hiddenfailure model [70] and the Markov-transition model [71],
[72] are known to be more suited for modeling realistic failure events compared to deterministic models. Furthermore,
the time interval between two failure events is also critical
information to be identified in modeling cascading failure
profiles. Zhang et al. [59] developed a stochastic cascading
failure model combined with the circuit-based power flow to
describe the uncertain failure time instants. This model can
give a complete progression profile of the cascading failure
propagation along a time axis that has been found consistent
with all salient features displayed in historical blackout data.
The power electronics devices have much smaller inertia and
can be controlled much faster. Thus, the propagation profiles
of cascading failure in a power electronics penetrated power
grid should display distinct features compared with those in
a conventional grid.
3) TRANSIENT BASED MODELS

Transient stability analysis sheds light on how complex
transient dynamics would affect the stability of power
systems, which is relevant to cascading failure modeling.
Yu and Singh [73] integrated the assessment of transient stability in a cascading failure model to study power system’s
vulnerability. Although adding transient stability analysis
increases the computational complexity, cascading failure
models without consideration of transient dynamics in each
failure event or transition cannot adequately describe the
propagation of the failure events [74]. Study of cascading
failure events with consideration of transient stability analysis is still relatively unexplored. Moreover, the combined
use of a power flow based model and a transient dynamics
based model would be highly desirable as this will strike
a balance between simulation efficiency and accuracy of
results. In approximating the dynamic features of cascading
failure, Yao et al. [75] realized a framework of simulating
multi-time scale quasi-dynamic models where the transient
dynamics can be demonstrated in short-term processes after
an outage has been triggered. To simulate a wider variety
of cascading outage mechanisms, Song et al. [76] presented
a dynamic simulation model that allows for fast computation during or near the steady-state regime, as well as high
resolution during transient phases.
B. EFFECTS OF POWER ELECTRONICS PENETRATION

The characteristics of the power electronics devices are distinct from those of the synchronous generators due to the
fundamentally different operating mechanisms. Thus, the
prevalent use of power electronics devices changes the key
system characteristics that may alter the risk level of cascading failure in power systems. It has been shown that the
2019 power blackout in the U.K. [15] and the 2016 power
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blackout in Australia [16] are highly correlated to the extensive deployment of power electronics in the respective power
grids.
1) SYSTEM INERTIA

In a traditional AC power system, the synchronous generators play a dominant role in determining the properties
of the system [77], [78]. Synchronous generators transform mechanical power to electromagnetic power, and their
dynamics are typically described by the following swing
equation:
dωi
(1)
dt
where Pmi is the mechanical power produced by the prime
mover of power plant i, Pei is the electromagnetic power, Tmi
and Tei are the rotor’s mechanical torque and electromagnetic
torque, respectively, ω is the angular frequency of the rotor,
and TJi is the moment of inertia. All power and torque
variables are expressed in per unit.
Normally, the power system operates at a standard
frequency and the power is balanced in the system, i.e.,
the sum of the power generated equals the sum of the
power loadings. When a disturbance occurs, the electromagnetic power redistributes and reaches a balanced state
very quickly, while the mechanical power cannot change so
fast. According to (1), the mismatch between the mechanical power and the electromagnetic power will change the
rotor’s rotating frequency, thus also changing the system
frequency. The synchronous generators in a power system
are electrically coupled and synchronized. The system inertia
is the 
sum of the inertias of all the subsystems, i.e.,
TJG = i∈G TJi . Inertia is an important property of the
system that resists frequency deviations. A higher inertia
slows down the system frequency deviation, leaving enough
time for the system to mitigate the power imbalance.
Apart from synchronous generators, renewable power plants
interface with the grid through power electronics converters
that contribute zero direct inertia. The extensive use of power
electronics can significantly reduce the rotating mass of the
system, which threatens the system stability and increases
the risk of cascading failure.
Pmi − Pei ≈ Tmi − Tei = TJi

