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Abstract: This paper presents an analytical model, oriented to study harmonic mitigation aspects in
AC grids. As it is well known, the presence of non-desired harmonics in AC grids can be palliated
in several manners. However, in this paper, a power electronic-based active impedance at selective
frequencies (ACISEF) is used, due to its already proven flexibility and adaptability to the changing
characteristics of AC grids. Hence, the proposed analytical model approach is specially conceived to
globally consider both the model of the AC grid itself with its electric equivalent impedances, together
with the power electronic-based ACISEF, including its control loops. In addition, the proposed
analytical model presents practical and useful properties, as it is simple to understand and simple to
use, it has low computational cost and simple adaptability to different scenarios of AC grids, and it
provides an accurate enough representation of the reality. The benefits of using the proposed analytical
model are shown in this paper through some examples of its usefulness, including an analysis of
stability and the identification of sources of instability for a robust design, an analysis of effectiveness
in harmonic mitigation, an analysis to assist in the choice of the most suitable active impedance under
a given state of the AC grid, an analysis of the interaction between different compensators, and so
on. To conclude, experimental validation of a 2.15 kA ACISEF in a real 33 kV AC grid is provided,
in which real users (household and industry loads) and crucial elements such as wind parks and
HVDC systems are near inter-connected.

Keywords: AC grids; analytical modeling; design approach; harmonic mitigation; active impedance;
power system stability

1. Introduction

The study proposal of this paper is contextualized by the idea of using power electronic converters
with different functionalities in order to improve the performance and characteristics of AC grids.
More specifically, the global modeling approach proposed together with a power electronics converter
with the functionality of active impedance at selective frequencies (ACISEF) is oriented to effectively
mitigate the voltage harmonic content of AC grids. The concept of an active filter for suppressing
harmonics in AC grids has been around for many decades [1,2]. Since the early beginnings, uncountable
advances and contributions have been spread in many different directions, trying to improve or study
many different aspects related to this topic. In fact, the idea of active filtering has been adapted or
reconfigured to many other similar application fields, as covered in [3]. These application areas include
the active stabilization of power converters [4,5] as well as the concept of active filter, which has been
extended or expanded to the concepts of ‘virtual impedance’ or ‘active impedance’ for active power
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controls [6,7] or for fault rides through functionality [8,9], and even to achieve improvements in current
source converters [10].

On the other hand, a remarkable field in relation to the topic covered in this article is the stability
assessment of AC grids in general, when power electronic converters connected to the grid with
different functionalities are included. Stability analysis becomes crucial when introducing new and
increased complexity power converters to AC grids. However, here again the origin of stability
assessments is also quite old. Many references report that one of the first investigations in relation to
this stability issue was presented by Middlebrook [11], in which the interaction between closed loop
controlled DC-DC converters and their input filters was the source of instability. Since that study, many
analyses of different natures have been developed by many individuals. Some recent and remarkable
contributions are for instance: stability improvements and harmonic suppression in AC micro-grids
by using virtual impedance concept [12], AC stability analyses based on dq frames [13], impedance
modeling approaches to address resonance problems in HVDC systems [14], and the improvement
of transient response of power converters in AC grids by using virtual synchronous generators [15].
Hence, the modeling approach proposed in this article for stability assessment is useful for many other
purposes, compared to the abovementioned assessment methods and many others not mentioned here
due lack of space. It presents the following differential characteristics: since it is based on a8 or abc
reference frames, the rotational transformations are not necessary at the analytical model, avoiding the
discontinuity produced for dg representation as well as avoiding the appearance of coupling terms
or coupled matrices in the study. It shows that for an accurate representation of the global system
(integrating an AC grid and converters with their control loops) valid for a wide range of harmonics,
it is enough to use a linear model, avoiding complex linearization techniques. In addition, it can
be said that the mathematic equations involved in this modeling approach are quite simple and do
not require an advanced knowledge of complex control or modeling theories, which is welcome if
this method is to be adopted by power converter manufacturers or a wide variety of technicians and
engineers. In addition, it accepts all types of widely extended generic analyses such as the Nyquist
stability criterion and many others. Finally, it has to be mentioned that the modeling philosophy
followed in this article is an adaptation to AC grids of the modeling philosophy already applied in DC
grids and already proven and published in Reference [16].

2. A Conceptual Approach to the Problem of Voltage Harmonics in AC Grids

In AC grids that are closely connected to one or more wind parks, normally there is a combination
of several interconnected elements: wind turbines, medium voltage network cables (subterranean
or submarine), power transformers, high voltage transmission cables, shunt compensators, passive
harmonic filters, STATCOMSs, and more, together with loads or consumers. In practice, often the
design, combination, and connection of all of these elements are made under uncertainties, such
as the quick tendering process, the uncertainties of models, the absence of or late data provision
by Transmission System Operators (TSOs) or wind park owners, the addition of new elements in
the electrical infrastructure, component tolerances, and many others. This maybe non-ideal, but
real contexts often mean the non-compliance of several requirements of grid codes, one of which is
an abnormally high voltage harmonic level at the AC grid, causing operational problems at loads and
for users connected near to that grid [17].

Thus, the proposed contribution of this article arises from a real necessity in a specific AC
grid. Due to confidential concerns, it is not possible to provide too many specific details about this
context. However, the details are not necessary to understand the main conceptual issues. The most
important elements of the grid are depicted in Figure 1. It is possible to distinguish two medium-scale
wind farms closely connected, together with a thyristor-based HVDC system. There are also some
towns and industrial loads in the neighborhood. The combination of all of these elements interacting
together produces in some periods of time (depending on the available generation, load consumption,
etc.) a deterioration of the quality of the AC grid voltage due to the presence of low-order voltage
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harmonics (predominantly 11th and 13th orders in the validation scenario of this article, among others)
of unusually high amplitude levels, leading to undesirable problems at the elements connected to the
AC grid. This unacceptable situation can be solved by the inclusion of active filters (by means of VSC
converters) to mitigate the voltage harmonic of the grid [18].

SEA LAND

Substation 2

Cities / Industries

ACISEF 2

é WIND PARK 2

Figure 1. A possible AC grid with an abnormal low-order voltage harmonic level and the location of
the active impedance at selective frequencies (ACISEF) at a sub-station.
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This harmonic voltage problem can be explained in a simplified manner, as follows. First of all,
submarine or subterranean cables present strong capacitive behavior. These cables can be modeled by
a combination of series ‘nt’ circuits [19] in which the capacitances and inductances of the equivalent
electric model depend on distances, voltage, and construction characteristics of the cable itself. Thus,
the parallel and series connections in AC grids of different longitudes and natures of cables, together
with the combination of other elements (transformer, shunt compensators, harmonic passive filters,
and so on) lead to an equivalent impedance of AC grids, such as that presented in Figure 2.
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Figure 2. Possible equivalent impedance of AC grids seen at one specific point, due to the combination
of several elements connected to the given grids (for example, a strong presence of subterranean or
submarine cables such as those in wind parks, transformer, shunt compensators, and harmonic passive
filters) [20].
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As can be seen, for the equivalent impedance of the AC grid seen at a specific point, present
resonances and anti-resonances often occur at low frequencies that can interact with low-order voltage
or current harmonics (<21st) emitted by loads or power converters connected to the AC grid (HVDC
system, VSC of wind turbines or loads). The interaction of all of these elements generally produces
an abnormally high harmonic voltage at the AC grid, as mentioned before. Furthermore, it should be
noted that, depending on the state of the AC grid at one specific moment or within a time interval
(number of wind turbines connected with their corresponding distribution cables and harmonic
emission, type of industrial load connected at one specific moment, etc.), the equivalent AC impedance
and the harmonic emission can be modified, which means that the resonance frequencies of the
equivalent impedances can change locations. All of these facts offer the possibility to solve this
challenge of mitigating the voltage harmonics of the AC grid through the active impedance at selective
frequencies (ACISEF) studied in this article. For that purpose, the global analytical model proposed
will help in the general understanding of this multi-phenomenon, complex problem. Note also that
the location of the ACISEEF is generally restricted and cannot be placed in ideal locations where their
influence could be potentially more effective. Going forward, the next sections in this paper are written
in a much more general scientific style, leaving aside the practical aspects and details mentioned in
this section.

3. Active Impedance at Selective Frequencies (ACISEF)

3.1. Equivalent AC Grid Model

This subsection presents the generic equivalent AC grid model used for the analysis. In Figure 3,
it is seen that the equivalent AC grid model is composed by a voltage source (vs) and a disposition of
series inductive impedances (R1-L1, Ry-Lp, R3-L3), together with a disposition of parallel capacitive
impedances (R¢1-Cy, Rc2-Cp) and a parallel pure resistance (Ry). As discussed in previous section,
this equivalent AC grid model can represent the series and parallel connections of different elements
composing a given AC grid (with multiple branches): transformers, submarine or subterranean cables
of different natures, and the generation of renewable energy by resources such as wind parks and so
on. Note that a fifth order system was chosen for this general example (L, Ly, L3, C1, Cp) in which
the model is presented, in order to attempt to find a balance between the complexity of the AC grid
studied and an easier pedagogical exposition.

