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ABSTRACT: The increasing penetration of distributed power generation into the power system leads to a
continuous evolution of grid interconnection requirements. In particular, active power control will play an
important role both during grid faults (low-voltage ride-through capability and controlled current injection) and
in normal conditions (reserve function and frequency regulation). The aim of this paper is to propose a flexible
active power control based on a fast current controller and a reconfigurable reference current selector. Several
strategies to select the current reference are studied and compared using experimental results that are obtained
during an unsymmetrical voltage fault. The results of the analysis allow selection of the best reference current in
every condition. The proposed methods facilitate multiple choices for fault ride through by simply changing the
reference selection criteria.
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l. INTRODUCTION

In the last decade, distributed power generation systems (DPGSs) based on renewable energies
contribute more and more to the total amount of energy production on the globe. Wind turbines (WT) as well as
photovoltaic (PV) systems are seen as reliable energy sources that should be further exploited in order to
achieve maximum efficiency and overcome the increasing power demand in the world. These systems are no
longer regarded as engineering issues, but they are widely recognized as reliable systems, which can have a
large share in energy production in the future. The possibility of energy production using a clean technology
makes both WT and PV systems very attractive, but the control of these systems is a challenge due to the
uncertainty in the availability of the input power [1]. Moreover, the increased amount of distributed systems that
are connected to the utility network can create instability in the power systems, even leading to outages. In order
to maintain a stable power system in countries with a large penetration of distributed power, transmission
system operators issue more stringent demands regarding the interconnection of the DPGS to the utility grid
[2]-[4]. Among the new demands, power generation systems are requested to ride through grid disturbances and
to provide ancillary services in order to behave as a conventional power plant, and hence to have the capability
of sustaining the utility network in the situation of a fault. Therefore, the grid fault influence on the control of
DPGS needs to be investigated. This paper discusses some possible control strategies that a DPGS can adopt
when running on faulty grid conditions. First, a classification of the grid faults is presented, followed by some
consideration of the control strategy when an unbalanced fault takes place in the grid. Then, the control
strategies that are investigated are further described, followed by the presentation of the algorithm that is used
for detecting the positive and negative sequences of the grid voltage. Finally, experimental results are presented
in order to verify the theory of each control strategy.

1. GRID FAULT CONSIDERATIONS
Input power variations due to meteorological conditions and grid-voltage variation due to connection
and disconnection of loads challenge the ability of WTs to provide constant output power at the point of
common coupling (PCC). Investigations for compensating these oscillations using different energy storage
systems such as flywheels [5], [6] or appealing to power quality compensation units such as dynamic voltage
restorers [7], [8] have been investigated. One of the newly introduced requests for interconnecting WT systems
to the utility network is stressing their ability to ride through short grid disturbances, such as voltage and
frequency variations [3], [4]. As a consequence, the low-voltage ride-through feature of WT systems has
become of high interest nowadays. With respect to the grid-voltage variation, the grid faults can be classified in
two main types [9].
1.Balanced fault: when all three grid voltages register the same drop/swell amplitude but the system remains
balanced. The occurrence of this type of fault is extremely rare in power systems.
2.Unbalanced fault: when the three grid voltages register unequal drop/swell amplitudes. Usually, phase shift
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between the phases also appears in this situation. This type of fault occurs due to one or two phases that are
shorted  to ground or to each other. In [9] and [10], a detailed description of unbalanced grid faults is given,
and five types of unbalanced faults are distinguished. One interesting fact is that the distribution transformer.
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fig.1.
Distributed generation system that is connected through a Ay trans-former to the utility network

Usually of type Ay, also has influence on how the grid fault appears at DPGS terminals. According to
[10], all unbalanced grid faults create both uneven voltage magnitudes and phase angle jumps at DPGS
terminals, when such a transformer is used.For example, considering the DPGS that is connected to the utility
network, as shown in Fig. 1, where a distribution transformer is used by the generation system to interface to the
utility network, the voltage fault occurring at bus 1 appears different at bus 2. If a severe grid fault like a single
phase that is shorted to ground takes place at bus 1, the voltage amplitude at the DPGS terminals (after the
transformer) will have a magnitude that is dependent on two impedance values Zy and Z¢ , and the transformer
type. Characteristic to the unbalanced fault is the appearance of the negative-sequence component in the grid
voltages. This gives rise to double-frequency oscillations in the system, which is reflected as ripple in the dc-
link voltage and output power [11], [12]. Such oscillations can lead to a system trip if the maximum dc-link
voltage is exceeded and can also have a negative influence on the control of the grid converter, e.g., producing a
non sinusoidal current reference that considerably deteriorates the power quality and may even trip the over
current protections. As a consequence, the influence of grid faults on the control of DPGSs needs to be
investigated.

