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Abstract—The high penetration of renewable energy sources
(RES) interfaced with power electronics together with new non-
linear loads pose new challenges in the grid operation. In
fact, power systems with reduced inertia and high harmonic
distortion will be common in a near future. Recently, the
grid-forming operation of voltage source converters (VSCs) has
emerged to address these challenges, mimicking the contribution
of synchronous generators to the system inertia. In addition,
these grid-connected VSCs can be used at the same time for
reducing the harmonic distortion by applying active filtering
techniques. However, these harmonic compensation algorithms
can generate VSC overloading. This paper proposes a method
for dynamically adjusting the individual virtual impedance of the
filtered harmonics to prevent the power converter overcurrent.
For this purpose, the value of each harmonic virtual impedance
is modified according to a priority which can be set by the final
user according to the established power quality standard. The
paper includes a theoretical stability analysis of the controller
and experimental results to validate the proposed algorithm.

Index Terms—Power quality, converter interfaced generators,
active harmonic mitigation, renewable energy sources, grid-
forming inverters, stability analysis, overcurrent protection.

I. INTRODUCTION

The future of power generation will be dominated by renew-
able energy sources (RES). In this way, the conventional syn-
chronous generators will be replaced with RES power plants
which will be connected to the grid using converter interfaced
generators (CIGs). This scenario may lead to new technical
challenges, where larger frequency and voltage deviations are
expected due to the reduced system inertia [1], affecting the
secure and reliable operation of the power system [2]. This
change comes along with a transition in the demand side,
where traditional electro-mechanical loads are being replaced
by power electronics such as variable speed drives, power
supplies or lighting devices. These non-linear loads improve
the performance, efficiency and flexibility but, at the same
time, introduce harmonic currents. This has a negative effect

Manuscript received XXXX. manuelbarra-
gan@us.es.)

Francisco Jesis Matas-Diaz, Manuel Barragdn-Villarejo and José Maria
Maza-Ortega are with the Department of Electrical Engineering, Universi-
dad de Sevilla, 41004 Sevilla, Spain (e-mail: fmatas@us.es; manuelbarra-
gan@us.es; jmmaza@us.es).

Georgios C. Kryonidis, Kyriaki-Nefeli D. Malamaki, and Charis S. De-
moulias are with the Department of Electrical & Computer Engineering,
Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece (e-mail:

kyriaki_nefeli @hotmail.com; kryonidi @ece.auth.gr; chdimoul @auth.gr).

(Corresponding  author:

on the distribution system causing, among others, distorted
nodal voltages [3] and transformer overheating [4]. The impact
on the power quality is particularly high in low voltage
networks and microgrids, where the penetration of non-linear
loads is steadily increasing within industrial, commercial and
domestic consumers [5].

With this regard, CIGs based on voltage source converters
(VSCs) composed of switched devices such as insulated-gate
bipolar transistors (IGBTs) may contribute to address these
new challenges due to the inherent flexibility provided by their
control algorithms.