Then, connected to the AC grid at a point where the presence of undesired voltage harmonics
was found, the converter providing active impedance at selective frequencies (ACISEF) is located.
This point is called point of common coupling (Pcc). By neglecting the higher frequencies produced by
the switching frequency (and multiple families) of the power electronic converter, it can be seen that the
setup is modeled as an equivalent controlled voltage source (vconv) and a series impedance (Reonp-Leonv)
mainly representing the converter’s harmonic filter impedance plus the equivalent impedance of
transformer for connecting to the medium voltage AC grid (see Appendix A for data). By means of
the proposed converter’s control, presented in subsequent sections, it will provide a vy of 50 Hz
(frequency of grid) added to the frequencies of harmonics that it is required to actively mitigate (550 Hz,
650 Hz, 750 Hz, etc.).
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Figure 3. Equivalent AC grid model and converter providing active impedance at selective frequencies
(ACISEF) connected at the Pcc.

It has to be remarked that this is just an initial simplified scenario representing a reasonable
number of phenomena. The models of the different elements comprising the system could be increased
in complexity (or accuracy) depending on the phenomena on which the analysis is focused. This could
involve a more optimized passive filter at converter’s output [21], a higher order of the equivalent AC
grid, more active converters interacting with the system, and so on.

Note also that the voltage and currents of the model are represented in a stationary reference frame
(aB). This is achieved by transforming the abc three-phase voltages and currents to their corresponding
« 8 components, using the well-known numerical Clarke transformation. Thus, for instance, the voltage
source vector vy, is composed by two sinusoidal components (vs, vsp) with a frequency of 50 Hz
under no presence of undesired harmonics, and the same is applied to the rest of the voltage and
current magnitude of the system (i14p, 24, 1308, lconvaps V1ap, V2ap V3aps Vconvap)- 1t has to be highlighted
that this modeling approach is advantageous compared to, for instance, a representation in a dq rotating
reference frame, due to reasons such as the possibility to easily incorporate different frequencies at
the voltage and current magnitudes without the need of different speed rotating dg reference frames,
the lack of coupling terms, and so on.

On the other hand, as an example, Figure 4 shows the model Bode diagrams and poles of the
studied AC grid not connected with the ACISEF (see Appendix A for numerical values of impedances).
For this specific example, it is seen that at the grid voltage and currents (v34p, i34p) two big resonances
appear, located at approximately 540 Hz and 900 Hz (Figure 4a,b). This means that these two specific
voltage and currents, when at the source voltage (vs,p), are polluted with small amplitude harmonics
in the surroundings of the two resonant frequencies. Thus, there will be a big amplification in relation
to the amplification that occurs at the grid’s 50 Hz frequency, potentially causing problems for the users
connected to this grid. Note that the source voltage (vs,p) represents the equivalent combination of
voltage source converters (VSC), such as wind turbines of wind parks, loads, and many other elements
that may emit small amount of voltage harmonics at or near these resonance frequencies, due to their
intrinsic switching behavior.

In addition, Figure 4c shows the pole plot of the transfer function v3, ﬁ(s)/ Usap(8). It can be seen
that there are two dominant complex conjugate pole pairs, with an imaginary part that corresponds
to the resonant frequencies (in rad/s) and a real part that is associated with the amplitude. There is
also a fifth real pole whose influence is not significant compared to the dominant ones. For simplicity,
and as the real negative part is very far from the dominant poles, it is not shown in the plot. It must
be highlighted that the rest of the variables of the system (i14p, 1245, V14, V24p) Present the same poles
and therefore will result in very similar Bode diagrams with resonances located at same frequencies.
Note that a fifth order system may not accurately represent frequencies higher than 1 kHz; however,
for simplicity in the exposition this order is adopted in an attempt to avoid the necessity of working
with a more complex system. It has to be highlighted that for the range of frequencies analyzed in this
article, the fifth order system is accurate enough.
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Figure 4. Bode diagrams and poles of an equivalent AC grid model, without connecting the ACISEF.
(a) Bode of v3,5(5) /vsxp(5); (b) Bode of i3,5(5) /vsxp(5); (c) Poles of the system.

3.2. Converter Operating as Active Impedance at Selective Frequencies (ACISEF)

This section presents how the converter works, operating as an active impedance at selective
frequencies. In Figure 5a, a schematic of the power circuit is shown. It is composed by a two-level
low voltage converter (600 Vins) connected to the grid’s point of common coupling through an L
filter and a transformer. The DC side of the converter is simply a combination of series and parallel
DC bus capacitors. The DC bus voltage (V},;), grid voltage at the Pcc (v3), and the converter’s
output currents (icony) in abc form are measured for the control. Then, in Figure 5b, the simplified
equivalent electric model in «f is represented, with the converter connected to the AC grid and after
having applied Thevenin’s equivalent circuit to the AC grid of Figure 5. Note that the ‘converter’s
impedances’, which are the addition of the filter and transformer impedances (Rconv-Lconv), together
with the current and voltages (icono, Uconv), are referred to the highest voltage side of the transformer
for an easier notation.

> CONTROL :
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Vh ] Pcc
_“iT C J 44— filter AC — §> ) @
600V s 33KV ms
VSC
(@)
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Figure 5. Converter operating as an active impedance at selective frequencies. (a) Power circuit
structure; (b) simplified equivalent electric model of the AC grid and ACISEF with the application of
Thevenin’s theorem.
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Therefore, by using the control strategy that in later paragraphs is explained the converter is able
to behave as an active (or virtual) impedance at selective frequencies. As schematically represented in
Figure 6, it is seen that the converter can provide impedance behavior at selected frequencies, such
as for instance: Rss0r1,, Resorz, and so on. Each selected impedance, by measuring the voltage at
the Pcc (v34p), only reacts to its corresponding frequency, providing a current defined by the desired
impedance itself. The selected active impedances can behave as pure resistive impedances, or as
a combination of resistive and inductive (and/or capacitive) impedances (in series or in parallel).

Then, as the converter configuration does not contain a DC energy source, the converter also needs
to behave as a 50 Hz resistance (Rsgp,), in order to provide the necessary active power to the DC bus
capacitor (for instance for power losses) and be able to maintain the DC bus voltage at a fixed constant
value. In addition, the converter also is able to behave as a 50 Hz reactive impedance (Lsor, or Csonz),
behaving as a reactive power compensator at the Pcc, the 50 Hz grid’s fundamental frequency. This
means that the ACISEF can provide two simultaneous services: one service is the classic STATCOM
(reactive power compensator) at 50 Hz; the other is the voltage harmonic mitigation at the Pcc. Overall,
it behaves as an active impedance at selected frequencies.

ACISEF
- """ """ " " —~~""" """ """ " """~"""~"”""~"”"”"”"”"”"”"”"”"”"=”""”""”/"”/”"”= < T
I | ‘
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| ; Zgrid Th

. i . . |
} l'activeaﬁ T I reactiveas 50Hz TlconVaﬁ 650Hz TICOHVaﬁ 550Hz  + +
\
| |
| |
R Caone R | V3 VsThap @
} 50Hz or ocoo 650Hz R550HZ I
| |
| LsoH: }
| L
| .
| ]
| |
| |

Figure 6. Schematic representation of the converter, behaving as an active impedance at
selective frequencies.

This abstract conceptualization graphically represented in Figure 6 can be materialized with the
control block diagram shown in Figure 7. The voltage applied by the converter is created by the
addition of several current loops. The active impedance behavior for voltage harmonic mitigation
at each selected frequency is composed by a pair of current loops in the stationary reference frame
(«B). The af components of the current at each frequency are controlled by their respective resonant
controllers. It is possible to add as many pair of loops as there are voltage harmonics that are desired
to be mitigated. Then, the active and reactive powers at 50 Hz are controlled in a synchronous
rotating reference frame (dq) with the help of a phase-locked loop (PLL) and a PI (proportional-integral)
controller for the DC bus voltage control.
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Figure 7. Control block diagram of ACISEF, with current loops in the stationary reference frame ().
There can be as many loops as there are active impedances to implement.

Note that for the resonant controllers in the stationary reference frame, only integral terms were
included. A proportional gain could be also added to each resonant regulator (or any other alternative);
however, in this case, this was not done for the purpose of maintaining simplicity in subsequent
analyses. Also, considering the faster dynamic response that the proportional gain provide to the
current loops, is was not seen as a necessity [17,18]. It must also be highlighted that the current loops
implemented in Figure 7 at the stationary reference frame («f) could be also implemented in the
synchronous rotating reference frame (dg). Nevertheless, a totally equivalent behavior of the currents
loops would be obtained, as proved for instance in [22,23]. Even with the combination of current
loops, using both synchronous rotating frames and stationary frames is possible while still reaching
equivalent current loops behavior [17,18]. Lastly, note that the control loops or control structure
presented in Figure 7, for the ACISEF concept, is not new as it has been already proposed in [7].

