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Abstract: In the idea of synchro converter was addressed to emu-

This paper presents a novel control topology for VSCs
has been developed in the frequency-angle domain to
regulate the dc-link voltage while providing synchroniz-
ing and damping power components and emulated inertia
function to the VSC. These features are highly desirable
in VSCs interfacing renewable energy resources, dc MGs
and active converter-interfaced loads to weak ac systems.
It emulates the behavior of SMs with proper adjustment
of the dc-link voltage so the power grid views the VSC
dc-link as a virtual rotor. Thus, it can be easily integrated
to grids with numerous SMs. It introduces some inertia for
the frequency; therefore the stored energy in the dc-link
can be used for frequency regulation during contingencies
which is the same role of SM’s rotor. It is feasible in both
rectifying and inverting modes without reconfiguration
i.e., similar to an SM, it can be operate either in motoring
or generative mode. The simulation results are provided
to validate the controller effectiveness.

Index Terms:
Control topology, dec-link voltage regulation, power con-
trol, voltage-source converters (VSCs).

I. INTRODUCTION:

One of the major challenges facing future power systems
is significant reduction in grid equivalent rotational iner-
tia due to the expected high penetration level of EI units,
which in turn may lead to frequency-stability degrada-
tion. To overcome this difficulty, controlling VSCs as vir-
tual synchronous machines is proposed for power system
frequency stabilization by embedding a short-term energy
storage to the VSC facilitating power flow to and from to
the energy storage device proportional to the variation in
grid frequency.
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late the mechanical behavior of a synchronous generator
(SG) in inverters. However, the dc-link is considered as
an ideal one with infinite energy and the dynamics of dc-
link voltage is not considered. Moreover, its application
to rectifiers has not been addressed. In methods to emu-
late virtual inertia in VSCs interfacing wind turbines and
HVDC systems, are presented; however, the embedded
inertia does not emulate the behavior of an SG. The anal-
ogy between voltage-source inverters and SG-based MGs
has also been addressed. The aforementioned survey indi-
cates the interest in developing new and improved control
algorithms for VSCs to emulate the dynamic behavior of
SGs. Beside overall low inertia, future power systems and
MGs will suffer from interactions between fast respond-
ing VSCs and slower SMs which may contribute to angle,
frequency, and voltage instability.

With the expected high penetration level of power con-
verters in future power grids; a power system may face
severe difficulty in terms of frequency regulation because
of lack of rotational inertia in converter-interfaced gen-
erators. Another challenge is that frequency dynamics are
not known in the conventional control techniques of VSCs
(e.g., voltage-oriented control and direct-power control)
which makes it difficult to analyze the angle and frequen-
cy stability of a system containing several EI units and
conventional synchronous machines (SMs) and line-start
motors. Therefore, the development of VSCs with well-
defined angle, frequency, and dc-link voltage characteris-
tics (similar to SMs with extension to dc-link dynamics)
are of high interest for future smart power systems with
a high penetration of VSCs. Moreover, a general control
scheme which is suitable for both rectification and inver-
sion modes without reconfiguration is very attractive in
power system applications since bidirectional VSCs can
work in generative and motoring modes similar to SMs.




The conventional control topologies for three-phase con-
verters are the voltage-oriented vector control and direct-
power control. The dq components of the current vec-
tor are regulated by a controller generating appropriate
values for the converter dq voltage components. A phase
locked-loop (PLL) is required to transform current and
voltage variables from the abc frame to the dq frame. It is
also feasible to implement the controller in the stationary
frame or the abc frame using a proportional-resonant (PR)
controller. An alternative control strategy is to use direct
power control in which voltage components are adjusted
based on active and reactive power errors. None of these
methods, however, can directly control the frequency and
the load angle. To overcome the aforementioned diffi-
culties, in this paper, a comprehensive control strategy
is proposed for VSCs. It augments all of the aforemen-
tioned requirements in one compact topology which has
the following salient features. It emulates the behavior of
SMs with proper adjustment of the dc-link voltage so the
power grid views the VSC dc-link as a virtual rotor. Thus,
it can be easily integrated to grids with numerous SMs.

It introduces some inertia for the frequency; therefore the
stored energy in the dc-link can be used for frequency
regulation during contingencies which is the same role
of SM’s rotor.It is feasible in both rectifying and invert-
ing modes without reconfiguration, i.e., similar to an SM,
it can be operate either in motoring or generative mode.
Furthermore, since it provides bidirectional power trans-
fer, even active loads can be used as an asset for frequency
stabilization. Therefore, the proposed topology can be an
interesting choice for multi-terminal dc networks.Since
the controller has cascaded frequency, angle and dc-link
voltage loops, it offers extra damping and synchronizing
powers, therefore, it can automatically synchronize itself
with the main grid; offer self-synchronization capabil-
ity; and eliminate the need for a PLL. This feature is a
continuation of where the concepts of cooperative droop
and nonlinear self-synchronization are proposed. Since
dc-link voltage dynamics is inherently taken into account
during design and analysis, it presents more practical
control topology and design process.

In a simple control strategy for dc-link voltage regulation
in frequency domain and polar coordinates is proposed;
however, it lacks a comprehensive and general frame-
work for emulating and integrating SM characteristics in
VSCs. This paper presents a comprehensive framework
for design of VSCs controllers with SMs behavior while
the de-link acts like a virtual rotor. It yields well-defined
dynamics for frequency, angle and dc-link voltage, which
in turn makes power system analysis easier. Similar to
SMs, it has a fault-ride-through capability. Two different
topologies, namely, virtual torque and direct dc-link volt-
age control strategies, are developed for the frequency
control loop. In these topologies, the output power and
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the dc-link voltage are used as control variables, respec-
tively. It will be shown that the direct dc-link voltage con-
trol presents very good performance with a simple control
structure; however, the virtual torque control offers more
degrees of freedom to select design parameters due to the
presence of an extra power loop. For the voltage control
loop, two variants are addressed to realize either a bus or
bus operation. A theoretical analysis, simulation, and ex-
perimental results are presented to verify the validity and
effectiveness of the proposed control strategy.