1. FAULT CONTROL IN GRID AND MICRO-GRID

Owing to the appearance of a negative sequence and amplitude drop in the grid voltages, the current
magnitude that is delivered by the DPGS to the grid will rise considerably for the same amount of delivered
power. Moreover, a negative-sequence current will appear, flowing uncontrollably through the power converter
of the distribution system. In this sense, in [13], an approach based on a series inverter that is connected at the
PCC and controlled as current limiting impedance is proposed as a solution to limit the current rising inside the
micro-grid. Additionally, in [14], it is argued that the switching of loads in micro-grids can cause relatively high
transients in the voltage, and it is suggested that all power generation units should support the grid during such a
disturbance in order to return to normal operating conditions. Moreover, the bandwidth of communication
signals between the DPGS that is connected to the micro-grid proves to be a big impediment for achieving
proper implementation of such decentralized control an improved solution, which bypasses this problem using
variations in output impedance of each distributed system, is proposed in [15].
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fig. 2. Diagram of the laboratory setup that is used to test the proposed control strategies when running on faulty
grid conditions
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fig.3. Schematic of the proposed control structure when DPGS is running on faulty grid conditions

With respect to the negative-sequence current flowing through the grid-connected power converter, in
[16] and [17], the implementation of a dual current controller, with one for the positive-sequence current and
one for the negative-sequence current, has been discussed, and improved results are noticed when the negative-
sequence current is also controlled. It should be noticed here that the complexity of the controller is doubled in
this case, and an algorithm for detection of both positive-and negative-sequence components is necessary. As
can be observed in [18], the ripple of the dc-link voltage still has influence on the reference currents, leading to
non-sinusoidal current injection, but in [19], the authors discuss the possibility of controlling the negative-
sequence current in a way that cancels out the oscillation in the dc-link voltage. Again, the positive- and
negative-sequence components of the voltage must be identified, but noticeable in this case is the lack of
double-frequency oscillations in the dc-link voltage. This paper investigates the control possibilities of a DPGS
when running on unbalanced grid faults. For simplicity, only the grid-side converter is considered here. The
input power source and its control are disregarded. Hence, the investigated control strategies can be applied to a
variety of DPGSs. Additionally, the dc-link voltage controller is not included in the control strategy. The design
of this controller when the DPGS operates on a faulty grid is beyond the purpose of this paper. Fig. 2 depicts a
schematic of the proposed control, emphasizing the algorithm for positive- and negative-sequence detection and
the control strategy block. As shown in [20], there are different ways to structure the grid converter control, and
here, the implementation in a af stationary reference frame using a dead beat current controller has been
selected. The main contribution of this paper is the creation of current references depending on the selected
control strategy, as Fig. 3 illustrates. The next section provides a deep insight into the investigated strategies for
generating the current references, and analytical equations are provided and discussed. These strategies can be
an add-on feature to the basic control structures of grid-connected power generation systems [20] in order to
facilitate different options when running through grid disturbances. As there are five different methods that are
derived for generating current references the work in this paper is limited to active current/power control only,
with reactive power control being disregarded [25].

V. CURRENT CONTROL STRATEGIES WHEN RUNNING ON GRID FAULTS
Instantaneous active power p, which is delivered by a three-phase inverter to the grid, depends on the
voltage vector in the PCC v = (v,, Vp, V) and on the injected current vector in this point i = (i, iy, ic), such that
P=VI (1)
where represents the dot product. Therefore, for a given volt-age vector, there exist infinite current vectors,
which are able to deliver exactly the same instantaneous active power to the grid. In this paper, it has been
assumed that the energy source supplying power through the inverter exhibits slow dynamics, and hence, the
active power reference will be considered a constant throughout each grid-voltage cycle. However, conclusions
from this study are also valid for those cases in which the reference for the instantaneous active power could
experience oscillations throughout a grid period, e.g., when active filtering functionality is implemented in the
inverter. The next paragraphs propose five different strategies for generating inverter reference currents in order
to deliver to the grid active power p = P, In these strategies, it has beenassumed that no reactive power should
be injected to the grid(q* = 0).