3.3. Model Analytical Equations of ACISEF

On the other hand, the converter model together with the output power filter and transformer
model can be represented according to the following analytical expression in the stationary
reference frame:

. . —U3 . .
(l:onmﬁSOHz - Zconvtxﬁ) “F-D(s) + ( vaﬁ - lconvaﬁ) “F-D(s) = U3ap + (Reonv + 5+ Leono) - iconvap (1)

The left side of the equation gives the voltage created by the converter, and the right of the
equation gives the voltage droop at the filter and transformer added to the voltage of the grid at the
Pcc. A unique Ry active impedance (pure resistive) was considered in this expression, but more terms
intended to mitigate more harmonics could be also added:

ki-S
- _ 2
$2 + w? @)
k'1~S
F ="
17 2 w2 ®)

In this case, w and wj are respectively the angular frequencies of the grid and the voltage
harmonic that is intended to be mitigated. Meanwhile, k; and k;; are the integral gains of the
resonant regulators. The switching harmonics due to the switching frequency and modulation
utilized were also neglected in this analysis. Note that all of the measurement delays represented
in Figure 7 were neglected in this initial example, assuming that they are not significant. Then the
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VSC delay was represented as D(s) and could be modeled by the Pade approach, using a transfer
function of a specific order depending on the actual delay of the specific VSC analyzed [24]. On the
contrary, this delay can be also eliminated or minimized by the technique presented in [25]. Note
also that for the 50 Hz current loop, the DC bus voltage loop and the reactive power reference
were not considered, assuming that they are decoupled from the AC side. These assumptions
are considered to be reasonably accurate and help the step-by-step pedagogical understanding
of future analyses. However, in future model extensions, this analytical model proposal could
integrate any non-modeled phenomena at this first approach. Finally, is has to be mentioned that
Equation (1) is valid for both af sinusoidal components of voltages and currents of the system, being:

i:onva/%OHz - ijonmxSOHz’ ijonvﬁ5OHz} ’ lconvaﬁSOHZ = [iconvthOHz’ Z‘conv/55OHz} ’ U3rxﬁ = [UBM UB,B} :

Therefore, rearranging Equation (1) into an input-output matrix form, the ACISEF model matrix
equation can be represented as (assuming that the VSC delay is eliminated by the aforementioned
technique [25]):

ok

iconva‘B = |: Convy Convy } [ 1convzxﬁ50HZ ‘| @
Z)31%‘6
With: ;

Convy = s
! F+ F + Reonv + 8+ Leonw ()

Fi/R,1—1
Convy = 1/ Ry ©

F+ F + Reono +5 - Leonw

This means that the provided converter current depends on two inputs: the reference for the
50 Hz current (active and reactive power control) and the voltage of the grid at the Pcc (active Ry
impedance for harmonic mitigation). The terms Conv; and Cono, are fifth order transfer functions for
this particular case, in which the denominator (poles) are the same:

Convy =
(k)$>+ (ki ?)s 7)
(Lcunv)ss + (chnv)54+<L501117W2+Lc0nvw12+k1 +kin )53 + (Rcanvw2+Rcoitvw12)sz+(Lcunvwzwlz"l'kiwlz""kil w2)5+Rrunvwzw12

Convy =
(=Ry1)s*+ (ki1 )s® — (Rypw?+ Ry w1 2)s? + (ki w?)s— Ryy w0 wy ? (8)
(Leono)s°+(Reono )5+ (Leono@? + Leanow12 +ki~+ki1 )3+ (Reonow? + Reonow12)s2+ (Leono w2 w12 +kjw1 2 +kinw? ) s+ Reonow? w1 2

It can be seen that the poles do not depend on the active impedance value. It is seen that R, only
affects the zeros of Conuv,(s).

3.4. Performance Analysis of ACISEF

Once the analytical expressions of the output current icyu4p Of the converter are derived, the
system is ready to be analyzed. Pole representations and Bode plots of Convi(s) and Conv,(s) at
different pure active resistance values are provided in Figure 8 (see Appendix A for the numerical
values utilized). In relation to the poles (Figure 8a), it is possible to observe two pairs of complex
conjugate poles at approximately w and w; (imaginary parts), the first dominated by the 50 Hz loop
and the second dominated by the active resistance for harmonic mitigation. The fifth real pole results
from the combination of all of the parameters of the system, but it is mainly dominated by the filter’s
impedance (Reono-Leonw). Its influence on the system’s dynamic is of little importance. In relation to the
Bode plots of Conv(s) (Figure 8b), as can be deduced from Equation (5), the change in the active virtual
resistance does not affect the dynamic of this transfer function. It is seen that the gain at 50 Hz is 0 dB
(gain 1), which is the objective of the loop. This loop is able to react to frequencies up to approximately
110 Hz (—3 dB), which is the bandwidth of the current loop with the chosen k; of the resonant regulator.
Note that a minimum bandwidth is always necessary to provide to the loop the required dynamic
response capacity to follow reference variations and be able to ensure perturbations rejection. Then,
at 550 Hz, there is a rejection of this loop by means of an attenuation of around —90 dB. In relation to
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the Bode plots of Conuv,(s) (Figure 8c), it is seen that at 50 Hz of the Pcc, the voltage does not respond
(—100 dB), while at the 550 Hz it presents the admittance in dB programmed by the active resistance
chosen, i.e., blue: Ry; =7.562 3 — —17.5dB, red: Ry1 =75.62 (3 — —37.5 dB, orange: Ry1 =756.2 () —
—57.5 dB. In all of these cases, the phase shift is 180° at 550 Hz in order to behave as a pure resistance
in opposite phase. Note that the resonance peak is at around 553 Hz (not exactly at 550 Hz), which is
again due to the necessary bandwidth of this loop.

mConvl(s) Convy(s)
~ Poles of Conv,(s) and Conv,(s) |
3000 - ) _ ’ \ \
Non- g, g, —_— N
2000 dominant 2 H A ]

pole H % 2w
1000
N Active a0 15
o 50Hz loop

Resistance “ T T ”
T I /
1000 00p ° w0l — — -

(a) (b) (©

Figure 8. Poles and Bode plots of Conv;(s) and Conv;(s) at different active resistance values. (a) Poles
of Convy(s) and Conw,(s), (b) Bode plot of Convy(s), (c) Bode plot of Conv;(s) (blue: Ry =7.562 (), red:
Ry1 =75.62 (), orange: Ry1 = 756.2 Q).

According to a different analysis, Figure 9 shows the behavior of the pole and Bode plots with
active resistance Ry1 = 75.62 () and different gains of resonant regulators. Regarding the poles, it is seen
that the poles corresponding to 50 Hz and 550 Hz move their real parts to the right with an integral gain
decrease (opposingly, the move to the left with an integral gain increase). This means that a too-low
gain could destabilize the system. It can be seen also that the real pole moves to the left with the gain
decrease. In relation to the Bode plot of Conv,(s) (Figure 9b), it can be seen that at 50 Hz the gain is
still 0 dB, while the bandwidth is reduced (peaks move left) with a lower k; gain. The same happens
at 550 Hz. Finally, in relation to the Bode plot of Convs(s) (Figure 9¢c), something equivalent occurs;
the active admittance is kept constant (R, = 75.62 (3 — —37.5 dB) while the bandwidth of the loops is
reduced with lower integral gains.

Poles of Convy(s) and Conv,(s) Convy(s) ~ Convy(s)
-~ . ki : @ |
20 kn b L | i \// A
ot & kin ¥ ' : ZOOM/
e * = 100 150

,,,,,,,,,,,,

(a) (b) (©)

Figure 9. Poles and Bode plots of Convy(s) and Conwv,(s) with active resistance Ry1 = 75.62 () and
different gains of resonant regulators. (a) Poles of Conv;(s) and Conv,(s), (b) Bode plot of Convy(s),
(c) Bode plot of Convy(s) (blue: k; = kj; = 40,837, red: k; = kj; = 32,670, orange: k; = k;; = 24,502).
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4. Analytical Global Model of AC Grid and ACISEF

4.1. Partial Analytical Models

This section describes how the analytical model of the entire AC grid together with the ACISEF
can be developed, which is the main theoretical contribution of this article. This global model is
interesting for design and analysis purposes, since it joins together the control strategy (control loops)
of the converter connected to the grid with the grid itself. The modeling approach presented is
progressive, in the sense that it first models the different elements of the system separately (grid parts
and ACISEF), according to a specific matrix equation structure. Then, once the different elements of
the system are modeled, it interconnects all of them (as detailed in the next subsection) to obtain the
global analytical model. This, step-by-step modeling procedure is very helpful since it can be easily
adapted to changes of the grid or new grid scenarios.