2) FREQUENCY CONTROL

To keep the frequency within an allowable range is crucial for all the generators and loads in a power system.
Operation at an abnormal frequency can cause failure
of some components. In a power system dominated by
synchronous generators, the frequency deviation from the
standard frequency is an important indicator of the power
mismatches between the generators and the loads. This
frequency-power relationship can guide the synchronous generators to collectively adjust their output power in order
to narrow the frequency deviation. When the frequency
decreases, the generator’s prime mover increases its mechanical power supplied to the rotor, and vice versa. By this
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FIGURE 13. Frequency deviation response after a disturbance occurs in a power
system with 100% synchronous generators (black square) and with 50% wind power
(blue triangle).
FIGURE 12. Topology layout and power flow data of the IEEE 9-Bus test case with
all 3 generators being synchronous generators. Complex power at nodes are power
consumed by loads connected to the nodes. Test 1: all generators are synchronous
generators. Test 2: bus 7 takes 185 MVA from wind farm via power electronics and
15+j13.5 MVA from synchronous generator.

simple mechanism, the static power-frequency characteristic
of a synchronous generator can be described by
PGi = PGi0 − KGi f

(2)

where f = f − f0 with f0 being the standard frequency, KGi
is the frequency coefficient of generator i which represents

its contribution to the frequency control, and KG = i∈G KGi
is the generator frequency coefficient of the power system
which represents the ability of the power system to maintain
a stiff frequency against disturbances.
The most prevailing type of power electronics used for
integrating renewable plants is the so-called grid-following
inverter. A grid-following inverter injects a regulated current that tracks the phase angle of the instantaneous voltage
through a phase-locked loop, as explained in Section III-B1.
Most renewable plants do not participate in frequency control. The use of renewable power inverters will therefore
reduce the system’s generator frequency coefficient KG and
weaken the frequency stiffness of the system significantly,
increasing the risk of cascading failure [79].
To show the response of frequency control in typical power
systems, we use the IEEE 9-Bus system as an example. The
topology and power flow data are shown in Fig. 12, and the
responses in two test cases corresponding to 0% and 50%
power electronics penetrations are shown in Fig. 13. The
black curve corresponds to the case where all power sources
are synchronous generators, whereas the blue curve corresponds to 50% of power being generated by wind turbines
and injected into the system by power electronics converters
that do not participate in the primary frequency control. It
can be seen that in the presence of more power electronics,
the frequency varies more fiercely in terms of both the initial variation velocity and the final total offset, as a result
of a lower system inertia and a smaller generator frequency
coefficient.
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3) VOLTAGE REGULATION

To keep all bus voltages within their corresponding safe
limits is another critical requirement of a power network
to prevent cascading failure [80]. In power systems, the
bus voltages are regulated through controlling the reactive
power injected into the grid. Voltage controllers are installed
to enable power electronics converters to regulate the voltage at the points of coupling. Since the maximum reactive
power that a power electronics converter can inject is much
less compared to synchronous generators, the penetration of
power electronics devices will reduce the voltage stiffness
of the power system. Besides, due to the limited ability
to tolerate abnormal currents and voltages, power electronics converters are more vulnerable to fluctuations and are
more easily disconnected from the grid. This characteristic
can promote the propagation of the cascading failure in a
power system that deploys a significant amount of power
electronics.
Based on the above analysis, the penetration of power
electronics devices can significantly deteriorate the power
system’s robustness if the current control and protection
technologies continue to be adopted [81], [83]. Moreover,
more work is needed to incorporate the distinct features of
power electronics into the assessment of the robustness of
power systems. In the next section we will discuss the key
challenges in the research of appropriate methods for assessing future power grid with extensive deployment of power
electronics devices.
V. CHALLENGES AND ROADMAP