On the one hand, regarding the reduced inertia of modern
power systems, grid-forming operation of CIGs has recently
emerged to support and control the system frequency and
voltage [6]. For doing so, it is required to either operate
below the RES maximum power point or include an energy
storage system [7]. Several ways to implement the grid-
forming mode can be found in the specialized literature [8]:
droop controllers for active and reactive power sharing [9],
advanced algorithms mimicking the dynamic performance of
a synchronous generator [10] or virtual oscillators [11]. All
of them provide frequency and voltage control and they can
operate in both islanded and grid-connected systems. This is
because they do not require a phase-locked loop (PLL) or
other frequency estimation method to synchronize with the
system they are connected to. In general, the control structure
of a grid-forming VSC consists of a hierarchical controller
composed of an outer and an inner control loop, OCL and ICL
respectively [12]. The OCL is in charge of the synchronization
and the computation of the frequency and voltage references
for the ICL. Meanwhile, the ICL can be implemented in
different ways: open loop [13], single current controller [14],
[15], single voltage controller [16] and cascade voltage and
current controllers [17]. The main drawback of the three first
algorithms is the lack of controllability of the capacitor voltage
and/or inductor current which is critical in abnormal operation
conditions with a fast dynamics such as short-circuit faults.
With this regard, the use of cascade controllers guarantees
that the VSC voltage and current remain within the technical
limits. This approach, however, is extremely sensitive to the
characteristics of the Point of Interconnection (POI), i.e. short-
circuit power and R/X ratio [8]. In addition, the voltage
control loop may become unstable because of the feedforward
terms of the current controller [18]. This drawback can be
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overcome using an ICL based just on a current controller.
In this case, the voltage control is included within the OCL
through primary and secondary control loops [19]. Evidently,
this voltage control has a slower dynamic response than those
strategies with a voltage control within the ICL, but enough
to maintain the voltages within technical limits under normal
operation conditions. Moreover, these controllers are also able
to limit the VSC current in case of short-circuit faults [20],
[21].

On the other hand, with respect to the harmonic mitigation,
passive filters [22], active power filters [23] or hybrid filters
can be installed nearby large non-linear loads at the cost of
additional investments. Alternatively, CIGs with proper control
actions may help to reduce the harmonic distortion [24]. A
set of resonant controllers tuned to the targeted harmonics
can be added to the ICL either in the current or voltage
control loop. In the first case, the harmonic current reference
is computed using a virtual harmonic admittance and the POI
harmonic voltage [25]. This virtual harmonic admittance is
dynamically modified until the reference harmonic voltage
is reached, as long as the VSC rated current is not exceed.
This is an indirect method of harmonic voltage compensation
since the virtual admittance is modified following a trial
and error process. For this reason, this methodology is not
suitable in case of rapidly time-varying non-linear loads. As
an alternative, the harmonic compensation can be integrated
in the ICL voltage control loop by adding to the fundamental
frequency controller a set of cascade resonant controllers tuned
at the targeted harmonics [26], [27]. In this way, any harmonic
voltage reference can be directly tracked. The harmonic volt-
age references can be computed using a virtual impedance
approach to improve the power sharing and the selective
voltage harmonic compensation [28]. Independently of the im-
plemented harmonic controller, the system harmonic stability
needs to be ensured. For doing so, different approaches have
been previously proposed ranging from simplified Norton-
based impedance model [29] to sophisticated ones based on
state-space models [30]. The selection of the stability analysis
tool depends on several factors: available information, main
goal of the analysis (design-oriented process, identification of
dynamic modes, participation factors, modularity, scalability,
computational effort, etc.). A comprehensive overview of this
topic with the pros and cons of each method can be found in
[31].

Nevertheless, it is still possible to improve the design
process and the performance of the existing harmonic con-
trollers. Particularly, it is required to compute the resonant
controller parameters to guarantee the controller stability and
an adequate tracking of the harmonic references independently
of the network characteristics. Furthermore, VSC operational
limits, i.e. rated current and voltage, may be reached during
the provision of the active harmonic filtering (AHF) service. In
the existing literature, there are several current-limiting control
strategies based on whether the total output current magnitude
of the grid-forming VSC is directly or indirectly controlled
[32]. Basically, these are classified in three categories: (i) di-
rect current-limiting control [33], (ii) indirect current-limiting
control [34] as virtual impedance current limiter [35] and, (iii)

hybrid current-limiting control [36]. Regardless of the method
used to limit the current, all of them aim to limit the total
current, without discriminating between the different current
components of this current. With this regard, the limitation of
the AHF capability in case of VSC overload has been previ-
ously explored in current controllers for active power filters:
saturation approaches [37], [38], virtual impedance techniques
[39] and optimization algorithms [40]. However, the limitation
of the AHF capability in case of VSC overcurrent with direct
harmonic voltage tracking remains unexplored.