Therefore, the first task is to separately derive the model matrix equations of the different parts
of the AC grid. These equations come from the basic equations derived from the electric circuit
of Figure 3:

, 1 o
UStxﬂ = (Rl +5s- Ll) : 1111‘5 + Ulzxﬁ/ vllXﬁ = (SCl + RCl) ’ (ll”‘ﬁ - 121xﬂ) (9)
, 1 o
v14p = (Ra +5+ La) - iop + V2ap, V20p = (SC2 + RcZ) + (f20p — i3up) (10)
. U3 . .
020p = (R3 +5- L3) - 348 + U3ap, 1%3 = 13ap 1 loonvap (11)

The structure of the matrix equations to be obtained is equivalent to those obtained for the ACISEF
individual model by means of Equations (4)—(6). Hence, based on the equivalent AC electric circuit
of Figure 3, the ‘Source’ model is derived. This basic element is composed by the equivalent voltage
source and the impedances Ry and L;. By applying basic electric equations, it is possible to derive:

i1ap = | Source; Source; } [ Zi’xi ] (12)
0
Being:
1 —1
Sourcey = p—— - Sourcey = p—— 13
1 L] 1 s L]

By analyzing the resulting matrix expression, this ‘Source” element can be conceptually understood
as an admittance that depends on two voltage inputs and provides a current as output. After this,
the next part that can be separately modeled is the ‘PI” element, composed by the parallel C;-R.q and
C»-R., impedances as well as the series R, and L, impedances. By carefully manipulating equations,
it is possible to obtain the following matrix equation:

inup Piyy Pipp ;
g | = | Pin Pin l o ] (14)
V2ap Piz;  Pizp “f

Being:

L + R L 4R 2
Piy = s R Piyy = s M (15)
R2+L2'S+ﬁ+Rc1+%+Rcz R2+L2'S+%+Rc1+%+1{cz
1 2 1 1
= (L _ (st +Ra) . ___ (rRa) (+Ra)
Py = (S'Cl + RCl) Ro+Lys+5t; +Ratsg, +Ra Pix = Ry+Lys+ 5ty +Ra+sg, +Ra (16)
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2
1
(e +Re)
T T
RytLyst+gey tRa+5o; HRe

1 1
(et +Ra)- (5 R2)
R2+L2'S+%+Rcl+$+1{c2

Pig = Pigy = — (ﬁ + Rcz) + (17)
Conceptually, the ‘Pi” element can be seen as an impedance that presents to input currents and
provides two voltages and an internal current as outputs.
Finally, an ‘RLR’ element is distinguished, composed by the series impedances R3 and L3 and

a parallel pure resistive R; impedance. The matrix equation thus obtained is:

031,6’5 _ RLRH RLR]Z Uza‘g (18)
iSa,B RLRp1 RLRp» iconvaﬁ
Being: < Ry~ (Ro Lo -5)
L L (Rg+L3-s
RLRy1 = =———— RLRyp = 19
1 R3+Rp+Ls3-s 12 Rs+Rp+Ls-s (19)
1 R,
RLRyy = =—————RLRpp = ——F+—"—— 20
2 Rs+Rp+Ls-s 2 R3+Rp+L3-s (20)

With this, all of the separate elements of the AC grid and the ACISEF itself have been analytically
modeled. Note that the ‘Source’, ‘PI’, and ‘RLR’ elements are basic parts of an AC grid and can
be separately added or combined (in series and in parallel) to form any type of AC grid. In
future hypothetical works, if a new AC grid model analysis requires the incorporation of a new
non-considered element (such as for instance passive filters), the reader can easily derive the
associated matrix equation. This example-based exposition is not intended to cover all of the possible
combinations that may exist.

4.2. Interconnection of All Separate Individual Models: Global Analytical Model

Once the individual models are obtained, as in the previous subsection, the global model
integrating all of the separate models can be obtained. In order to do that, the same process as
that followed in [16] is carried out. As can be noticed, in all matrix expressions obtained, the input
and output variables are repeated; in some elements are inputs and in others outputs. Therefore, it is
possible to use a computer-based tool (symbolic or numeric) to mathematically interconnect all of
the matrices. For this particular case, the ‘connect” function from Matlab (Control System Toolbox) is
used, since it can be very easily applied. By taking the ACISEF model Equations (4)—(6), together with
the AC grid model Equations (9)—(20), and using the ‘connect’ function, is possible to obtain a global
matrix with this structure:

U1ap
U248
U348 i*
ilaﬁ — [MGAM(S)}‘ l convaf50Hz ] (21)
; Usap

2up

iSzxﬂ

L Zconvap J

The matrix Mcap(s) of the global analytical model contains all of the transfer functions (order
10 in this particular case) that represent the multivariable system, with, in this case, two inputs and
seven outputs. Note that should it be of interest for the analysis, more outputs to the model could
be added, such as powers or other electric variables, by adding the corresponding model equations.
Once the global analytical model is obtained, it is possible to use it for any kind of analysis: stability,
robustness, design, etc., as shown in the next section.

Finally, before continuing, it is necessary to remark two general conceptual issues. First, one might
think that it could be possible to avoid this last step of interconnection by using a computer-based
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tool and instead to derive the final global matrix ‘by hand’. The reader should note that this is a not
very easy task, since the resulting matrix Mgap(s) is too large and complex to handle by hand. So, it is
probably a more functional option to use the ‘connect” function to interconnect all of the individual
parts of the system, keeping in mind that this is an adaptable and general modeling procedure that can
be suited to future AC grid scenarios, in which more branches, elements, Pi circuits, loads, and many
other elements can be incorporated. Finally, the ‘integrative nature’ of this modeling approach must
be considered. Note that to conduct a particular analysis focused on special phenomena, for instance
a more complex converter filter (LC) [21], a “Pi’ circuit with a more complex series impedance [19],
a converter model considering the switching harmonics, or some other phenomena, the above modeling
philosophy and procedure will still be useful. The only additional task would be to incorporate more
complex model equations, describing the behavior of the new and more complex phenomena.

5. Usefulness of the Global Analytical Model: Analysis Based on the Model

5.1. Introduction

The following sections show the usefulness of the global analytical model. By means of
a multi-phenomenon analysis approach, different aspects related to the system will be analyzed
with the help of the analytical model. Pole and Bode plots are used for the analysis, which reveal the
stability (and robustness against parameters variations) on the one hand and the frequency performance
(resonances and harmonic issues) on the other. Since the system is quite complex in the sense that there
are many parameters or factors that could affect the stability and harmonic performance of the global
system, the analysis is addressed step-by-step, analyzing different factors individually and separately.
It has to be remarked that the analyses presented in this section are merely short illustrative examples
of what could be analyzed and how such analyses could be conducted with the proposed model.

Hence, the first study performed is the active impedance effect of the ACISEF, when it is connected
to the AC grid used in previous sections (see Appendix A for data). The graphics shown mainly
focus on the harmonic mitigation performance analysis; therefore, no Bode plots related to the 50 Hz
loop are shown, although the loop is present. Hence, as can be seen in Figure 10a where the poles of
all the transfer functions of the system are presented (the poles of all of the elements in Mgapm(s) in
Equation (21) are the same, what means that all the elements are present with the same denominator),
the presence of an active resistance Ry1 = 7.562 kQ) (2.5 ) at the low voltage side) programmed at
550 Hz (harmonic 11) makes two complex conjugate pole pairs appear around 550 Hz (3.4 krad/s).
One pair is due to the presence of the AC grid equivalent impedance and the other pair is due to
the loop. Then, there is one more complex conjugate pole pair mainly due to the second resonance
of the AC grid at approximately 900 Hz (5.6 krad/s). In this example, there is no active resistance
implemented. Then, there is one more complex conjugate pole pair mainly due to the presence of the
50 Hz loop (314 rad/s) of the ACISEF. Also, there is also one real pole located approximately at —1.7,
which is due to the imbricated interaction of different parameters of the ACISEF. Finally, there is also
a non-dominant pole at —12 x 10°, due to the imbricated interaction of the parameters of the system
that were left out of the graphic for simplicity in the exposition.

On the other hand, in Figure 10b, the Bode plot of v3,4(5) /vssp(s) depicts the transfer function with
the active resistance activated (red) and disabled (blue). At 550 Hz an attenuation of 3.2 dB is obtained
(from 30.7 dB to 27.5 dB) at the AC grid, which means that if there are voltage harmonics caused at the
equivalent source (voltage source converters, thyristor-based HVDC, etc.), these harmonics will be
attenuated by 3.2 dB thanks to the active resistance programmed. It can be seen as well that due to
the bandwidth of the 550 Hz current loop (the active resistance), attenuation is also achieved in the
neighborhood frequencies of 550 Hz. Note that the presence of the 50 Hz loop, produces at the point of
common coupling (v3,4) a resonance effect in the vicinity of 80 Hz. This inevitable fact is not important
in principle since it does not coincide with multiples of 50 Hz harmonics.
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Figure 10. Dominant poles and Bode plots of the voltage at the Pcc with active resistance Ry1 = 7.562 k()
(2.5 Q) at the low voltage side) programmed at 550 Hz. (a) Dominant poles of the system, (b) Bode plot

of v3tX,B(S)/vSDt‘B (s).

