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Advanced Control Methods for Power Converters in
DG Systems and Microgrids

Tomislav Dragičević, Senior Member, IEEE, Sergio Vazquez, Senior Member, IEEE,
and Pat Wheeler, Senior Member, IEEE

Abstract—In recent years, different advanced control methods
have been successfully proposed as alternatives to conventional
cascaded linear controllers for power converters in distributed
generation systems and microgrids. The prime movers of this re-
search are strong capabilities of advanced controllers to improve
the dynamic performance and robustness of power electronic
converters in these applications. This paper first introduces
the key roles and functionalities of voltage source converters
(VSCs) in distributed generation systems and microgrids. Then,
it describes how these functionalities are traditionally achieved
by using linear controllers, and addresses their fundamental
dynamic performance limitations. Afterwards, the most promi-
nent advanced control methods are overviewed. In this context,
the implementation principles, advantages and disadvantages of
prominent model- and data-based advanced control methods are
critically discussed and experimentally compared. The paper
ends with a discussion about promising research directions in
the area of advanced control for power electronic converters.

Index Terms—Advanced control, distributed generation, volt-
age source converters (VSCs).

I. INTRODUCTION

TRADITIONAL approach for controlling voltage source
converters (VSCs) in distributed generation (DG) systems

and microgrids is the so-called voltage-oriented control (VOC)
[1]. VOC is based on a cascaded control structure followed
by a pulse-width-modulator (PWM). Here, the control loops
regulate converter state variables by computing an output
voltage reference, which is then synthesized by the PWM
stage. VOC principle is well understood and it can be precisely
analyzed, because it consists of linear control loops. This
allows simple and analytical control synthesis, as well as clear
performance quantification of the control strategy [2]–[4].

In spite of its advantages, VOC entails several practical
limitations. For instance, due to its linear nature, tuning of
control parameters is valid only for a certain operating point.
This means that the response characteristics of the VSC cannot
be guaranteed during large-signal external disturbances. For
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instance, such disturbances can be caused by high-power pul-
sating loads because they result in significantly altered current.
They can also be caused by faults in the grid because they
result in significantly altered voltage at the point of common
coupling. Another issue is that due to design of controllers for
specific parameters and operating point, parameter variations
may compromise the stability of the system if not properly
accounted for. While robustness can be embedded in the
linear control system design, it is challenging to ensure the
performance when both parameter variations and large-signal
disturbances occur simultaneously. Finally, cascaded control
has inherently limited dynamic response. This is because every
outer loop needs to be designed with approximately an order
of magnitude smaller bandwidth compared to the inner one,
in order to avoid interference between them [5].

Significant research efforts in control of VSCs have been
carried out over the past several years to avoid some of
the disadvantages of cascaded linear control structures. One
major branch of that research was dedicated to improve the
performance of VSCs by introducing innovative feedback
loops, but maintaining the cascaded control organization and
a high share of linear controllers [2]–[4]. However, although
these modifications may bring some improvements, they do
not remove the fundamental limitations of cascaded linear
control schemes. Namely, no matter what innovative feedback
loop is introduced, the control structure backbone still remains
dependent on linear cascaded control structure. This means
that both small and large-signal performance of the system
will be in any case inevitably limited.

Another approach, referred to as Advanced Control, is
concerned about conceptually different control methods, par-
ticularly in the way how they process the error between the
measured signals and references. Advanced control methods
can be divided into model-based and data-based strategies.
In the first category, models of the converter and its cor-
responding filter are explicitly used in the controller design
process. In the data-based category, controllers are designed
without explicitly considering the model but by using the
qualitative knowledge about the VSC and data extracted from
the VSC simulation model or experimental test-bed. Some
of the most notable model-based advanced control strategies
are state feedback control (SFC) [6]–[8], sliding-mode control
(SMC) [9]–[12], and model-predictive control (MPC) [13]–
[17]. On the other hand, prominent data-based controllers rely
on structures such as fuzzy-interference systems [18]–[22] and
artificial neural networks (ANNs) [23]–[26] to process various
signals in the VSC control system.
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It is important to highlight that control systems for VSCs for
DG systems and microgrids can in principle be divided into
inner (responsible for local voltage and current control) and
outer control loops (responsible for power sharing control).
Advanced control methods have thus far mainly been applied
to the inner loops. For instance, they can be used as sup-
plementary control loops, where they are deployed as simple
one-to-one replacements of specific conventional controllers
in the cascaded control structure. Another alternative is that
they can merge several control stages into a multi-input
multi-output (MIMO) control system. Both approaches have
been shown to be an effective way of improving the VSC
performance in numerous applications. It should be noted that
excellent review articles about conventional cascaded linear
inner control loops and outer loops for VSCs already exist (e.g.
see [2] for overview of both inner and outer loops, and [27],
[28] for overviews of outer loops). Moreover, it is important
to highlight that grid connected VSCs draw power from the dc
sources and convert it to ac power. In this context, architectures
where multiple VSCs are connected to the same dc bus are
becoming increasingly popular because the control problem
is simplified [29], while at the same time the efficiency and
reliability of the system is improved [30].

On the other hand, this article focuses on advanced control
methods applied to inner loops for VSCs in DG systems
and microgrids, targeting the control on the ac side and
thus assuming that the dc link voltage is constant. Along
these lines, the key aims of this article are to: 1) Reveal
the limitations of linear control methods, 2) Elaborate on
how can advanced controllers in principle eliminate these
limitations, and 3) Make a survey about the different advanced
control methods, experimentally compare them and discuss
their industrial applicability.

The rest of the paper is organized as follows. The roles of
VSCs in DG systems and microgrids are briefly described in
Section II. Afterwards, conventional cascaded control structure
for grid-tied VSCs is analyzed in Section III. Its limitations
from the standpoint of achievable dynamics are studied in
detail in Section IV, where the motivation for using ad-
vanced control methods is highlighted. Section V then builds
on this framework by reviewing and critically comparing
several prominent model- and data-based advanced control
strategies, respectively. Section VI experimentally compares
several advanced controllers which have been implemented
on the common test setup. Section VII provides a qualitative
discussion about the applicability of different control methods
in practical industrial applications. Finally, the conclusions and
recommendations for future research in the area of advanced
VSC control are given in Section VIII.

II. VSC CLASSIFICATION IN DG AND MICROGRIDS

VSCs in DG systems and microgrids can have different
roles, which can be achieved by appropriate designs of their
associated control systems. In principle, three main roles of
VSCs can be distinguished, i.e. grid-forming, grid-feeding and
grid-supporting roles. There exist several different terminolo-
gies describing these roles in the literature. Commonly used
terminology defines that grid-forming inverters employ a rigid
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Fig. 1. Simplified representations of different VSC roles: (a) Grid-feeding
VSC. (b) Grid-forming VSC. (c) Grid supporting VSC with current control.
(d) Grid supporting VSC with voltage control.

voltage control, grid-feeding inverters employ rigid current or
power control, while grid-supporting inverters employ flexi-
ble voltage/current/power control that is adapted online (e.g.
using droop control) according to the measured (micro)grid
conditions [2].