The first challenge is the multi-timing nature of the problem
related to this kind of complex dynamical networks. The
power system contains a mix of dynamical subsystems of differing time scales, including high performance fast transient
power electronics systems, moderately slow conventional
synchronous machines, slow spreading dynamics of cascading failure processes, slow stochastic process of daily
demand fluctuations, and even yearly seasonal fluctuations,
which altogether generate complex multi-timing dynamics,
as illustrated in Fig. 14. We may therefore tackle the problem
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by focusing on one time scale at a time, approximating the
faster dynamics by averaging and taking the slower dynamics as constant. This will make the analysis more tractable.
Moreover, we should consider the effect of dynamics of
other time scales to the one being focused, and generate
results that are consistent with practical observations and
measurement data.
The second challenge is the derivation of a system model
that can adequately describe the behavior of all basic components including synchronous generators, grid-connected
power electronics converters, battery storage systems, powerelectronics controlled loadings, power flow regulators, etc.,
and their mutual interactions. The electrical components or
subsystems have diverse dynamical characteristics with different time scales, and proper models should be used for
the target process to guarantee consistent results to be generated. A possible approach is therefore to partition the
system’s dynamical descriptions according to different time
scales so that analysis can be performed for each time scale.
The advantage is that we can focus on different types of
phenomena, e.g., local or global stability (fast scale), cascading failure (slow/medium scale), power demand dynamics
(daily fluctuation), seasonal changes (yearly fluctuations),
etc. Taking the system stability analysis as an example,
the electromechanical dynamics of synchronous generators
have dominated the stability property of the conventional
power system. Models with swing equations have been extensively used for stability analysis. However, the dynamics
of power electronics converters are in a much faster time
scale that should be described by a completely different
set of state equations. Thus, a system model that incorporates the dynamics of different kinds of elements, coping with
the challenge of multi-time scale modeling and simulations
is needed. For the source side, a simulation platform that
can accurately reproduce the dynamics of a power system
with different combinations (levels of mix) of traditional
generators and renewable power sources is needed, which
will also take care of the load side dynamics, power flow
dynamics, and other storage systems, which are power electronics controlled. Another key feature of the model is
the connection topology. One approach is to build a general connection model that allows construction of different
configurations of the entire network. One common configuration, which has been adopted in real world networks
such as China’s power networks, is an interconnected group
of subnetworks or clustered power distribution networks.
A subnetwork or cluster contains synchronous machines,
power electronics converters, loads, transformers, etc, and
the distribution is predominately via AC transmission buses.
The subnetworks are connected by specific lines, which
can be AC or DC transmission and are controlled by
power electronics converters. This model should realistically represent the real world power system configuration,
and the simulation platform hence can be readily applied
to investigate existing power systems and to guide future
developments.
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FIGURE 14. Multi-timing dynamics of power electronics penetrated grid.

The third challenge is the establishment of a set of measures that can indicate the key performance areas of a power
system and allow the analysis on the impacts of increasing penetration of power electronics devices to be performed
with the simulation platform built. A possible approach and
procedure for examining the robustness of the evolving
power system may be conceived as follows. For the convenience of future applications, a platform for simulating
cascading failure propagation processes in a power system
should be built. Power flow redistributions are the major
driving force for the failure propagation. Thus, the power
balance mechanism and power flow calculation after each
failure event should be considered. As mentioned in the
previous section, one distinct feature of most inverter-based
power sources from the conventional sources is that they
do not participate in the primary frequency response, i.e.,
they do not contribute to the mitigation of power imbalances in the system. Based on this platform, a large number
of cascading failure simulation results of various initial disturbances can be reproduced. The robustness of a power
system refers to its ability to maintain supply of electricity to the consumers after a disturbance has occurred, for a
given set of initial operating conditions. The probability that
the power loss of a cascading failure event is smaller than a
specific value is calculated based on the obtained simulation
results, and we may use the accumulative power loss probability distribution to indicate the robustness performance
of the system. Instead of conducting detailed investigation
on the robustness improvement strategies, we concentrate
on revealing the changes of the robustness performance in
the system’s evolutionary pathway, where the use of power
electronics devices continues to increase. Then, the impacts
of the increasing penetration of power electronics devices
on the system robustness performance can be assessed by
examining the accumulative power loss probability distribution curves with different PE penetration ratios, along with
other design-oriented presentations.
To examine how the penetration of power electronics
devices affects the robustness of power systems, we present
here a simulating model combining DC power flow calculation and primary frequency control. Unlike traditional power
sources, power electronics-based sources do not participate
in the frequency response for mitigating power imbalance.
Fig. 15 gives the flowchart for constructing this model, which
can be summarized in the following steps.
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load Di ; Gsn and Dsn are sets of the generators and loads in subnetwork sn ; KGi and KDi are
the frequency coefficients of generator i and load
i, and these two constants represent the contribution of generators and loads to the frequency
control. Note that the frequency coefficients of
PE-based generators are all set to zero as they
do not participate in the primary frequency control. The power produced by generator Gi after
applying the primary frequency control is
PGi (t) = PGi (t − 1) − KGi f (t).
Similarly, the power consumed by load Di after
applying primary frequency control is
PDi (t) = PDi (t − 1) + KDi f (t).