5.2. Variation of Active Impedance Values

In this analysis, the variation of the active resistance is evaluated. From the initial value used
in the previous analysis, specifically Ry1 = 7.562 kQ) (2.5 () at the low voltage side) programmed at
550 Hz (harmonic 11), several smaller active resistances are programmed (multiplied by factors: (1 0.75
0.50.250.15 0.1 0.075 0.05)). As can be observed in Figure 11a, the active resistance variation mainly
affects the 550 Hz complex conjugate pole pairs, displacing them to the right and to the left with lower
active resistance values. What it is very important here is to notice that the poles moving to the right
can become unstable with very low values of active resistance. Alternatively, the rest of the poles
are almost maintained unaltered. On the other hand, as can be observed in Figure 11b in the Bode
diagrams, the active resistance decrease produces a higher attenuation at 550 Hz and the surrounding
neighborhood, as expected. Therefore, through this analysis, the analytical global model reveals that it
is important to choose an appropriate active resistance (not too small of a value) in order to make the
system stable (as in an unstable situation, overcurrent or overvoltage protection would disconnect
the converter).

Vagg! Vsop
M .
6000 .
=
B
4000 | g
x  x % % xm e X x % x X H
3
2000 | va ‘L va l,
*
° *
*
2000 |- " Ru i(
x x % % xm e ox x %% X
-a000 |
g
-6000 hd Eo
H

Figure 11. Dominant poles and Bode plots of the voltage at the Pcc with different active resistances
(Ro1 = 7.562 kQ) multiplied by factors of (1 0.75 0.5 0.25 0.15 0.1 0.075 0.05)) programmed at 550 Hz.
(a) Dominant poles of the system, (b) Bode plot of v3,4(5)/vsap(5)-
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5.3. Variation of the Current Loop Bandwidth of the Active Resistance

In this analysis, the variation of the current loop bandwidth of the active resistance is evaluated.
With a constant Ry1 = 7.562 k() (2.5 () at the low voltage side) programmed at 550 Hz (harmonic 11),
the gain of the integral part of the loop (k;1) is increased from its initial value (see Appendix A). As can
be seen in Figure 12a, the variation again mainly affects the 550 Hz complex conjugate pole pairs,
displacing them to the right and to the left with higher active resistance values, as well as possibly
causing the system to become unstable with very high gains (high bandwidths). In the opposite
direction, if k;; is smaller, the systems would also become unstable due to a displacement to the right of
the left hand-situated conjugate pole pair. On the other hand, as can be observed in the Bode diagrams
of Figure 12b, this gain does not affect the attenuation achieved at a frequency of exactly 550 Hz.
However, as expected, with a higher current loop bandwidth, the frequency range affected by the
active resistance is bigger.
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Frequency (H2)

(a) (b)

Figure 12. Dominant poles and Bode plots of the voltage at the Pcc with different k;; values (multiplied
by factors (1 2 3 4 6) from its initial value). Active resistance is constant Ry = 7.562 k() programmed at
550 Hz. (a) Dominant poles of the system, (b) Bode plot of v3,4(5)/vsap(5)-

5.4. Variation of the AC Grid Impedances

In this analysis, the effect produced by the variation of the equivalent impedances of the AC
grid is evaluated. It emulates, for instance, the connection/disconnection of a significant group
of wind turbines (and their corresponding subterranean capacitive cables) in the proximity of the
Pcc, which is quite typical is some AC grids. From the initial value used for the grid impedances
(see Appendix A), C; is multiplied by factors (1 1.1 1.2 1.3 1.4), while the active resistance is kept
constant at Ry = 1.51 k(2 (0.5 Q) at the low voltage side). In Figure 13a,b, it can be seen that C; affects
both 550 Hz and 900 Hz resonances of the AC grid, displacing them to the left as expected. However,
since the active resistance remains constant at 550 Hz (note that the harmonics are expected to appear
at multiples of 50 Hz), the system can become unstable, since the 550 Hz complex conjugate poles
located nearer to the imaginary axes can cross to the positive plane. In fact, for this particular case
analyzed, with multiplying factors of 1.3 and 1.4, the real part of the poles becomes unstable.
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Figure 13. Dominant poles and Bode plots of the voltage at the Pcc with different C; (multiplied by

factors (1 1.1 1.2 1.3 1.4) from its initial value) values of the AC grid impedance. Active resistance

is constant Ry = 1.51 k() programmed at 550 Hz. (a) Dominant poles of the system, (b) Bode plot

of v3,(5)/Vsap (s)-

This behavior in practice, in real AC grids, is very important to take into consideration, since
the ACISEF should know or identify that the AC grid impedance has been altered in order to avoid
provoking its disconnection (due to an overcurrent or overvoltage) and the subsequent contingence at
the AC grid and the ACISEF itself. Thus, in this article only a general or conceptual possible solution
to this challenge is provided. However, one more analysis has to be made first. As is presented in
Figure 14a,b, the system was initially unstable with the AC impedance change of C;-1.4 and the initial
active resistance of: Ry1 = 1.51 kQ) (0.5 ) at the low voltage side). However, by increasing the active
resistance (only multiplying by 1.5 in this particular case) the system becomes stable again. Therefore,
in concordance with the analysis carried out Section 5.2, it is necessary to select the appropriate active

resistance (by increasing it) when the AC grid impedance, thus also the resonance location, is varied.

oy
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Figure 14. Dominant poles and Bode plots of the voltage at the Pcc with altered AC grid impedance
(C1-1.4) and with different active resistances (Ry; = 1.51 kQ) multiplied by factors (1 1.5 2 3))
programmed at 550 Hz. (a) Dominant poles of the system, (b) Bode plot of v3,4(s)/vsag(s)-

Thus, the general conceptual idea to solve this challenge in practice can be understood as two
tasks or steps to follow: first the detection of an impedance change and second the actuation.



Energies 2018, 11, 1337 17 of 31

1. The way in which changes in the AC grid impedance can be detected is by verifying whether the
correction (attenuation) of the 550 Hz voltage harmonics (that we aim to mitigate) at the Pcc is
becoming smaller. Note that in the Bode diagrams in Figure 13b, a significant amplitude decrease
can be observed.

2. Then, once the impedance decrease has been detected indirectly, the active resistance should be
increased in order to guarantee the stability of the ACISEE.

A high-order level routine of continuously supervising and actuating, if necessary, according to
this idea should be included to determine the active resistance actual value. It can be noted that that
the idea is very similar to “perturb and observe algorithms’ or ‘anti-islanding detecting algorithms’
applied in photovoltaic converters [23].

5.5. Combination of Active Resistances and Inductances

In this analysis, we sought an answer to the following question: what is more effective for
harmonic mitigation—active resistances or a combination of active impedances? Thus, again using
the global analytical model, the effect and effectiveness of combinations of different natures of active
impedances can be quickly evaluated. We started by simply modifying the control Equation (1) of the
ACISEF and adding an active inductance L;1, as follows:

. . —U3 . .
(Coronsorsz — comoap) -F-D(s) + (R a8 _lwmﬁ) TPy D(5) = 0305 + (Reomo + 5+ Leowo) - fcompap. (22)

v1+s'Lvl

Then, the entire global model must be calculated according to the procedure explained in previous
section. Note that this is easy to do using a computer-based program. Therefore, in Figure 15a,b, Bode
diagrams of the voltage at the Pcc and the admittance of the ACISEF with different active Ry1-L,1 values
programmed at 550 Hz are shown (Ry; = 0.75 k() is kept constant and L, = 218.8 mH is multiplied by
factors (0 0.1 0.51 2)). It can be seen that the red graph (L1 = 0) produces the maximum attenuation
at 550 Hz of v3,4(s)/vsyp(s). In fact, after conducting several calculations, no better attenuation of the
resonance was detected due to the inclusion of the active inductance.
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Figure 15. Bode plots of the voltage at the Pcc and the admittance of the ACISEF with different active
Ry1-Ly1 values programmed at 550 Hz (Ry1 = 0.75 k() is kept constant and L1 = 218.8 mH is multiplied
by factors (0 0.1 0.5 1 2)). (a) Bode plot of v3,5(5)/vsxp(s), (b) Bode plot of icouap(s)/v34p(5)-
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However, when a variation at the AC impedance occurs, for instance 1.3-Cy, as in one of the
examples from the previous sections, it was found that using a pure active negative inductance rather
than a pure active resistance can provide more robustness to the system. This is a very interesting fact.
Thus, as seen in Figure 16, when the impedance of the AC grid does not change but rather remains as
expected, an active pure resistance or inductance of the same value (1.512 k(2 in both cases at 550 Hz)
produces equal attenuation of the 550 Hz harmonic at the voltage at the Pcc. However, when the
AC grid impedance changes (by, for example, a 30% increase in C1), while the pure active resistance
does not guarantee stability, the pure active inductance ensures stability (poles with negative real
parts). The active inductance also introduces a non-dominant pole with a high negative real part
(not shown in Figure 16a,c for simplicity), but still presents good harmonic attenuation. Thus, with this
particular and simple example, we seek to illustrate how in some AC grid scenarios, the combination
of active resistances and active inductances can lead to a more robust global performance in reaction
to uncertainties or variations of the AC grid impedances. Hence, with different AC grid scenarios
with different natures of impedances, the combination of active resistances, inductances, or even
capacitances could provide effective solutions. As such, we here emphasize that the analytical global
model can be a suitable general tool to analyze these types of questions in an easy and quick way.