A. Instantaneous Active Reactive Control (IARC)
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The most efficient set of currents delivering instantaneous active power P to the grid can be calculated
as follows [21]:under grid faults, however, the negative-sequence component gives rise to oscillations at twice
the fundamental frequency in |v|. Consequently, the injected currents will not keep their sinusoidal waveform,
and high-order components will appear in their waveform. A current vector of (2) is instantaneously
proportional to the voltage vector and therefore does not have any orthogonal component in relation to the grid
voltage; hence, it gives rise to the injection of no reactive power to the grid. Instantaneous power theories [21],
[23] allow for identifying active and reactive components of the current for power delivery optimization,
making reactive currents equal zero. However, when the quality of the current that is injected into the
unbalanced grid becomes a major issue, it is necessary to establish certain constraints about what the current
sequence components and harmonics should be, even knowing that power delivery efficiency will decrease.

B. Instantaneously Controlled Positive-Sequence (ICPS)

The instantaneous active power that is associated with an unbalanced current i = i* + i", which is
injected at the where superscripts “+” and “—” denote the three-phase sinusoidal positive- and negative-sequence
signals, respectively. From (3), the positive-sequence current can be instantaneously controlled to deliver active
power P by imposing the following constraints in the current reference calculation:

p+ =P (2)

v-i,” =0. 3)
Equation (3) makes negative-sequence current components equal zero, whereas the positive-sequence
current reference can be calculated from (4) as follows:
g'= P/(v W) (4)
ip =i, "+, =gV (5)
According to the p—q theory [21] the instantaneous reactive power that is associated with the current vector is
given by is capable of detecting the voltage-sequence components under unbalanced operating conditions should
be added to the control system. The description of the algorithm that is used in this paper is further presented in
Section V.
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fig. 4. Graphical representation of voltage and current vectors on a positive—hegative-sequence Euclidean plane
for different control strategies

C. Discussion

The positive- and negative-sequence vectors that are studied in this section can be considered to be
orthogonal, as seen over one grid period, and represented on a Euclidean plane R? since their scalar product
throughout the grid period is always equal to zero, i.e. This graphic representation of voltage and current vectors
is shown in Fig. 4 and allows better understanding of previous strategies for current reference generation. For
better visualization and understanding, only current vectors from the IARC, ICPS, and PNSC strategies have
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been represented in Fig. 4. The amplitude of all three current vectors is delimited by the equipower line, which
is perpendicular to v. The amplitude of oscillations in the instantaneous reactive power that is associated with
each strategy g~ is proportional to the projection of its current vector over the equipower line. Current vectors
from the AARC and BPS strategies have the same direction as those vectors from the IARC and ICPS strategies,
respectively. However, their amplitudes are not instantaneously controlled, generating oscillations in the active
power. None of these strategies give rise to a finite mean value in the reactive power that is injected to the grid.

V. DETECTION OF POSITIVE AND NEGATIVE SEQUENCES
Precise characterization of the grid voltage is a crucial issue in order to have full control over the power
that is delivered from the DPGS to the grid. In this paper, such characterization is performed by means of a
positive—negative-sequence voltage detector based on a second-order generalized integrator (SOGI) [24]. where
wp is the SOGI resonance frequency. If x = X sin(ot + @), the SOGI acts as an ideal integrator when ® = wq.
There-fore, the closed-loop diagram that is shown in Fig. 6 gives rise to a second-order band-pass filter (BPF)
whose transfer function.
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Fig.(5),(6) Structure of the SOGI, Band pass filter with SOGI

VI. EVALUATION OF CONTROL STRATEGIES

A. Experimental System

The aforementioned control strategies have been implemented in an experimental setup comprising a
pulse-width-modulation-driven voltage source inverter replaced here by a programmable three-phase ac power
source, in order to be able to create grid faults. A control structure developed in the stationary reference frame
(of) using a deadbeat current controller is implemented in a d-Space 1103 card and an LC filter (L = 10 mH and
C = 0.7 UF per phase) that is connected through a Ay transformer to the grid. The grid is due to the limitation of
the ac power source in sinking power, a resistive local load has been connected to the system, as shown in Fig.
2. The dc link voltage controller has been omitted in order not to influence the creation of the current references,
and as a consequence, dc power sources are used to supply the necessary dc-link voltage, which is set to 650 V.