FIGURE 15. Flowchart of simulating cascading failure in a power system.

Step 1: Initialize the electrical parameters and capacities
of the power network under test at the start of the
simulation, i.e., t = 0.
Step 2: Plant an initial failure at t = 1.
Step 3: Remove the tripped power components.
Step 4: Update the network topology and find the disconnected subnetworks (islands) NS .
Step 5: For each subnetwork sn (n = 1, 2, . . . , NS )
that contains power sources, apply the primary frequency control to balance the power
between the generator and load sides. The steadystate frequency deviation f (t) after the primary
frequency control is calculated according to

f (t) =

Gi ∈Gsn



PGi (t − 1) −

Gi ∈Gsn

KG i +




Di ∈Dsn

PDi (t − 1)

Di ∈Dsn

KD i

where PGi (t − 1) is the power output of generator Gi and PDi (t − 1) is the power consumed by
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Step 6: Compute the power flow distribution based on the
updated PGi (t) and PGi (t).
Step 7: Update the power flow, and if there exist overloaded components, go to step 8; otherwise,
simulation stops.
Step 8: Trip the overloaded component and update the
time t = t + 1.
A preliminary study has been conducted for the IEEE
118 Bus Test Case. In the event of failure of an element,
the power balance between the sources and consumers is
maintained initially by applying primary frequency control.
Then, power flow distribution in the power system is computed with a DC power flow model. Power overloading or
excessive frequency deviation may lead to subsequent failure
of the corresponding elements. The above steps iterate until
all remaining elements in the system are within their allowable operating ranges. All synchronous generators participate
in the frequency control, while the inverter-based sources do
not. Fig. 16 shows the accumulative power outage probability distribution with different levels of power electronics
penetration for the IEEE 118 Bus Test Case. From Fig. 16,
we can see that the risk of a cascading failure that causes
significant power loss gets higher as more power electronics
devices are deployed.
Through using standard test cases and power grids of
specific topologies (with certain general features), we expect
to be able to generate important findings, including (1) the
critical penetration level of power electronics that will pose
severe robustness threats to the power system; (2) the set of
criteria that restrict the design of power electronics converters
in the sense of performance trade-off that would be necessary
to guarantee better robustness of the overall system; (3) the
set of assessment metrics that can be conveniently adopted
in practice for guiding the developing of power grids.
Finally, the fourth challenge is the control design, both
for the system and power electronics devices. Grid-following
converters are the most prevalent type of converters in power
grids that are dominated by synchronous generators. Gridfollowing converters track the voltage at the point of common
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Should we mimic a synchronized generator-based power
system or construct a new one catering for power electronics converters? The role each constituent element plays
in the power grid should be carefully considered. In seeking answers to these questions, the top-down perspective
can be taken to derive important system level information.
Then, the control strategies of individual power electronics
devices should be properly designed to fulfill their roles in
the system, which requires examining the system from the
bottom-up perspective.
VI. APPLICATIONS

FIGURE 16. Cumulative power outage probability distribution of the IEEE 118 Bus
Test Case with different 0, 20%, 40% and 60% power electronics deployment as
indicated in blue, red, green and black, respectively. Power outage rate (x-axis) is the
fraction of network without power supply.