However, it is interesting to notice that some recent ref-
erences (e.g. see [31]) define the term grid-forming inverters
for representing both rigid voltage control and flexible volt-
age/current/power control. In this paper, a conventional clas-
sification was followed [2]. Under this setting, grid-forming
units do not need synchronization since they define the grid,
whereas all types of grid-feeding and grid-supporting VSCs
can use a dedicated synchronization, like in [32]–[34] or can
be operated without it, as in [35]–[37].
A. Grid-feeding VSC

Grid-feeding VSCs can either be connected to the grid
through an L or LCL filter. Their function is to inject
specified amount of current or power into the grid at the
point of common coupling (PCC). The objective is to track
the imposed current or power references regardless of the
variations in the grid voltage and frequency. Therefore, grid-
feeding VSC can be represented as a constant current source,
as shown in Fig. 1(a). From the implementation point of view,
it typically comprises outer control loops, which include the
dc-link voltage regulator, active and reactive power controllers,
and a dedicated synchronization unit. The inner loop comprises
a current controller with embedded active or passive damping
[38].

B. Grid-forming VSC
The function of a grid-forming VSC is to establish the

local microgrid voltage. Therefore, it can be represented as
an ideal voltage source, as shown in Fig. 1(b). Only one of
this type of unit can operate in the system since it provides
a stiff voltage control. Therefore, this unit is considered as
the master in the system that defines the local microgrid.
Due to this reason, grid-forming VSC does not need to have
any power sharing capabilities nor dedicated synchronization.
From the implementation standpoint, grid-forming VSCs are
typically realized via outer voltage loop and an inner current
loop [39]. As already mentioned, some references (e.g. see
[31]) consider different functionalities for the grid-forming
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VSC. In the classification used in this, such functionalities
are assumed to belong to the grid-supporting role and they
described in the following subsection.

C. Grid-supporting VSC
As opposed to the first two categories, grid-supporting

VSCs involve broader spectrum of control functionalities, from
grid voltage/frequency support, active/reactive power sharing
to black-start capability. These types of units are used to
provide grid support functions and to establish microgrids
through shared effort of multiple converters. Since the re-
alization of these functionalities depends on grid feedback
measurements, they are indicated by red dashed arrows in
Fig. 1(c) and 1(d). Grid-supporting VSCs can be realized ei-
ther as current sources, as shown in Fig. 1(c), or as voltage
sources, as shown in Fig. 1(d). The former category is nor-
mally supplemented by the virtual admittance (VA) control
loop, whereas the latter one with the virtual impedance (VI)
loop.

Moreover, the latter category can further be split to units
with direct VSC voltage control and units with filter voltage
control. Advantages and disadvantages of each of these im-
plementations are discussed next.

1) Grid-supporting VSC with current control: These units
share the same physical and inner current control structure as
grid-feeding VSCs. However, they have additional outer con-
trollers, which give rise to more functionalities. In particular,
grid-supporting VSCs with current control actively adapt the
current reference according to grid voltage conditions in order
to provide active and/or reactive power support to electrical
power grid or a microgrid. Usually, the outer grid-supporting
controller calculates the converter side inductor filter current
reference that is sent to the inner current controller to ensure
tracking [34], [40]. Another method is based on using directly
the grid side current to perform the control [37]. Since the
current reference is adaptive, a red dashed feedback signal is
shown in Fig. 1(c). The purpose of providing active and/or
reactive power support could be to provide static frequency
and voltage amplitude compensation, virtual inertia emula-
tion or others. To achieve accurate power injections, virtual
admittance (VA) control loop can also be implemented to
set the total admittance ”seen” by the VSC [37]. Therefore,
connection of VA is also indicated in 1(c).

2) Grid-supporting VSC with voltage control: A disadvan-
tage of grid-supporting VSCs with current control is that
they are not suitable for standalone mode since there is no
explicit control over the bus voltage. On the other hand,
grid-supporting VSCs with voltage control are suitable for
standalone mode. In this case, the VSC is connected to the
grid through an LC filter. However, from the practical point of
view, it forms an LCL filter together with the grid impedance
(Lg). This category can further be split to units with direct
VSC voltage control and units with output capacitor filter
voltage control. In both cases, virtual impedance loop is
commonly deployed for fixing the output impedance seen by
the VSC [41].

a) Grid-supporting units with direct VSC voltage control:
The outer grid-supporting controller calculates the voltage
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Fig. 2. An exemplary implementation of cascaded linear control system with
outer control loops [2].

reference that should be generated by the VSC [32], [35], [36].
Practical concern with this implementation is that there are
no inner control loops. For this reason, the converter current
limitation functionality is not possible and any overcurrent
condition may lead the protection circuit to trip the VSC.
Moreover, as it is not possible to embed active damping of
LCL filter resonance without inner loops, sacrifice of VSC
efficiency through passive damping is the only resort for
achieving stable performance.

b) Grid-supporting units with output capacitor filter volt-
age control: The outer grid-supporting controller calculates
the capacitor filter voltage reference that is sent to the inner
voltage controller to ensure tracking [33], [42]–[44]. This is
more practical implementation compared to the previous case
since it enables direct control over converter current and allows
straightforward embedding of active damping.

III. CONVENTIONAL CASCADED CONTROL SYSTEM

In general, each control loop that is positioned higher in
hierarchy needs to be executed at approximately an order of
magnitude lower bandwidth than the one beneath to avoid
dynamic interactions. An exemplary implementation of such
linear cascaded control system is depicted in Fig. 2, which
shows several loops, as also described below.

A. AC Current Control

Current control is the fundamental functionality that needs
to be embedded in any practical VSC. It is conventionally
realized by linear proportional-integral (PI) controllers in syn-
chronous reference frame or proportional-resonant (PR) con-
trollers in stationary reference frame, but these two schemes
have been shown to be mathematically equivalent [45]. De-
pending on the structure of the output filter, current controller
can regulate either a converter-side or a grid-side current. For
instance, converter side current control is the only option in
current controlled VSCs with L filter [46], [47]. It is also used
in case of grid-forming and grid-supporting VSCs with output
capacitor filter voltage control [2], [39]. The converter side
current control can be used for LCL filter-type grid-feeding
and grid-supporting VSCs as it introduces an inherent active
damping mechanism [48]. Implementations where grid side
current is directly controlled are also common, but dedicated
active or passive damping is then required [49], [50].

A desirable property of current controller is to have good
dynamic performance and robustness. It should also be able to
follow the current references without phase or amplitude error
over a wide frequency range [51]. The quantitative benchmarks
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for these requirements are established in relevant standards
(e.g. [52]) and can be achieved by proper tuning of current
controller using linear control theory.