6000

T T T T T T T T T T T T
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% Pure active inductance %  Pure active inductance
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Figure 16. Pole plots and Bode plots of the voltage at the Pcc when the C; impedance of grid
changes and pure active resistance (Ry; = 1.512 kQ2) and pure active inductance (L, = —437 mH,
which is —1.51 kQ) at 550 Hz) are programmed at the ACISEF at 550 Hz. (a) Pole plots with C; at the
initially programmed value, (b) pole plots with the AC impedance changed to 1.3-Cy, (c) Bode plot of
034p(5)/ Usup(5) with Cy at the initially programmed value, (d) Bode plot of v3,5(s) /vssp(s) with the AC
impedance changed to 1.3-C;.

5.6. Effect of Delays in Control

In this analysis, the effect produced by the delays in the control is analyzed. In general, there are
two main sources of delays that should be compensated: one is related to the current and voltage
measurements and the other is the delay in the synthesis of the voltage by the VSC. These two delays
can be included at the model Equation (1) of the ACISEF as follows:

s : —U3up-M . .
(lcgnmﬁw}qz — leonvap M(S)) “F-D(s) + <U31£7v1(5) ~ leonva M(S)) “F1-D(s) = V3ap T (Reonv +5 - Leonw) - Leonvap (23)
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where M(s) is the delay at the measurements in voltages and currents (sensor phase shift, low pass
filter introduction, digitalization, and phenomena that can be equivalently modeled), while D(s), as
mentioned before, is the delay in the synthesis of the actual output voltage by the VSC. Commonly, it is
good practice to use compensation techniques for these delays in order to mitigate their negative effects
on the control performance. Some of the compensation or mitigation methods that can be applied are
described in [25]. However, in this analysis, we seek to show how important it is to compensate as
much as possible for these delays to guarantee the stability of the system. As a simple and illustrative
example, suppose that the D(s) delay are perfectly compensated (not affecting the system), but the
delays at the measurements are not fully compensated. Therefore, simple modeling transfer functions

are adopted:
1

M(s) = T-s+1
where T is the delay at the measurements that our system presents (supposing that both current and
voltage measurements present equal delays). Thus, by substituting the previous two equations from
the analytical global model (if the effect of a delayed voltage synthesis is to be analyzed, this pure
delay can be modeled by an appropriate order of Padé approximation [24]), the effect of the delay
on the performance of the system can be analyzed. In Figure 17a,b, it can be seen that for different
magnitudes of T delay, the attenuation capacity of the ACISEF is not depleted. It is able to obtain the
550 Hz harmonic mitigation unaltered. However, the stability of the system is strongly conditioned,
since the delay affects all of the control loops and therefore also all of the complex conjugate poles
involved with or related to the loop. Thus, as can be seen in Figure 17a, with relatively small delays
the system becomes unstable, since the poles that are nearer to the imaginary axis become unstable as
they are displaced to the right. It has to be highlighted that a given delay will be more problematic
with a higher bandwidth of the current loops (higher k; and k;; gains) as well as with lower active
resistances. This means that the instability arises from a combination of different control parameters:
delay, current loops’ bandwidths, and active resistance choice, together with the AC grid impedance
itself. Again, we here emphasize that the analytical global model can be an easy tool that gives a wide
perspective to analyze a multi-phenomenon complex issue.

D(s) =1 (24)
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Figure 17. Dominant poles and Bode plots of the voltage at the Pcc, with different T delays at voltage
and current measurements (the initial value is 100 psec, which is then multiplied by factors (0.05 0.1
0.15 0.2)). The active resistance is kept constant at R,1 = 1.51 k() programmed at 550 Hz. (a) Dominant
poles of the system, (b) Bode plot of v3,4(s)/ Vsap(s)-
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5.7. Analysis of an ACISEF with an LC Output Filter

Finally, this section shows how the ACISEEF is still effective with an output LC filter (providing
better attenuation of the switching harmonics) and how the analytical global model can analyze it.
Hence, if the output filter at the converter side is modified to an LC filter, as represented in Figure 18,
the analytical model equations must be slightly modified. Note that R; and L; are the equivalent
transformer’s impedances. For this particular illustrative example, the following numerical choices
are made (high voltage side values): Ry = Reonp*(1/3), Lt = Leono-(1/3), Rf= Reonv+(2/3), L= Leonv-(2/3),
Ry=10 mQ-(n_transformer)?, Cr=1250 uF/ (n_transformer)?.

i 1 R Lf |
COHL\/\/\/\_W_ 'ﬂf—m/\/F\e/t\/\—fGI%?S\—?cc
+ +

cG
Veonvas V3ap
Rcf

Figure 18. ACISEF equivalent circuit with an output LC filter.

In this way, the converter equivalent electric equation yields with the inclusion of the new elements:

Vconvap = B(s) - U3pp + Als) - lconvap (25)
Being:
A (Rets-Lp) - (Rep+ 5 + Ri+s-Le) + (Re+5-Le) - (Rep + 5 06
S) =
Rep+5¢;

Rf+s-L
Bs)=1+ L — 27)

Ref + 555

This means that the input-output matrix expression of the ACISEF is modified as follows
(assuming that the delays are compensated):

l‘*
iCOTl’UD{ﬁ = |: Convl COnvz :| [ COWU(XﬁSOHZ ‘| (28)
U348
With: .
Con = PR T A (29)
_ Fl/va —B
Conor = F R TA (30)

As can be noted, since the matrix structure remains equivalent, is easy to substitute the new
ACISEF expression into the global analytical model (Equation (21)). Consequently, substituting
numerical values into the new LC filter and including it in the AC grid used in the previous analyses,
it can be observed in Figure 19 that the effectiveness of the ACISEF in mitigating low-order voltage
harmonics at the grid is maintained. With an active resistance of 1.5 k() (at the high voltage side)
programmed at 550 Hz in both cases, it can be seen that the 550 Hz harmonic voltage attenuation
is ensured with an L and LC output filter. Note that the capacitance Cy of the output filter slightly
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modifies the resonances of the entire global system, but it is not possible to introduce a third resonance
to the system since it is small compared to the AC grid’s capacitances C; and C,. It has to be highlighted
that in this case the LC filter was tuned to present the resonance at approximately 1350 Hz, as can be
seen in Figure 19a. Note that an active damping resistance could be also incorporated at this frequency
of 1350 Hz (by adding an active resistance loop at 1350 Hz), with the same philosophy as that followed
in this article, in order to reduce the damping passive resistance R as much as possible and therefore
reduce the power losses of the filter. The conceptual functionality of this ‘active’ or ‘damping’ resistance
could be understood to damp the LC filter resonance, rather than the harmonic voltage mitigation of
the AC grid [5]. However, the way in which it is implemented would be equivalent. Nevertheless,
this analysis is beyond the scope of this section. Moreover, that is beyond the scope of this article
to analyze and conclude whether an L filter would bring more benefits than an LC filter for this
application. However, although the LC filter would bring some advantages, such as a reduction in the
output current switching ripple, the losses of the filter may be increased (thus requiring an additional
cooling system) since all output current and voltage harmonics tend to go through the Crand Ry.
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Figure 19. Bode plots with the ACISEF with L and LC output filters and active resistance (Ry1 = 1.51
kQ) programmed at 550 Hz). (a) Bode diagram of i¢p,pnp/ 034p, (b) Bode diagram of v3,4()/vsap(S)-

6. Extension to a Grid with more Signified Branches

This last section only goes one step ahead in the line of analysis presented in this article. It shortly
introduces, but not deeply analyzes, how the analytical global model can be structured for AC grids
in which it is necessary to contemplate more branches. Thus, Figure 20 shows an example of a more
complex AC grid that allows the study of greater detail, illustrating an example of certain AC grids
for which more information is available. It could represent, for instance, a simplified version of the
connection of two nearby wind parks, two main sub-grids of a unique wind park, or even a wind park
with an inner grid modeled in detail, including as many branches as wind turbines.
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Figure 20. Equivalent AC grid with more than one branch.