B. Fault Conditions

The power system schematic that is illustrated in Fig. 9 has been used as background consideration to
obtain a fault condition that can be further used in the laboratory for testing the proposed control strategies. The
DPGS is considered to be connected through a step-up Ay transformer to the medium voltage level (30 kV) at
bus 2. The distance between bus 2 and the transmission level of 110 kV is about 10 km. An unbalanced grid
fault (single phase to ground) has been considered to occur in bus 2 at a distance of 7.7 km from the PCC.
Considering that the characteristic impedance of the power lines in the medium voltage is the same for both 10-
and 7.7-km lines, the distance at which the fault is taking place has a major influence on the voltage magnitude
at the DPGS terminals. In the situation of a single-phase-to-ground fault, it can be considered that the current
that is injected by the distribution system is considerably smaller as compared to the short circuit current
flowing through the faulted line.
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VII. EXPERIMENTAL RESULTS
In order to validate the aforementioned proposed control strategies, the ac power source has been
programmed to pro-duce the voltages that are illustrated in Fig. 10 at the terminals of the grid converter in the

laboratory. In the following, the grid current as well as the output power waveforms are presented for each
control strategy.

30 kV/i400 V pCC

DPGS | 110kV/30 kV Grid
Zg
2+ (D0
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- L
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fig.7. Power system that is considered to model a single-phase-to-ground fault
Grid voltages after the transformer

Magnitude [V]

Time (s)
fig.8. Voltages at the DPGS terminals in the situation of a single-phase ground fault in the power system
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fig. 9. Experimental results in the case of a single-phase-to-ground fault using ICPS: (a) grid currents and (b)
active and reactive powers that are delivered to the utility network
fig. 10. Experimental results in the case of a single-phase-to-ground fault using AARC (a) grid currents and (b)
the active and reactive powers that are delivered to the utility network
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C. Positive—Negative-Sequence Control

fig.11 illustrates the grid currents and active and reactive powers that are delivered to the utility grid
when BPSC is used. As the meaning of this control is to inject negative-sequence current in order to cancel the
oscillations in active power, no oscillations can be observed in the active-power waveform. The grid currents
have a sinusoidal waveform in this case, but they are unbalanced. One advantage of this control is that one can
estimate the peak current during the fault as opposed to the two previously discussed strategies. Large
oscillations on the reactive-power waveform can be noticed in this situation due to the interaction between the
negative-sequence active current with the positive-sequence voltage and the positive-sequence active current
with the negative-sequence voltage.

D. Average Active Reactive Control

As opposed to the preceding control strategy, in the case of AARC, the reactive power registers no
oscillations, but active power exhibits large oscillations at double the fundamental frequency due to the
oscillations in |v[? in (15). As shown in fig.10. the grid currents are again sinusoidal but unbalanced; moreover,
they are monotonously proportional with the voltage since G is a constant in (13).

E. Balanced Positive-Sequence Control
Fig. 11 shows the current and power waveforms in the case of BPSC control .As only the positive-sequence
component of the grid voltage is used for calculating the grid current references

Girid currents using BPSC strategy
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fig.11. Experimental results in the case of a single-phase-to-ground fault using BPSC: (a) grid currents and (b)
active and reactive powers that are delivered to the utility network

The currents are sinusoidal and balanced. Noticeable in this case are the oscillations at double the fundamental
frequency in both the active and reactive powers, due to the interaction between the positive-sequence current
and negative-sequence voltage, as (17) and (18) anticipate.

VIIl. CONCLUSION

The aim of this paper was to investigate several methods that deal with the control of DPGS in the case
of unbalance conditions that are caused by faults in the utility grid. The results of the analysis allow for the
design of a flexible active power controller that is capable of adapting itself to the fault situation and is
reconfigurable in case the grid requirements change. In particular, it has been proven that, during unbalance
conditions, it is possible to obtain zero active and reactive power oscillations only by accepting highly distorted
currents. However, an intermediate solution allows having sinusoidal grid currents compensating for the
oscillation in the active power only, while oscillations are present in the reactive one. It has been proven that the
DPGS can be a very flexible power producer that is able to work in constant current, constant active power, or
constant reactive power modes depending on the grid fault type and the utility network necessity.
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