Dynamic performance of such controller is mainly affected
by the proportional gain, which should generally be tuned so as
to set the crossover frequency of the system as high as possible
with respect to desired phase margin [53]. On the other hand,
tracking of harmonic current references at desired frequency
can be done by imposing integral or resonant controllers.
However, one needs to be cautious not to set proportional
gain too high so that harmonic controllers fall outside the
bandwidth of the system [26].

B. Grid Fault Ride Through

Grid connected power converters need to continue running
on-line even in case of faulty grid conditions, which are
normally characterized by voltage sags in one or several
phases. This is because the power balance in the grid is usually
disrupted during such conditions, and eventual termination of
supply from additional VSCs would cause further imbalance.
This situation may in the worst case scenario lead to cascaded
failures and blackout of the whole grid. For this reason, the
ability of VSC to stay connected with the grid and continue
injecting power is a mandatory function, as specified in the
grid codes [52].

The most common way of implementing this service is
through external controller that monitors the grid voltage,
detects the fault, and accordingly calculates the grid current
reference to be sent to the inner current controller [47], [54].
It should also be noted that under voltage sags deeper than
defined by the standards, the converter should be capable
of performing a safe and seamless disconnection from the
grid. This event is commonly referred to as the unscheduled
transition to intentional island [52]. After clearing the fault,
the converter should be able to seamlessly connect back to
the grid [55]–[57].

C. AC Voltage Control

Explicit ac voltage control is required for grid-forming
and grid-supporting units with output capacitor filter voltage
control. Equivalently as in the case of ac current control,
conventional ac voltage control is realized with linear PI or PR
controllers [58], [59]. The general control structure and tuning
principles are similar as for current controllers, but additional
considerations concerning state-feedback decoupling needs to
be accounted for [39].

In the grid forming-mode, voltage references are predefined
and VSC is operated as a standalone system. Dedicated stan-
dards are applicable to quantify the performance of the VSC
in this mode from both dynamic and steady-state standpoint
[60]. On the other hand, voltage references are generated from
external loops when VSC with capacitor filter voltage control
is in grid-supporting mode. In this case, although the grid
current is usually only indirectly controlled, it still needs to
conform with relevant standards for grid current quality [52].

D. Virtual Impedance/Admittance Loops

Virtual impedance and admittance loops commonly refer to
two types of feedback loops; the so called inner and outer

virtual impedance/admittance controllers [61]. In the inner
virtual impedance/admittance controller, feedback from state
or disturbance variables is applied directly to the modulator.
These types of feedback loops do not modify the functionality
of the VSC, but merely affect its internal dynamic char-
acteristics. Typical applications of inner virtual impedance
and admittance loops are for active damping, computational
and PWM delay compensations, disturbance rejection, state-
decoupling purposes and others.

In the outer virtual impedance/admittance loops, feedback
from state or disturbance variables are used to modify the
current or voltage reference set points, iref and vref , respec-
tively. Examples of outer virtual impedance (Zvi), and virtual
admittance (Yva) implementations are as follows:

vref = vref − Zvi(s)ig, iref = iref − Yva(s)vg, (1)

where vg and ig represent the grid voltage and current,
respectively.

Outer virtual impedance/admittance loops can modify the
system-level behavior of the VSC and thereby achieve
greater span of functionalities compared to inner virtual
impedance/admittance loops. However, their effective range
of operation is limited by dynamics of inner ac current and ac
voltage controllers. Some common applications of outer virtual
impedance/admittance loops are shaping the effective output
impedance/admittance between the VSC and the grid in order
to decouple of active and reactive power flows, share nonlinear
and unbalanced loads between paralleled VSCs, limit fault
current, damp sub-synchronous oscillations and others [62].

E. Synchronization

The most commonly deployed synchronization mechanism
for VSCs is based on the phase-locked-loop (PLL), which is a
nonlinear control structure that explicitly locks the converter’s
internal voltage signal to the fundamental component of the
grid voltage. Grid voltage angle or frequency are then used
in the VOC scheme to control current components either in
the dq synchronous or αβ stationary reference frames, respec-
tively. The basic PLL structure for three-phase applications is
the so called synchronous reference frame PLL (SRF-PLL)
[63]. Here, Clarke’s and Park’s transformations are used to
transform the three-phase grid voltage signals first into αβ
reference frame and then into dq synchronous reference frame.
The resulting q-axis output is processed by a PI controller,
which regulates its magnitude to zero. The signal coming out
of the PI is estimated grid frequency, from which the grid
voltage vector phase angle can be obtained using an additional
integrator. Since the estimated phase angle signal is used in
the previously described Park’s transformation, the respective
phase angle becomes locked to the q-axis grid voltage.

PLL synchronization provides excellent performance when
VSC is connected to a stiff grid. However, PLL dynamics
have a negative impact on the local VSC stability when it is
connected to a weak grid [64]. Therefore, another synchroniza-
tion principle has been developed specifically for this purpose,
i.e. the so called power-synchronization control [35]. Here,
angle of the VSC output voltage is regulated as a function of
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measured and reference active powers, P and Pref , respec-
tively. Since this type of strategy does not rely on integral
action, there is no explicit locking to the phase angle of the
grid voltage but only its implicit control, which is equivalent
to the so called power-frequency droop control, as described
in the next subsection. Control strategies that combine both
synchronization mechanisms have also been reported [32],
[33], [36]. In these schemes, the power-synchronization has
been deployed as the main synchronization method, whereas
the PLL was used to extract the grid frequency that is used in
the internal damping controller.

Regardless of the specific synchronization principle, dis-
torted, faulty and unbalanced grid conditions present a chal-
lenging scenario for its design. Conventional structures can
only achieve limited dynamic response under such conditions,
which is problematic because of the increasingly strict grid
codes. Namely, these codes define the required response of
the VSC during faults, which to a large extents depends
on the quick and accurate synchronization capability [65]–
[67]. An abundance of research efforts has been dedicated to
improve the performance of both PLL-based and power-based
synchronization mechanisms in faulty grids. More information
can be found in [68], [69] for PLL-based and in [35], [40],
[70] for power-based synchronization.