II. FREQUENCY-ANGLE DOMAIN
WITH SYNCHRONOUS MACHINE BE-
HAVIOR

In this paper, a control topology is proposed in which
the frequency, load angle, and dc-link voltage are control
variables rather than conventional vector controls which
employ current components for dc-link voltage regula-
tion and reactive power control. Thus, direct control of
frequency, angle, and dc-link power and voltage is avail-
able which in turn provides easier controllability and
system analysis. In the following, the control topology is
described in detail. One of the main goals in VSC control
is to maintain the dc-link voltage constant. The power-
circuit part involves the VSC and the connecting imped-
ance between VSC and the grid and is similar to con-
ventional grid-connected VSC systems. Usually in high
power VSCs used in power systems, which are the main
scope of this paper, a pure inductor without capacitor is
used as output filter. If the VSC is employed to regulate
frequency variations during contingencies, an energy
storage system can be installed at the dc-link to transfer
power from the energy storage device to the grid to damp
frequency and angle oscillations. However, for rectifier
applications in which no energy storage is used, the ac-
tive load can be used for power exchange with the grid.

Generally, an SM involves excitation and damper wind-
ings mounted on the rotor and three-phase windings in
the stator. Although the damper windings significantly
improve transient performance in terms of synchronism
and damping capabilities, and the reluctance torque in-
creases power density of an SM, in this paper, the model
of a round rotor synchronous motor without damping
windings is considered.
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In fact, the effect of damping and synchronizing pow-
ers can be emulated by the control functions in the VSC
without physical damping components as in conventional
SMs. The voltage generation principle in a synchronous-
VSC is similar to back-EMF generation in SGs shown in
Fig.1. In this case, the reference torque is equivalent to
the generated electrical torque of an equivalent SM.

Damping torque = ATy, = — K. Aw
Synchronizing torque = AT, = ~ K, A

¥

The question is how to set the torque reference to achieve
a desirable output dc-link voltage because, unlike syn-
chronous motors where electrical torque is automatically
generated to overcome the load and friction torque at syn-
chronous speed, the main objective of a VSC control is to
regulate the dc-link voltage (e.g., in bi-directional VSCs
and in VSCs interfacing renewable resources). Toward
this, an extra dc-link voltage and virtual torque control
loops are added to the core control loops to adjust the
dc-link voltage as a function of the virtual torque error.
The frequency dynamics are similar to those of an SM in
which the rotating shaft is opposed by a viscous damping
proportional to the frequency deviation plus a damping
torque proportional to the load angle deviation. The extra
angle loop here offers an additional angle shift which en-
hances system stability.

ITI. SMALL-SIGNAL ANALYSIS:

To investigate the dynamic performance and transient re-
sponse of the system, a small-signal model is developed.
The small-signal analysis gives insights on how controller
variables variation affects the stability and convergence
characteristics of the controlled variables. It also helps in
optimum tuning of controller parameters to reach the best
tradeoff among design objectives. The design values of
the controller parameters can be obtained using the small-
signal analysis to achieve satisfactory transient response.
The given model has been used to extract the family of
the system eigen value plots. This figure reveals that,
by increasing from 0.001 to 0.005 s, the damping of the
overall system is improved, whereas further increment of
the cutoff frequency results in lower stability margin.

In other words, by proper adjustment of the highest damp-
ing can be fulfilled. Usually, the most inner controller
bandwidth is selected to be less than 20% of the switch-
ing frequency. Unlike real SMs, the rotational momentum
and friction factor can be selected equal to values that are
not possible for physical electrical machines. The larger
means the higher stored energy; however, to provide this
energy, more short-term energy storage or equivalently
inertia is required. If sufficient energy storage devices are
not available, lower values for are recommended to have
faster response.
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IV. SIMULATION RESULTS:

This section presents detailed simulation results of the
proposed control system. The simulated system is shown
in Fig. 2. Simulation studies are carried out in the MAT-
LAB/SIMULINK environment. Different conditions in
both generative and rectification modes are considered to
show effectiveness and generality of the controller in all
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The system is simulated under various scenarios of VSC
operating conditions. Three scenarios are taken into ac-
count; load/generation power change, dc-link voltage ref-
erence change, and grid voltage change in both rectifying
and inverting modes.




The time-domain responses are in agreement with the ei-
gen value analysis presented, which indicates the effec-
tiveness of the designed controller.
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V. CONCLUSION:

A novel control topology for VSCs has been developed in
the frequency-angle domain to regulate the dc-link volt-
age while providing synchronizing and damping power
components and emulated inertia function to the VSC.
These features are highly desirable in VSCs interfacing
renewable energy resources, dc MGs and active convert-
er-interfaced loads to weak ac systems. It is a new control
topology implemented in the frequency angle domain,
which simplifies converter integration and analysis in
grids with conventional SGs. The controller introduces
some inertia and dynamics for frequency. In fact, the
power grid views the dc-link capacitor as a virtual ro-
tor with virtual inertia. The stored energy in the dc-link
is employed to damp frequency oscillations during con-
tingencies. Since the controller presents damping and
synchronizing power dynamics, similar to SMs, it can
automatically synchronize itself with the grid and tracks
its variations, thus there is no need for a PLL after initial
synchronization. In the modeling and design process, the
dc-link voltage dynamics are taken into account which
provides a more general and accurate control framework.
The controller offers fault-ride-through capability which
enhances the overall system reliability.
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