
5904 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 64, NO. 7, JULY 2017

Power-Electronics-Enabled Autonomous
Power Systems

POWER systems are going through a paradigm change from
centralized generation to distributed generation and further

onto smart grid. Millions of relatively small distributed energy
resources (DER), including wind turbines, solar panels, electric
vehicles and energy storage systems, and flexible loads are be-
ing integrated into power systems through power electronic con-
verters. This imposes great challenges to the stability, scalability,
reliability, security, and resiliency of future power systems. Field
experiences in recent years have shown that large-scale deploy-
ment of DER affects the stability of power systems, which are
dominated by synchronous machines (SMs). It is vital to develop
appropriate control architecture and technologies so that these
different players are able to take part in the regulation of future
power systems in an autonomous and responsible way. During
the last decade, significant developments have been made to
operate power electronic converters to facilitate the integration
of DER and flexible loads with the grid. This “Special Section
on Power-Electronics-Enabled Autonomous Power Systems” of
the IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, con-
sisting of 11 papers, joins the forces of the communities of
control/systems theory, power electronics, and power systems
to address various emerging issues of power-electronics-enabled
autonomous power systems, paving the way for large-scale
deployment of DERs and flexible loads.

In item 1) in the Appendix, it is shown that future power
systems will be power electronics based, instead of electric
machines based, with a huge number of incompatible players.
Then, a lateral system architecture based on the synchroniza-
tion mechanism of the SM is proposed to unify the integration
and interaction of these players with the grid, by operating the
power electronic converters involved to behave like a virtual
SM (VSM). Moreover, two technical routes, one based on the
synchronverter technology and the other based on the robust
droop control technology, are proposed to implement the lateral
system architecture for future power systems.

In item 2) in the Appendix, the feedforward of grid frequency
and voltage magnitude through a synchronous reference frame
phase-locked loop is proposed to mitigate the impact of grid fluc-
tuations on power flow control for droop-controlled converters.
Moreover, the voltage magnitude is controlled to enhance the
accuracy of reactive power control and the droop control loops
are modified to improve the system stability.

In item 3) in the Appendix, an extended droop control method
is proposed to achieve dynamic current sharing autonomously
during sudden load change and resource variations for energy
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storage systems having complementary characteristics, such as
battery and supercapacitor (SC). The output voltage charac-
teristics of the battery and the SC are regulated by a virtual
resistance droop controller and a virtual capacitance droop con-
troller, respectively, so that the SC compensates high frequency
fluctuations during transient and the battery provides load power
at the steady state.

In item 4) in the Appendix, it is demonstrated via exten-
sive experiments on a microgrid in the megawatt-range that
clock drifts may impair frequency synchronization in low-inertia
power systems. Motivated by this, a model of an inverter-
interfaced unit that incorporates the phenomenon of clock drifts
is derived and validated experimentally. This model is then
used to investigate the effects of clock drifts on the perfor-
mance of droop-controlled grid-forming inverters with regard to
frequency synchronization and active power sharing.

In item 5) in the Appendix, the small-signal dynamics
of current-controlled VSMs with dynamic or quasi-stationary
representation of the virtual stator impedance are compared.
Detailed state-space models are developed for both VSM im-
plementations, and eigenvalue analysis is utilized to assess their
small-signal stability and parametric sensitivity. The presented
models are verified by time-domain simulations and experimen-
tal results. The results demonstrate how VSMs with a dynamic
model of the stator impedance require a high virtual resistance to
avoid poorly damped oscillation. On the other hand, VSMs with
quasi-stationary impedance representation can achieve good
dynamic response also with a virtual resistance of zero, al-
lowing for a better decoupling of the active and reactive power
control.

In item 6) in the Appendix, a current-limiting droop controller
is proposed for single-phase grid-connected inverters to main-
tain the inverter current below a given value at all times under
both normal and faulty grid conditions, without using external
limiters, additional switches, or monitoring devices. The con-
troller introduces bounded nonlinear control dynamics and the
current-limiting property of the inverter is analytically proven
by using the nonlinear input-to-state stability theory.

In item 7) in the Appendix, a control method to achieve wide
input voltage regulation along with high efficiency at partial
power in galvanically isolated impedance-source dc–dc con-
verters is proposed. The buck–boost dc voltage gain charac-
teristic is achieved through a full-bridge topology reconfigu-
ration into a single-switch topology in the buck mode, which
results in reduced switching losses. The proposed method en-
ables implementation of efficient photovoltaic microconverters
with a ultra-wide range of the maximum power point tracking.
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In item 8) in the Appendix, a galvanically isolated power
conditioning unit with only three stages is proposed for residen-
tial micro wind turbines with a low-voltage permanent-magnet
synchronous generator (PMSG). A modular isolated dc–dc con-
verter with a wide input voltage range is proposed as a standard-
ized power electronic block to decrease the cost of the power
electronic interface and to facilitate the adoption of residential
PMSG-based micro wind turbines with a variety of voltage and
power levels.

In item 9) in the Appendix, five modifications are proposed
to the standard synchronverter algorithm to improve its stability
and performance. The modifications are implemented in soft-
ware and do not require any changes in the inverter hardware.
Simulations and experiments show that these modifications
increase the robustness of the synchronverter to faults, improve
the synchronverter response to changes in grid frequency, volt-
age and to grid imbalance, and resolve the problem caused by
drifts in the voltage sources of the inverter.

In item 10) in the Appendix, the idea of migrating the
relatively mature VSM control strategy into the bidirectional
grid-connected converters for improving the inertia of the dc
microgrids is proposed. The virtual inertia control equation
of the bidirectional grid-connected converters is obtained by
following the concept of VSM. The proposed strategy reduces
the dc-bus voltage fluctuations and enhances the stability of the
dc microgrids.

In item 11) in the Appendix, a d-q impedance-based sta-
bility analysis method in the common synchronous d-q frame
for three-phase inverter-based ac power systems is presented.
Based on the component connection method and the general-
ized Nyquist stability criterion, the proposed method enables
the stability analysis of complicated ac systems by using only
the measurable impedances instead of the internal information
of inverters.
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