F. Grid Frequency and Voltage Support

Reduced system inertia is one of the main challenges
associated with high penetration of converter-based distributed
generation technologies in the electrical power grid. It is
manifested by ever higher frequency nadirs and faster rates-of-
change of frequency (ROCOF) [71]. To support the frequency
control, modern grid codes require converters to stay con-
nected and to continue exchanging the power with grid under
moderate frequency deviations and ROCOF [52]. Moreover,
VSCs must be equipped by static frequency-power droops
control to continually adapt to frequency variations. The im-
plementation of such static frequency-power droop functions
can be done as an outer controller with respect to virtual
impedance loop [44], [72]:

ωm = −kp (P − Pref ) + ωref , (2)

where ωm and ωref are the virtual and nominal frequency.
Although it provides reduced frequency nadir, static

frequency-power droop characteristic does not increase the
inertia of the system. Therefore, grids dominated by VSCs
with static frequency support characteristics exhibit high RO-
COF following a load disturbance. Since this may trigger
the protective relays of conventional synchronous generators
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Fig. 4. Controller without modulator stage: (a) System structure. (b) VSC
output voltage for phase a.

and anti-islanding protection relays, high ROCOF should be
avoided. In this context, virtual inertia emulation controllers
have been increasingly proposed as viable substitutes for static
droop controllers [32], [33], [37]. It has been shown in [36]
that both controllers have identical steady-state performance,
but virtual inertia introduces additional swing-equation type
dynamics that allows reduced ROCOF, as follows:

Pref−kp(ωm−ωref )−P = Jωmdωm/dt+D(ωm−ωg), (3)

where ωg is the measured frequency, while J and D are inertia
and damping constants, respectively. If these constants are set
to zero, (3) becomes equivalent to (2). Nevertheless, inertial
response of power converters is still not defined as mandatory
service in the latest standards [52].

Besides assisting the grid’s frequency regulation, VSCs are
also required to support the grid voltage by provision of
reactive power services [52]. These are normally defined by
imposing static reactive power vs. voltage relationship such
as:

Vm = −kq (Q−Qref ) + Vref , (4)

where Vm and Vref are the measured and nominal grid
voltage amplitude, respectively. Q and Qref are measured
and reference reactive active powers, respectively, and kp
represents the controller gain.

It can be seen that the reference values Pref , ωref , Qref

and Vref are included in (2) and (4), respectively. The purpose
of these reference values is to adjust the droop curves in a
way to ensure that inverter in the steady state converges to a
desired operating point and this implementation is consistent
with the literature [2], [27]. However, implementations where
these reference values were omitted have also been reported
[28]. In this case, the converter will produce zero frequency
and zero voltage for zero active and zero reactive power.

IV. LIMITATIONS OF CONVENTIONAL CONTROL

This section studies the performance limitations of the
conventional linear cascaded control system described above.
In general, its dynamic response is mainly restricted by the
control implementation principle and its hierarchical structure.

A. Control Implementation Principles

Control implementation principles are distinguished by the
way in which the semiconductor switches in the VSC are being
manipulated. This can be done using two main modulation
approaches, as described below.
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1) Implementation with Modulation Stage: The first imple-
mentation principle, shown in Fig. 3(a), is the one in which
desired converter output voltage v∗abc is firstly computed by the
controller and then it is passed to a modulator stage. This im-
plementation principle is also known as indirect control since
the final control signals, which are the power semiconductor
states, are not directly set by the control algorithm. In this
case, controller can essentially be developed independently
of converter topology [73]. On the other hand, objective of
the modulator is to ensure that respective reference voltages
are precisely synthesized at the VSC output with appropriate
switching strategy.

As an example, if one leg of the simplest VSC topology
(i.e. the two-level VSC) is taken, an illustrative output voltage
during one sampling period is as shown in Fig. 3(b). It can
be seen that the output voltage of one leg will begin and
end at zero level. At some point in the sampling period,
the switches are first turned on to provide voltage output
of vdc, and then turned off after ton. Therefore, on/off
switching occurs exactly once during the Ts period, which
leads to the constant switching frequency in each leg that is
equal to fsw=1/Ts. This yields predictable and concentrated
harmonic voltage spectrum at the VSC’s output terminals,
which facilitates design of passive filters and produces low
acoustic and EMI noise. Moreover, since duration of ton can
be any number between zero and Ts, the average leg voltage,
VaN = tonvdc/Ts can be precisely adjusted and thus the
voltage references can be tracked without steady state error.

Another important feature when the modulator stage is
included, is that the switching frequency of the VSC has a
locked ratio to the sampling rate [74]. Therefore, the sampling
rate is limited by the permissible switching frequency of
semiconductor devices. This constraint puts a limit on the
bandwidth of control system because every outer loop needs
to be at least an order of magnitude slower in order to avoid
dynamic interactions between the neighboring loops [74].

2) Implementation without Modulation Stage: Another im-
plementation principle, shown in Fig. 4(a), is the one where
controller and modulator are combined into a single stage. As
opposed to the previous case, VSC topology now needs to be
considered since each topology has a different set of available
switch configurations (e.g. two-level VSC, as the simplest ex-
ample, has eight possible configurations). This implementation
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Fig. 6. Visual interpretation of time scales in MIMO control structure for
VSC with and without modulator stage.

structure is also known as direct control because the outputs
of the controller are the power semiconductor states at every
sampling instant, which are the final control signals. For this
reason, it can be categorized as a variable-structure control,
which is recognized for its excellent robustness [75], [76].

Taking again as an example one leg of a two-level VSC,
the output voltage during one sample period Ts is shown
in Fig. 4(b). It can be seen that the sampling instants are
synchronized with the switching events. For this reason, it is
only possible to have one voltage value at the VSC’s output
terminals during the whole sampling period, i.e. zero or vdc.
Since the output leg voltage can only take values on a discrete
set, it cannot be smoothly adjusted. This situation leads to
several drawbacks when compared to the implementation with
modulator stage. For instance: It can present steady state errors
for some control formulations and in general, it leads to higher
switching ripple when both implementations use the same
sampling period.

On the other hand, switching does not need to necessarily
occur at every sampling instant. In general, this may be seen as
a disadvantage because it leads to variable switching frequency
and makes the output filter design difficult. However, it also
allows sampling rate of the controller to be significantly
higher than the average switching frequency. Therefore, for
comparable switching frequencies, control without modulator
generally leads to better dynamic characteristics than control
systems that use the modulator stage [77].

B. Impact of Modulation on Dynamic Performance

This subsection qualitatively analyzes the implication of
modulation principles on dynamic performance of the VSC.
The upper part of Fig. 5 shows the time-scale organization
of the cascaded control system including the modulator stage.
Sampling fs and switching frequencies fsw are considered
to be equal, i.e. fs = fsw. This means that the bandwidth
of the inner controller (usually a current loop) should be set
approximately an order of magnitude lower [74]. It should also
be noted that depending on design of the VSC’s output passive
filter and the dc-link voltage value, maximum achievable
bandwidth of the current loop may in theory be lower than that
value. However, since this situation can generally be avoided
by proper filter design methods (e.g. see [78]), a reasonable
practical assumption is that system’s physical constraints are
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not triggered. However, if this is not the case, the time scales
represented in Fig. 5 and Fig. 6 may be shifted in accordance
with different physical designs. Thus, time scales shown in
Fig. 5 and Fig. 6 should be considered only as indicative ones.