coupling (PCC) with the grid, serving as current sources.
The main objective is to pump electric power generated
by the renewable power plants into the grid rather than
to regulate the frequency and voltage or to increase the
system inertia. The normal operation of grid-following converters relies on the stiff voltage and frequency condition
at the PCC. When the penetration ratio of power electronics continues to increase, this condition becomes invalid
and the problems described in Section IV-B will be severe.
Thus, the control of power electronics converters in a power
grid should cover a much wider set of objectives beyond
the operation of the converters. Moreover, the development
of grid-forming converters that support the power grid is
now drawing more attention. Taking advantage of control
flexibility and fast dynamics, a variety of control strategies have been proposed. Recently, the converters that are
controlled as voltage sources are combined with the gridfollowing converters to form a zero-inertia AC power grid.
One typical example is the integration with an off-shore
wind farm using VSC high voltage direct current transmission (VSC-HVDC). By programming a relationship between
real/reactive power and frequency/voltage, the droop control
is widely adopted to make power electronics based power
sources participate in controlling the voltage and frequency
of the system. However, the high computational cost limits the function of droop-controlled converters. Thus, as an
alternative approach, mimicking the physical behavior of
synchronous generators and creating virtual inertia by using
virtual synchronous generators has been proposed, which
requires significant energy storage and compromises the
response time of power electronics devices.
The challenges in power electronics dominated power
systems are far from being well settled with existing technologies. The development of grid-forming converters is
crucial for achieving a power electronics dominated power
grid. First, the system organization and control architecture
that coordinate all constituent elements should be considered.
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One clear evolution trend of the power grid in different
parts of the world is that the penetration of power electronics devices continues to increase. Power companies need to
be aware of the effects of changes of the power system’s
performance in its evolution pathway, from its current state
to a future state. Some problems can be foreseen in the
pathway of the grid evolution, and strategies in response to
these problems should be formulated.
An obvious application is to develop relevant system planning and construction strategies for power companies to
avoid detrimental security problems that may emerge in the
continuous development of the power system. Power systems
require effective control methods for coordinating the components to guarantee a high level of system performance. The
system control strategy includes decentralized control without relying on communications as well as centralized control
relying on cyber-physical couplings. Apart from the physical nature of the basic components, system control strategies
will determine the system characteristic to a very significant
extent and can be modified for future scenarios. Two representative system control strategies can be considered. The
first one is used in the present situation where the percentage of power electronics is comparatively low. Specifically,
the synchronous generators control the voltage and the output power, and power electronics converters are controlled
as current sources at the connection point. In response to
power imbalances (disturbances) in the power system, the
synchronous generators’ automatic generation control (AGC)
would adjust the output power according to the frequency
of the connection point without the involvement of renewable power plants. When the percentage of power electronics
continues to increase, the first control method will become
inapplicable. In the second approach, since the control strategy for the power system with high percentage of power
electronics is quite inadequate, we may consider controlling some power electronics converters in the grid such that
they become voltage sources in the grid, and others as current sources responsible for injecting power to the grid.
In response to power imbalances, the simple droop control and communication-based control can be adopted. The
power loss probability distribution curves mentioned earlier
and other design-oriented results using these system control strategies can be developed. Optimized system control
strategies can then be designed and explored.
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VII. CONCLUSION

The power network will continue to evolve, and even more
rapidly in the coming years, as driven by consumers’ needs,
environmental requirements, available technologies, policies,
and so on. The direction of evolution of power systems in
the next decade led by power companies and policy makers
will be crucial for the future development of this important
infrastructure that affects millions of people. The problems
and challenges brought by the current bottom-up evolution
where power electronics devices keep penetrating the power
system will deserve top-priority attention of power systems
researchers and engineers. This overview paper attempts to
draw serious attention of the circuits and systems community on the many circuits and systems aspects related
to the challenges arising from the impacts of increasing
power electronics penetration on the stability and robustness performance of future power systems. Circuits and
systems researchers, by virtue of their background in understanding and applying principles of both bottom-up circuit
analysis and high-level top-down network design methods,
are expected to make significant contributions to the development of novel analytical methods and effective design
strategies that are essential for the on-going evolution of
safer, smarter and more robust power generation and delivery
systems.
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