Hence, the following set of equations shows how the global analytical model can be derived from
the connection of the individual basic models. Sources:

Hap = [ Sourceis Sourcesa ] l 2511“5 ],iéaﬁ = { Sourceig  Sourcesp } l 2562“5 ] (31)
o 14

Pi circuits:

i2ap Piya Pipa ; ig0p Piyic Pippc PP i70p Piyyp Pippp ;
v | = | Pinia Pina { ilaﬁ }, vsg | = | Pinic Pinc M’i Baf ], Veap | = | Pimp  Ping { iéaﬁ } (32)
V2up Pizja Piza 3 Vsap Pizc Pimc oup V70 Pizp  Pigyp bup
RLR and ACISEF:
v RLR RLR v . i*
50p | _ 11 12 Vdap s iconvnp = [ Conv, Convy } convaB50Hz (33)
1548 RLRy1 RLRp Leonvap UsaB

RL circuits (not used in previous sections):

. 4 . 0
I3ap = [ RLig Ry } 20p s 18ap = |: RL1p RLzp :| 7P (34)
U3ap Usap

Being for this particular case:

-1 1 -1

RLia = =— -  Rlijg=———— Rlyg=————
14 Ry+s-Ly B 7 Rg+s-Lg 7 Rg+s-Lg

INEY (35)

R3+s-L3’

The rest of the matrices shown here should be treated accordingly, with their corresponding
impedances substituted into the basic matrix pattern presented in Section 4. Therefore, with all of
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these individual model matrices and using for instance the ‘connect’ function from Matlab (or any
other numeric or symbolic commercial software), the final global analytical model can be obtained:

O1ap
U748 i?onvzxﬁSOHz
ilucﬁ = [MGAM(S)] ’ Us1ap (36)
: Us2uB
iSaﬁ
L iconvzxﬁ ]

Therefore, in this wayj, it is possible to follow an analysis procedure equivalent to that in the
previous section to deeply analyze the characteristics and behaviors of any other AC grid for which
information is available. Note also that, for instance, source 2 could be substituted by a second ACISEF
located in a different point on the grid, and interaction between both active elements could also be
studied. However, in this article this is left as an open study.

7. Validation of the Proposed Analytical Model and ACISEF Effectiveness

7.1. Functionality Validation of the ACISEF Validation in Simulation

This section shows the effectiveness of the ACISEF concept in mitigating voltage harmonics in
an AC grid. For that purpose, the Simulink SimPower System environment is used to implement the
AC grid utilized as example throughout this paper, together with the ACISEF model implemented with
all of its details (Figure 7): discrete control loops, space vector modulation, delays, and compensation,
etc. In order to attain a general example, the converter is programmed to mitigate two harmonics
that are present at the AC source (emulating, for instance, the harmonics emitted by polluting loads):
the 11th harmonic (550 Hz) and the 13th harmonic (650 Hz). At the source voltage (vgz.), 0.01 p.u.
of the amplitude of 11th and 13th voltage harmonics are added (1% of 33 kV of the rated voltage),
emulating a residual emission of voltage harmonics of a fictitious special load (such as a thyristor-based
rectifier or even a modern voltage source converter, for instance, a group of wind turbines). The active
pure resistances programmed are 10 () (at the low voltage side) to 550 Hz and 2.5 Q) (at the low
voltage side) to 650 Hz. Figure 21 shows how, after enabling the active resistances at second 0.9, the
voltage harmonics are significantly reduced as expected. This is in good agreement with the Bode
diagrams shown in the figure, where it is possible to see how the effect of the active resistances damps
the voltage resonance at vs, for both the 11th and 13th harmonics. It can be remarked that for this
specific example, the 11th harmonic causes many more inconveniences than the 13th, due to higher
amplitude of the v3,5/vs,p transfer function at 550 Hz. In fact, the resonance is almost located at this
frequency; therefore, the active resistance value has a different attenuation effect at the 11th and 13th
harmonics. Note that in the neighborhood above the frequency of 50 Hz, the ACISEF clearly influences
the amplitude of v3, due to the presence of its loops.
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Figure 21. Performance evaluation (a) Voltage v3, at the Pcc, polluted with the 11th and 13th harmonics
as a consequence of the harmonics emissions in the source voltage. At second 0.9, the ACISEF is
enabled, operating with two active selective resistances: 10 (2 (at the low voltage side) to 550 Hz and
2.5 Q) (at the low voltage side) to 650 Hz. (b) Bode plot of v3,5/v54p, with and without active resistances.
(c) Magnification of the previous image.

7.2. Analytical Model Validation in Simulation

This section demonstrates validates the analytical global model, comprising the AC grid and
the ACISEF with its control. In order to achieve that the analytical model described in Section 4, it is
compared to the Simulink SimPower System model presented in the previous subsection, in which
the whole AC grid together with the ACISEF model is implemented, including discrete control loops,
space vector modulation, delays, and compensations.
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Thus, in Figure 22, two variables of both models are superposed: i3, and vs,. They operate with
an active pure resistance of 10 ) (at the low voltage side) to 550 Hz and an active resistance of 7 ()
(at the low voltage side) to 650 Hz. It can be seen that both variables match significantly well, even
knowing the fact that at current i3, an important current ripple appears at the Simulink detailed model,
while it does not appear in the analytical model because is not considered. It can be said that this good
agreement between both models is also corroborated in the rest of the variables of the system and at
different operating conditions. However, due to lack of space and in order to simply this exposition,
these results are not shown in this article.

50

I I I I I I I i Simulink
3
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Figure 22. The ACISEF operating as an active pure resistance of 10 () (at the low voltage side) to
550 Hz and 7 Q) (at the low voltage side) to 650 Hz. Comparison of i3, and v3, variables of the system,
for the analytical model and the Simulink detailed model (including discrete control loops, modulation,
delays, and compensations).

7.3. Experimental Validation of the Functionality of the ACISEF in a Real AC Grid

In this final section, the effectiveness of the functionality of the ASICEF is validated in a real
AC grid. For this purpose, a brief but clear set of results obtained in a real AC grid are provided.
Due to confidential issues, not many details of the system can be provided (such as the exact location
and the exact type of elements connected). However, it can be said that the ACISEF is located
in an available point of the grid and can effectively mitigate a significant amount of the 11th and
13th voltage harmonics, which are present sometimes during the day at the grid due to the nearby
connection of several elements such as wind parks, thyristor-based HVDC systems, and some specific
loads. In Figure 23, a picture of the converter, transformer, and location of the ACISEF is provided,
together with an estimated equivalent impedance of the AC grid at the point where the ACISEF is
connected. In addition, it can be seen that the accordingly adapted equivalent electric model is well
fitted with a seventh order system. It also presents a quite strong resonance at approximately the 11th
harmonic, similar to equivalent models used in the previous sections. Being more specific, the ACISEF
is located at the substation of a remote wind farm, placed to a 10 km of distance from the nearest
town (a small town). Therefore, it is at a weak point which is the end of a 33 kV line. The main rated
electrical characteristics of the converter used, are summarized at the Appendix A. The transformer
and the higher voltage side is of 33 kV, which is equal to the transmission voltage at the Pcc. It is
a hermetically sealed transformer, with an oil natural air natural (ONAN) cooling type. The container
where the converter is located incorporates an indoor temperature control, by an air conditioning unit.
The converter itself is water cooled. The control of the converter is distributed into two layers. The first
layer is a main PLC for communications between the substation where the converter is placed and the
power plant controller. It presents additional analogue and digital input outputs for protections and
visualizations. It manages alarms such as: transformer’s overcurrents, overpressure, oil temperature,
fire system alarms and so on. The second layer, consist on the converter control described at the paper,
which is implemented on a digital signal processor (DSP).
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Thus, Figure 24a shows the current provided by the ACISEF operating as a reactive power
compensator together with the voltage at the Pcc significantly polluted with the 11th (550 Hz) and 13th
(650 Hz) voltage harmonics. In Figure 24b, it can be observed at the spectrum that the amplitude of
the voltage harmonics at the 33 kV Pcc (approximately 2% and 2.5% for each harmonic, respectively).
Then, in Figure 24c,d, the active impedance is enabled for the 11th and 13th harmonics (pure resistive
300 ) at the higher voltage side for both harmonics), as described in the theoretical part of this paper.
It is possible to see that the ACISEF provides the necessary converter current harmonics to significantly
reduce the pollution of voltage harmonics (approximately 0.6% for both harmonics) and still be able
to provide some remaining reactive current, for reactive current compensation at 50 Hz at the Pcc.
It can also be observed that the THD of the voltage at each phase is improved considerably, i.e., phase
a improves from 3.3% to 1%, phase b from 3.3% to 0.9%, and phase ¢ from 3.2% to 0.7%.

Note that in order to effectively reduce the voltage harmonics at the Pcc, the voltage at the lower
voltage side of the transformer has to be further distorted due to the presence of the transformer’s
leakage inductance. Thus, these results demonstrate the effectiveness and capacity to mitigate
harmonics of the proposed multiservice solution in real AC grids and the possibility to work
simultaneously as a reactive power compensator for a fundamental frequency of 50 Hz. Note also that,
depending on the specific needs of the moment, different active impedance values could be used in
order to obtain a different reduction (bigger or lower) of the polluting voltage harmonics.