The maximum bandwidth of the current control loop is in
this example chosen to be slightly higher than fs/10 (see
the solid vertical line in Fig. 5). It can be clearly seen that
in general, the augmentation in the sampling rate would also
increase the achievable bandwidth of the inner control loop,
and this would correspondingly allow speeding up the outer
loops as well. However, increasing the sampling rate has
following impacts depending on the control implementation
principle:

1) If the control system uses explicit modulator stage (Fig.
3) then, by increasing the sampling rate, switching fre-
quency is inevitably increased as well, which may be
unacceptable for deployed semiconductor devices.

2) If control and modulation are combined into a single
stage (Fig. 4) then, the sampling rate can be significantly
increased while average switching frequency can be kept
at arbitrary level. However, increased sampling rate gen-
erally requires more powerful (and hence more expensive)
control platforms.

Time scale-organization of cascaded control system without
the modulator stage is illustrated in the bottom part of Fig. 5,
for a sampling rate fs=fs,adv and an averaged switching fre-
quency fsw,av. The bandwidth of current controller now can be
set exactly at the technical limit while fsw,av is maintained in
an acceptable value for the power semiconductors. Therefore,
it can be concluded that control systems which do not rely
on the modulation stage have the potential of achieving better
dynamic performance.

C. Impact of Cascaded Control on Dynamic Performance

Besides control implementation principle, dynamic per-
formance of the system is affected by the organization of
control loops. Namely, by merging two or more control loops
into a MIMO control structure, the conventional cascaded
organization can be avoided and dynamic performance can
be improved. Assuming that modulator operates at frequency
fs, and that the maximum bandwidth is slightly higher than
fs/10, it can be seen from time-scale diagram in the upper part
of Fig. 6 that overall bandwidth of the system is significantly
higher than the one with the same implementation principle in
Fig. 5. The response speed of MIMO controller is constrained
solely by the technical limits of the system. However, it should
be noted that this limit is generally lower than the one for
the inner control loop for the cascaded control structure when
controlling only one variable. The reason is that MIMO con-
troller needs to manage simultaneously variables that exhibit
both fast and slow dynamics. For instance, in a VSC with an
LC filter, the inductor current dynamics will always be faster
than the capacitor voltage dynamics.

Similarly to cascaded control loop implementation, tech-
niques relying on MIMO control structures can be realized
either with or without explicit modulator. However, it is
worth noting that it is often unfeasible to combine all the
control loops within one single controller. For instance, outer

control loops such as dc-link voltage loop, virtual inertia
emulators and others are often much slower than the inner
ones. Therefore, hybrid combinations of control loops are
often preferred, where only one or two inner loops are merged
together while the outer ones are embedded separately on top.

V. ADVANCED CONTROL METHODS

This section discusses several advanced control methods for
DG systems and microgrids, which can generally be divided
into model- and data-based methods. In the following subsec-
tions, some fundamental characteristics for each one of them
are first presented. Afterwards, discussion comprising relevant
theoretical foundations, practical implementation details and
performance characteristics for each reviewed method is given.
A compact summary of this discussion is provided in Table I.

A. Model-Based Advanced Control

Model-based advanced control strategies take advantage of
the model of the VSC to derive the control signal. Model
is either used to make online prediction of the system states
and choosing optimal actuation or for synthesizing the optimal
feedback controller that acts on errors between the reference
and measured signals. For digital implementation of model-
based controllers, continuous model of the plant is first dis-
cretized using the controller sampling period Ts. The generic
discrete model of the plant is as follows:

x̄(k + 1) = Adx̄(k) +Bdū(k)
ȳ(k) = Cdx̄(k) +Ddū(k)

(5)

where x̄ = [x̄1, x̄2, ...] are state variables, ȳ = [ȳ1, ȳ2, ...] are
outputs, ū = [ū1, ū2, ...] are inputs and matrices Ad, Bd, Cd

and Dd of appropriate dimension complete the model.
1) State Feedback Control (SFC): SFC is focused on the

design of MIMO control structures. Its basic principle is
concerned about the explicit design of the multi-variable
state-feedback controllers according to some predefined per-
formance measures [79]. Such measures can be defined in
multitude of ways, i.e. using norms for selected signals or
specifying a priori robustness in the design of the control
gains. The most commonly used norms are H2 and H∞. These
measures are defined as a mathematical optimization problem,
the solution of which yields the optimal feedback gains K.

As a simple example, the design of the SFC to shape the
frequency response of the VSC is as follows:

L(jω, ρ) = G(jω)K(jω, ρ)

LD(s) =

[
ωd 0
0 ωd

]
min||L(ρ)− LD(s)||2

(6)

where L(jω, ρ) is the open-loop frequency response of the
plant that is defined by physical model for the plant G(jω)
and control gains K. LD(s) is desired frequency response of
the open-loop plant, which is obtained by optimizing the norm.

In general, when SFC is applied to power converters, the
overall control is embedded into a single structure and it
is invariably implemented as an indirect control by using a
modulator stage. For intance, Fig. 7 shows a SFC applied to
a grid-feeding VSC. A well-known issue with SFC is that it
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Fig. 7. SFC MIMO structure for a grid-feeding VSC with LCL filter [8].

is difficult to analytically impose constraints within the design
process. To solve this problem, researchers have experimented
with different types of numerical control algorithms such as
linear-matrix-inequalities (LMIs). For instance, this method
was used in [6], where the objective was to design a state-
feedback controller for the grid-tied VSC with an LCL filter
with respect to constraints, as well as guaranteed robustness
to grid inductance parameter variations and transient response.
Another example is reported in [7], again for the application
of grid-tied VSC with an LCL filter, where the main reason
for using the state-feedback instead of cascaded loops was
that both current control and active damping can be inherently
embedded within the one single control formulation. Similar
ideas have been applied also in conditions where the grid is
distorted [8].

The general theory for calculation of optimal gains in SFC
with predetermined stability and robustness is well estab-
lished. Once these gains are calculated and implemented, the
controller generally exhibits very low computational burden.
However, the main objection for using SFC in practical
VSC applications is that high level of theoretical expertise is
required to successfully carry out such optimal design, despite
the fact that general theory to quantify and design for desired
stability and robustness is well established.

2) Sliding Mode Control (SMC): SMC is a popular cat-
egory of advanced controllers that is characterized by its
inherent compatibility with variable structure systems such as
power electronic converters. The basic principle behind the
SMC is to define one or more sliding surfaces that specify
the performance objectives of the system. Then, it designs a
discontinuous feedback control that forces the system states
to reach the sliding surface in finite time [80]. Typical sliding
surface functions are based on linear combination of various
signals from the VSC control system such as the current error
and its derivative, the output capacitor filter voltage error and
its derivative, as well as integrals and derivatives of estimated
current and voltages. Therefore, it allows one to naturally
design a MIMO control structure. A simple example of a
sliding surface to control only two state variables, x̄1 and x̄2,
can be defined as:

ē1 = x̄∗1 − x̄1
ē2 = x̄∗2 − x̄2

S̄ = K1ē1 +K2ē2

(7)

where x̄∗1 and x̄∗2 are the reference values. The errors of the
selected state variables, ē1 and ē2 are used to define the sliding
surface S̄ and K1 and K2 are weighting factors that regulate
the importance of specific parts in S̄.