Vs

Figure 23. Experimental setup and equivalent impedance of AC grid (a) A picture of the converter,
transformer, and location of the ACISEF, (b) estimated equivalent impedance of the AC grid at the
point where the ACISEF is connected (Pcc) and adapted equivalent electric model (seventh order
model approach).
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Figure 24. Experimental results of the ACISEF in a real AC grid. (a) The ACISEF provides 300 kVAR
of reactive power and the active impedances at 550 Hz and 650 Hz are not enabled (top: converter
currents at the low voltage side, bottom: Pcc voltage at 33 kV (blue) and PCC voltage at the low voltage
side of the transformer (600 V) (red)). (b) Harmonic content of the grid voltage at the Pcc (33 kV side)
with the active impedances not enabled. (c) The ACISEF provides 300 kVAR of reactive power and
the active impedances at 550 Hz and 650 Hz (300 ) for both harmonics) are enabled (top: converter
currents at the low voltage side, bottom: Pcc voltage at 33 kV (blue) and PCC voltage at the low voltage
side of the transformer (600 V) (red)). (d) Harmonic content of the grid voltage at the Pcc (33 kV side)
with the active impedances enabled.

7.4. Discussion about the Limitations of the ACISEF

Finally, once the ACISEF has been experimentally validated at certain operating conditions, this
section tries to briefly describe under which situations, the ACISEF will be effective or not. More
specifically, under what nature of oscillatory behavior present at the grid voltage, the ACISEF would
be able to correct or mitigate it.

Thus, attending to the frequency range in which the ACISEF could effectively mitigate voltage
harmonics at the grid, the three most important inter-related factors determining this range are: the
switching frequency of the converter (f;,), the modulation and the bandwidth of the current loops.
Note also that especially the bandwidth of the current loops also depends on design parameters such
as: filter’s impedance and nature of the filter (pure inductive or inductive capacitive filter would affect
differently), transformer design, gains of the regulator, etc ... Hence, for the converter used for the
validation of this proposal (2.5 kHz and 2 level PWM converter), a maximum harmonic of around 19th
order has been effectively mitigated (under simulation conditions, because at the real system only 11th
and 13th harmonics were present).

Then, attending to the maximum amplitude of voltage harmonics that the ACISEF could mitigate,
there are also again quite number of inter-related factors of the converter, determining this maximum
amplitude: rated output voltage, DC bus voltage, rated output current, filter’s impedances (again
an LC filter would not be the same as an L filter), DC bus capacitance, resulting power losses,
cooling system used, etc At the employed experimental system, it has been possible to reach without
exceeding any limit (rated voltage, rated current, losses, temperature limit of semiconductors, etc)
a maximum elimination of approximately 3% of the 11th and 13th voltage harmonics present at the
grid. What means that if for instance the 11th and 13th voltage harmonics at the grid are bigger than
3%, the ACISEF would not be able to fully eliminate them (it would mitigate them). Note that this
maximum amplitude of voltage elimination is associated to the frequency of the harmonics themselves.
For instance, seeking to correct a 19th harmonic, the maximum amplitude would be less due to several
factors: bigger voltage droop at the filter, bigger power losses and so on.

On the other hand, in relation to the voltage harmonics that we can more likely find at the voltage
grid, it is possible to first say that they are mainly caused by loads or generator systems based on
power electronics. They consume or generate current harmonics that are converted into voltage
harmonics due to the voltage droops, at line parasitic impedances basically. Therefore in many cases,
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harmonics multiple to the grid’s frequency (5, 7, 11, 13, 17, 19, etc) caused by diode or thyristor rectifiers
(6,12, 24, ... pulses) are the most important ones in amplitude; for instance HVDCs or industrial
loads. As commented in previous paragraph, most of these of harmonics (if they are problematically
amplified by the grid’s parasitic impedances) are within the range in which the presented ACISEF is
able to mitigate, i.e., up to its particular harmonic limit: 19th.

Then, it is possible to find also harmonics multiple to the grid’s frequency but of higher frequency
than previous ones, approximately within the range of 1.5 kHz and 10 kHz. This range of harmonic,
are caused mainly by PWM modulated voltage source converters connected to the grid: modern wind
turbines, solar panels, etc. ... These higher frequencies are in principle, the most attenuated ones by
the nature of the parasitic line’s impedances (inductances and capacitances). Therefore, in general
are the less problematic ones. However, if at any fictitious specific scenario, in which one or several
of these harmonics are polluting significantly the grid voltage, the presented ACISEF would not be
capable of correcting these harmonics due to their high frequency. It would be necessary to design
a converter which is able to operate at higher switching frequency: change of semiconductors, filter,
current loops dynamics, etc.

On the other hand, if any of the voltage harmonics present at the grid is variable in phase and
amplitude, basically is due to the fact that the polluting sources (diode rectifiers or voltage source
converters connected to the grid) change their operating regime (non-constant generated power for
a wind turbine, a train approaching to the train station, etc.). Under this situation, the ACISEF would
be able to correct this harmonics that vary in amplitude and phase, if the current loops are able to
dynamically follow to this variation. For that purpose, the gains of the resonant controllers should be
accordingly tuned, in consonance to a proper design of parameters such as: the filter’s impedance,
the switching frequency and so on.

Finally, hypothetically it could be also to find a grid polluted with harmonics not multiple to the
grid’s frequency. These type of harmonics are very rare to be sustained during long period of time,
since they are associated mainly to transient phenomena such as: connection or disconnections of
big motors or transformers (inrush currents), or simply big transients of generators or loads based
on power electronics, where all the modes of the system are excited. Under this harmonics non
multiple to the frequency of the grid and present during short periods of time (few grid’s cycles),
in principle the ACISEF would be able to mitigate them. It would be necessary just to accurately
identify the problematic frequencies at an off-line study, and then add sufficiently quick current loops
accordingly. Nevertheless, this is a challenging situation that within the context of this article has not
been corroborated, so it is left as a future work.

8. Conclusions

The global analytical model presented in this article facilitated the study of the performance of
the ACISEF converter interacting with the AC grid at a higher abstraction level. It reinforced the
holistic view of tackling such a problem, making it easier to draw conclusions to aid with design
decisions. It is remarkable that the global analytical model proposed matched very well with Matlab
model-based simulations (or other commercial software). Moreover, the experimental results showed
that for certain types of analyses, it is not necessary to include the current and voltage ripples of the
system of to the switching behavior of the converter. This fact enabled us to work with a simple and
low-computational-cost analytical model, which can be used as an additional tool combined with
others to achieve a practical and fast design in a context where uncertainties are often common—such
as the absence of or late data provision by Transmission System Operators (TSOs) or wind park owners,
the addition of new elements in the electrical infrastructure, component tolerances, etc. Moreover,
another merit of the analytical approach is its flexibility, since it is easy to modify or incorporate new
branches or elements into this model in order to easily adapt to new scenarios.

Being more specific, by means of several simulations applied to the model, it has been theoretically
analyzed several design aspects of the ACISEF: how affects the variation of the active impedances,
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how affects the current loops” bandwidth, how affects the AC grid’s impedances, which is the
effectiveness of combining active resistances and inductances, how affects the time delays associated
to the implementation and finally, how by means of the proposed model the design of an output LC
filter can be carried out.

Then, the simulated based validation in Matlab-Simulink environment, including discrete control
loops, modulation compensation and so on, demonstrated first that the proposed ACISEF is able
to mitigate voltage harmonics effectively. Secondly, it demonstrated that the global analytic model
proposed and the Matlab-Simulink based model, match properly.

Moreover, this study demonstrated that a high-power (2.1 kA) electronic converter operation with
a switching frequency of 2.5 kHz is capable of effectively mitigate voltage harmonics of a 33 kV AC
grid up to the 13th order (650 Hz). The experimental evidence provided by the converter, operating
for months (until the publication of this article) as an active impedance at selective frequencies and
reducing the harmonic voltage distortion to acceptable levels in a complex AC grid, in which wind
parks, HVDCs, and civilian loads interact all together, shows that power electronic-based converters
can provide useful services to real problems of AC grids.

Finally, the integrative character of this model has to be highlighted, since it is prepared to accept
future extensions, such as the incorporation of switching ripples, to study certain phenomena in
an alternative way, as well as to integrate the frequency/amplitude variations of the grid to analyze
the power share.
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Appendix
AC grid:

Ly =2.625mH, Ry = 0.1 Q, C; = 16.87 uF, Re1 = 26.2 mQ),
Ly =127mH, Ry = 0.3 Q, C; =4.84 uF, R, = 2.63 Q,
L3 =17.09 mH, Ry = 0.75 Q, R, =20 kQ), vs = 33 kV (Line-Line RMS).

ACISEF:

Two-level voltage source converter with low-voltage IGBTs.
Irms converter = 2150 A.

Vbus = 1150 V.

n_transformer = 33,000/600. Delta-Wye (Dyn11)

Reony = 0.2 x 107°-(n_transformer?) Q) (at the high voltage side)
Leono = 85 x 107°-(n_transformer?) H (at the high voltage side)
k; = ki1 = kjp= 13.5-(n_transformer?) (at the high voltage side)

w =2-pi-50 rad /s, wy = w-11, wy = w-13.

fow =2.5kHz
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