Sa Sb Sc

+
_

Lf

Lf

Lf

vgαβ   

iga

igb

igc

VSC

Grid

͠ 

vga  

vgb  

vgc  

Lg

Lg

Lg

igαβ   
abc-αβ  abc-αβ  

PLL

SMC ∑ 

e -jθ 
igdq   

θ 

∑ abc-αβ   

PWM

vdc   id  

e -jθ SMC iq  

vabc
*

igdq   *
*vqd

*vαβ 
* *

*

vdc

Fig. 8. Application of SMC in a cascaded control structure for a Grid-feeding
VSC with L filter [10].

Well established Lyapunov stability theory is recognized
as the most useful approach for analyzing the stability of an
SMC system [81]. Computational complexity of the method
depends on the complexity of sliding surface. For instance,
if the VSC is interfaced to the grid only via L filter, there
is no need to introduce resonance damping in the sliding
surface and the computational complexity is low. However, if
VSC is interfaced through an LCL filter, the sliding surface
formation should be done in such a way that the resonance
can be damped efficiently at the expense of increased cost
and controller complexity [12].

SMC can be implemented with or without the modulator
[9]. In the latter case, higher bandwidth can be achieved but
it suffers of chattering problem that needs to be considered
in the design process. As key characteristics, SMC has the
capability to handle the system nonlinearities and it presents
low dependence on the system parameters and external distur-
bances. Therefore, SMC can be categorized as highly robust
to parameter uncertainty. Another advantage of the SMC
compared to other advanced controllers is its capability to
reduce the order of the plant, which largely simplifies the
design procedure and analysis. This is especially useful when
it is put in the cascade with linear controllers [11], [12]. In
contrast, a disadvantage of SMC is that it is difficult to impose
constraints or to regulate abstract quantities. For instance, the
switching frequency when it is implemented as a direct control.

An illustrative application of SMC replacing one by one the
linear controllers in a cascaded structure is shown in Fig. 8. It
deploys an extended state observer plus a second order SMC
(SOMSC) to control the dc-link capacitor voltage as the outer
control loop and a SOSMC for the ac current control in the
inner control [10].

3) Model Predictive Control (MPC): MPC strategy consists
of designing an optimal problem which is based on three key
elements, namely the prediction model, the cost function and
the optimization algorithm [82]. In MPC, the desired system
behavior is described using a cost function. Mainly, the cost
function compares up to a certain prediction horizon, Np,
predicted state variables, x̄p, with reference values for these
states. For instance, a simple cost function involving only two
predicted state variables, x̄p1 and x̄p2, and a prediction horizon
Np = 1, can be defined as follows:

gcon =(x̄∗1(k+1)−x̄p1(k+1))
2
+λ(x̄∗2(k+1)−x̄p2(k+1))

2 (8)

where x̄∗1 and x̄∗2 are the command values and λ is a weighting
factor that regulates the importance of specific parts of the
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cost function. Larger values of λ gives higher importance to
a specific term.

Considereng (5), the prediction model can be defined as:

x̄p(k + 1) = Adx̄(k) +Bdūc(k)
ȳp(k) = Cdx̄

p(k) +Ddūc(k)
(9)

where ȳP are predicted outputs and ūc are inputs candidates.
From (9), it can be stated that predicted state variables values
depend on the input candidate ūc. Therefore, each sampling
instant the control action, ū, is decided as the input candi-
date that minimizes the cost function. To solve this optimal
problem, an optimization algorithm is then needed.

Prediction model and cost function are unique for a given
VSC topology and application [83]. On the other hand, opti-
mization algorithm can be performed in different ways. Two
main categories can be defined considering the type of the
optimization problem. On one hand, continuous control set
MPC (CCS-MPC) considers the input control vector candidate
as a continuous control signal. Then, it solves a continuous
optimization problem and the output can be any vector within
the control region defined by available voltage vectors of VSC
[84]. To synthesize the final control action, CCS-MPC uses
any modulation strategy according to the VSC topology which
ensures a constant switching frequency [85]. Therefore, CCS-
MPC belongs to the indirect control category. On the other
hand, finite control set MPC (FCS-MPC) considers a set with
limited number of input candidates. Then, it solves an integer
optimization problem and the output can only be one of the
vectors in the considered set [86]. Two main approaches are
used to solve the optimal problem in FCS-MPC. The most
common one is the exhaustive search algorithm (ESA) which
computes the predicted states and evaluates the cost function
for each vector in the candidates set [87]. The main problem of
ESA is that computational burden increases with the number
of candidates in the set. To solve this problem, the sphere
decoding algorithm (SDA) has been proposed [88], [89]. SDA
takes advantage of branch and bound techniques to avoid the
evaluation of all the candidates in the set and find the optimal
solution. In FCS-MPC, the final control action is the output
vector selected by the optimal problem. Therefore, FCS-MPC
belongs to the direct control category.

When CCS-MPC and FCS-MPC are compared, the latter
allows one to achieve higher controller bandwidth. This is
due to the direct control implementation principle. However,
this leads to a variable switching frequency that can be
avoided by using a CCS-MPC strategy. Methods that embed
the modulators in the optimal problem design have also been
proposed to capture the best features of the FCS-MPC and
CCS-MPC algorithms, i.e. the constant switching frequency
and excellent dynamic response [13]–[17]. FCS-MPC is also
highly beneficial in high power applications, where mini-
mization of the average switching frequency is generally an
important requirement. To this end, the high sampling rate
allows fine control fidelity and thus high power quality, while
maintaining fast dynamics at the same time [90].

Key features of MPC are that the design of the optimal
problem is highly intuitive, allowing one to integrate explicitly
nonlinearities and consider system constraints in the problem
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formulation. The latter one is a unique characteristic of MPC
compared to other advanced control methods. It is therefore
suitable for maintaining controllability of the converter in
transient operating conditions, such as LVRT and HVRT [91].
In these applications, FCS-MPC strategy is used as a one-to-
one replacement of inner linear current controllers to achieve
improved decoupling capability and better robustness to large
signal disturbances. MPC also allows one to define a MIMO
control structure to merge multiple control loops in a single
stage. The procedure is simple and just consists of defining
a suitable cost function. Applications of this type have been
proved to yield both significantly better dynamic performance
and robustness compared to cascaded linear control. For in-
stance, it was shown that grid-tied VSCs with LCL filter can
have an inherent active damping capability when controlled
with MPC [92]. Moreover, significantly improved primary
[44], [93] and secondary dynamic performance [94] has been
reported in microgrids when MPC is used.

Lack of formal stability analysis methods for FSC-MPC
has long been cited as a major disadvantage of this strategy.
Although it is possible to find theoretical works, the scope is
limited to particular applications [95], [96]. However, several
promising approaches have recently been proposed to solve
this issue. One is called statistical model checking (SMC)
[97]. Here, the VSC and the controller are treated like timed
automata, and their statistical performance is formally tested
in various scenarios. While being very effective, this approach
requires detailed knowledge about the tools from computer
science community, which may not be easily accessible to
electrical engineers. Another promising tool that has recently
been applied is a describing function method [77]. Here, the
frequency response of the VSC controlled via FCS-MPC is
captured and plugged together with other controllers to con-
struct the overall frequency response of the system and verify
its robustness and stability [98]. An illustrative application of
grid-tied VSC where outer loop is linear, while FCS-MPC is
used in the inner loop to regulate the LC filter voltage and
provide active damping is shown in Fig. 9.

B. Data Based Control

Data based control is different to all the model based
strategies in the sense that it is explicitly designed based on
using the available input/output data to describe the controlled
system. Data can be obtained either from the real system or
from a model of the actual plant.

1) Artificial Neural Network (ANN) Control: In essence,
ANN allows one to do a non-parametric function approxima-
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TABLE I
MODEL AND DATA BASED ADVANCED CONTROL METHODS - AN OVERVIEW
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Fig. 10. Control imitation structure using an artificial neural network [99].

tion. It is comprised of an input layer, one or more hidden
layers, and an output layer. Each of these layers contains a
number of neurons that process the signals flow coming from
neurons in the layer below. This simple structure only involves
basic algebraic operations. For this reason, evaluation of ANN
is generally very computationally light. Moreover, ANN can
be trained to approximate any given nonlinear relationship
between input and output data with arbitrary precision [100].

ANN can be implemented as a direct or indirect control. In
addition, it can be used to replace one by one each linear con-
troller in a cascaded structure or can be designed as a MIMO
controller. For these reasons, researchers have applied ANNs
in several areas of advanced control for power converters. For
instance, in [23] the ANN structure is used instead of inner
control loops of a grid-forming VSC. The output of the ANN
is the VSC output voltage, which is finally synthesized by the
modulator stage. The main idea here was to train a single ANN

controller to learn the optimal actuation signal from a family of
linear controllers, each optimally tuned for a specific loading
condition. In this sense, ANN was shown to provide better
global performance, as well as more robustness to disturbances
than linear controllers. On the other hand, in [99], the neural
network was trained to emulate the FCS-MPC controller and
showed similar performance to original controller. Further
on, in [101] innovative data-generation process and training
procedures were used to experimentally validate the ANN-
based emulator with excellent resemblance to original FCS-
MPC and very low computational complexity. This particular
application is also depicted in the Fig. 10. Therefore, since
ANN controllers are trained on data from original controllers
or other sources, it can be stated that their robustness and
stability features are dependent on the quality of data.

However, there is still no formally developed theory to
directly verify these important performance metrics. This
can be seen as a large drawback of ANN-based control.
In addition, imposing constraints on the state variables is
challenging when ANN is used in the inner control loops.
To avoid the problems with imposing constraints, another
prominent group of applications used conventional controllers
in the inner control loops but implemented ANN to serve as
a reference generator in the outer loops. An example of this
approach was reported in [24], where the ANN was trained
to be able to quickly extract the nonlinear load active and
reactive power current components. These components were
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then used to create current references for the VSC, which are
expected to achieve harmonic suppression and load balancing.
The given current references are then controlled using the
standard controllers.

Besides real-time control applications, ANNs have also
been used for offline design of advanced controllers and
systems. The key idea here is to firstly extract comprehensive
input-output data that correlates relevant design parameters
to performance metrics of the controlled system either from
its simulation model or directly from the experimental setup.
This data is used to train the ANN that serves as a fast
surrogate model of the system. Such ANN-based model can
finally be used for optimal design of either control or physical
parameters of the system. This procedure was successfully
deployed for tuning of weighting factors in the cost function
of the FCS-MPC algorithm [25] and for optimal design for
reliability of power electronic converters [26].

2) Fuzzy Control: Similarly as ANNs, fuzzy signal pro-
cessing structures can also used to do function approximation.
These rules can transform a certain set of inputs (e.g. the errors
between the references and measured signals) into one or more
outputs. The output can be used either as the control signal, or
in a feedback loop. Fuzzy rules are sometimes implemented
in the latent space, which means that fuzzification and de-
fuzzification is required. The disadvantage of fuzzy controllers
compared to ANNs is that rule derivation, although intuitive,
is heuristic. Moreover, since rules are discrete, the overall
approximated function has a non-smooth structure which leads
to a weaker generalization capability than ANNs. On the other
hand, fuzzy models can also be represented as a mixture
of several linear models which are blended together using
the membership functions [102]. These types of controllers
are termed as Takagi-Sugeno (T-S) fuzzy controllers. Fairly
well established advanced control design tools such as linear
matrix inequalities can then be used to formally design the
controller and prove the stability, which is a big advantage
over ANN-based controllers. Moreover, fuzzy control systems
can be explicitly designed to provide robustness to parameter
uncertainty through introduction of additive bounded terms
[103]. Due to their fragmented implementation, fuzzy con-
trollers generally do not have a particularly high computational
complexity, if they are well implemented [104].

Fuzzy controllers are implemented as an indirect control
strategy by including the modulator stage. They can be used
to replace one-to-one linear controllers. For instance, in [18]
this approach was proposed to substitute current controller
for a grid-feeding VSC. It is also possible to use a fuzzy
controller to define a MIMO control structure like in [19].
Here, fuzzy controller was used to replace cascaded voltage
and current controllers for the grid-forming VSC. Similar to
ANN, it is difficult to handle constraints with fuzzy controllers.
To avoid this problem, the same approach as for ANN is used.
Basically, fuzzy controller is used as a supplementary control
law to generate references for the main control loops that are
designed by using conventional controllers [20].

Researchers have also combined application of fuzzy and
ANN control in [21], [22]. The main motivation was to
combine the best features of the two methods, i.e the intuitive

fuzzy rules and smooth learning capability of ANNs. With
this approach, the tuning of fuzzy rules is done in analytic
fashion as opposed to conventional scenario where they are
set using the trial and error. It was shown that the steady-state
performance of the system can be significantly improved by
this approach when compared to classical PI-based control.

VI. EXPERIMENTAL CASE STUDY

In order to assess the performance of various control sys-
tems, a benchmark case study is established. While many dif-
ferent control structures are possible, only one representative
case study was selected, i.e. voltage control of the LC filtered
VSC. There are several reasons why this particular structure
has been selected for comparison tests. Firstly, the limitations
of conventional cascaded controllers are fully evident here
because the controlled system is of the second order and
merging of controllers leads to clear speeding up of the
response. Secondly, the quantitative performance metrics for
voltage control on the standalone LC filtered VSC are defined
in the relevant standards (e.g. IEC 62040). Therefore, it is
straightforward to make fair comparisons between different
control methods. Lastly, grid-supporting VSC with voltage
control on the LC filter is the structure with the widest
spectrum of control functionalities, and it is one of the most
frequently used in the literature for grid-supporting VSCs [5],
[32], [33], [36], [44].

DC link voltage in the setup was vdc = 700 V, LC-filter
parameters are Lf = 2.4 mH, Cf = 15 µF. Reference voltage
is V RMS

r = 230 V, fr = 50 Hz. Linear load is Rload = 33
Ω, while sampling times in the modulator and non-modulator
based methods are Ts = 100 µs and Ts = 20 µs, respectively.
In all modulator based methods, uniformly sampled PWM
with single update mode and leading-edge modulation was
implemented, thereby resulting in fixed switching frequency
equal to 1/Ts = 10 kHz. On the other hand, as their
name suggests, non-modulator-based strategies do not have a
modulator and in their case only the sampling frequency can
be directly specified. As explained in detail in Section IV-A,
due to specific switching process, the switching frequency in
non-modulator based strategies does not have a fixed value and
it is also not possible to directly specify it. On the contrary,
it is only possible to indirectly control the average value
of the switching frequency over some custom defined time-
window (e.g. by adjusting the weighting factor in the cost
function) [25]. Therefore, to make a relatively fair performance
comparison between different strategies, the weighting factors
were manually tuned so that average switching frequency of
non-modulator based methods is approximately equal to the
fixed switching frequency of modulator based methods.

Based on implementation details described above, several
control methods have been implemented and corresponding
experimental results are shown in Fig. 11. Results for cas-
caded linear control, where controller gains were tuned using
the methodology from [39], are shown in Fig. 11(a). On
the other hand, several advanced control methods with and
without modulator have been implemented. Particularly, for
FCS-MPC, tuning methodology from [25] was followed. For
non-modulator based ANN, data was extracted using the
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(a) (b) (c)
Fig. 11. Experimental comparison of conventional cascaded linear control and advanced control strategies on a case study involving standalone 2-level VSC:
(a) Cascaded linear control with modulator. (b) State-feedback control without modulator. (c) State-feedback control with modulator.

model presented in [44] in the way described in [101]. For
non-modulator based SMC, methodology from [9] has been
followed. Sampling time for all these methods has been Ts
= 20 µs. Interestingly, there was no noticeable difference in
performance between these non-modulator based strategies.
Therefore only one result is presented in Fig. 11(b). Finally,
for state-feedback control with dedicated modulator, several
different methods have been tried out, including CCS-MPC
[105], fuzzy control [106] and ANN control [23]. Again, as
there was no noticeable difference between in the performance
of these methods, only one result is presented in Fig. 11(c).

It can be seen that advanced control methods outperform
cascaded linear control in terms of dynamic performance. In
addition, non-modulator based strategies yield the best dynam-
ics, but have higher switching ripple and larger steady-state
error compared to the other two. Finally, the state-feedback
controllers have only slightly worse dynamics compared, but
excellent steady-state performance owing to the usage of the
modulator. All these results are consistent with the analysis
presented in Sections IV and V.

VII. INDUSTRIAL APPLICABILITY OF ADVANCED
CONVERTER CONTROL

So far, the paper has discussed qualitatively why and how
can advanced control outperform classical cascaded linear
control systems. It has also described a variety of advanced
controllers and it was afterwards shown experimentally that
they outperform conventional linear control. However, only
a small difference in dynamic performance between vari-
ous classes of non-modulator and modulator based advanced
controllers was observed. For this reason, in this section no
particular advanced control method is discussed, but its focus
is on the general applicability of such control in practical
industrial applications. Namely, advanced control often comes
with drawbacks such as high implementation complexity,
heavy computational burden that may require more expen-
sive microprocessors, and problematic maintainability due to
a need for highly skilled engineers. Thus, advantages and
drawbacks need to be carefully accounted for to justify the
implementation of advanced controllers in practice.

Obvious candidate applications of advanced controllers are
the ones which require excellent large-signal performance and
robustness to parameter uncertainty. One example are power
converters exposed to frequent faults in the grid. Another
example are power electronics based standalone microgrids
that are exposed to pulsating loads. Such types of microgrids

can often be seen in mission critical applications such as mil-
itary installations where weapons and other electromagnetic
loads present a challenging environment for linear controllers.
Vehicular applications can also be seen as microgrids burdened
with pulsed loads. Other candidate applications of advanced
control are DG converters connected to weak grids where grid-
interfacing impedance may widely vary. In this scenario, ad-
vanced control can be generally designed for higher robustness
to parameter variations. On the other hand, in applications with
continuous or slowly changing load/generation profile that are
connected to strong grids (e.g. data centers, renewable energy
plants), the disadvantages of advanced control generally out-
weigh the advantages. Therefore, there is generally no practical
need to move away from very well understood conventional
linear control in such applications. Nevertheless, it has recently
been shown that certain types of advanced controllers can
improve the thermal profile of power electronic converters
even in completely static applications [107]. This may have
a considerably positive impact on their reliability. However,
more research needs to be done in this area.

To sum up, advanced control for power converters can
increase the implementation complexity and lead to higher
computational requirements. For this reason, the use of con-
ventional linear cascaded control could be a good option when
system requirements are not challenging. On the other hand,
the cost and computational capabilities of hardware control
platforms are not a major limitation anymore. Therefore, one
can take advantage of using this hardware. Advanced control
strategies for power converters can yield power conversion
systems with better dynamic responses, increased efficiency
and higher reliability. In addition, they are the right option
when one is seeking to get the most from the power converter
system. As a conclusion, the standpoint of authors is that
these kinds of strategies have their place in practical industrial
applications.

VIII. CONCLUSIONS AND FUTURE TRENDS

This paper has presented the main roles of voltage source
converters (VSCs) in distributed generation (DG) systems and
microgrids. The conventional cascaded linear control structure
has been described first, and its main limitations have been
analyzed. In short, these disadvantages are related to the use
of the modulator stage, the separation principle due to the
cascaded structure and the inability to handle large distur-
bances, nonlinearities and parameter variations. It has been
concluded that these drawbacks can be reduced by exploiting
advanced control strategies. Paper has afterwards overviewed
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and experimentally compared several prominent model-based
and data-based advanced control strategies. Possibilities for
their practical applications have also been discussed.

Future trends on advanced control strategies for VSCs in
DG and microgrids will include the development of new
methods that do not rely on the modulator, but are able to
yield constant switching frequencies. The aim of this research
is to maximize the dynamic performance of VSCs, but have
predictable switching patterns at the same time to ease the
output filter design. Another prominent research area will
be the development of controllers that achieve high dynamic
performance with reduced number of sensors, as this can
greatly improve their cost-effectiveness and reliability. Finally,
a more disruptive future research topic is about data-based
methods that can either be trained autonomously or to imitate
known controllers that may be computationally too heavy for
real-time execution.
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