The main objective of this paper is to provide a stable
AHF functionality to grid-forming VSCs by adding a direct
harmonic voltage controller with selective current limitation
in case of overloading. The harmonic voltage reference is set
by means of an adaptive virtual harmonic impedance which is
modified to maintain the current below its rated value. Each
virtual harmonic impedance can be calculated independently to
reflect the relative importance of each harmonic according to
the established power quality standard. The proposed strategy
can be implemented at any CIG, since it does not require
adding new measurement devices or hardware components.
Moreover, its application is of particular interest in CIGs
within low voltage networks and microgrids, where the non-
linear loads may deteriorate the power quality.

Finally, it is important to highlight that this paper has the
following contributions with respect to [41]:

o Evaluation of the proposed solution in grid-connected,
instead of islanded, grid-forming VSCs.

e OCL based on a virtual synchronous generator (VSG)
which allows the synchronization with the grid and iner-
tial response.

« Stability analysis of the grid-forming VSC controller with
AHF and selective overcurrent protection resorting to a
small-signal analysis based on state-space equations.

o Computation of the virtual harmonic impedance to pre-
vent VSC overloading according to the priority estab-
lished in the EN 50160 standard [42] for each targeted
harmonic.

The rest of the paper is organized as follows. Section II
presents the state-space modelling of the grid-forming VSC
including the system dynamics: VSG, AHF and selective
overloading protection. Section III outlines a small-signal
stability analysis to evaluate the influence and stability range of
the controller parameters. From this analysis, the final values
of the controller gains are determined. Section IV provides
the experimental validation of the proposal. Finally, the paper
closes with the main conclusions.

II. STATE-SPACE MODELLING OF THE GRID-FORMING
VSC

This section outlines the state-space model of a grid-
connected VSC providing grid-forming capability with AHF
and selective overcurrent protection. The proposed control al-
gorithm is shown in Fig. 1, where all the parameters, variables
and controller gains used along paper are specified. The state-
space model is composed of four main blocks analyzed in
the following subsections: (i) the grid-connected VSC model,
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Fig. 1.

(ii) the main controller of the grid-forming VSC implemented
through a VSG, (iii) the AHF functionality through direct
harmonic voltage control, and (iv) the selective harmonic
overcurrent protection.

A. Grid-Connected VSC model

The grid-connected VSC is a three-phase three-wire device
connected to the grid through an LCL coupling filter, which
also has a physical damping resistor incorporated in series with
the capacitor. The grid is modeled as an AC voltage source
with an series connected inductive impedance (R, and Lg).
The differential equations of the grid-connected VSC in the
dq rotating reference frame, which is synchronized with the
VSG angle, 0,44, are as follows:

di .
Vid — Umd = Ritia + Ly d;d Liwysglig,
(L
diyg
Vtqg — = Ryitg + Li—— a 14+ Liwysgitd,
dzsd .
Umd — Vsd = Rgisq + Ly dt - stvsglsm
. @
mq — Usq = R qu + L d;q + stvsglscb
Umd = Ved + Ra(ita — isa), 3)
Umg = Veq + Ralitg — isq),
dv, . .
Cf dtd wavsgch = (th - st)v (4)
'dch = (it — s )7
dt q q
dis .
Ved — Vgd = Rglsqa + Lg dtd Lywysgisg,
(5)

. di
Veq — Vgq = Ryisq + Ly 7

where L; and Ls are the inverter-side and the grid-side filter
inductances respectively, R; and R, are their corresponding

vsq
+ ngusgzsd7

Proposed controller for the grid—forming VSCs with AHF and overcurrent protection.

resistances, C'y is the filter capacitance, R4 is the damping re-
sistance, vy 4 = [Uia, V14 is the voltage at the VSC terminals,

Vin,dg = [Umd;VUmgq] 18 the voltage across the capacitor and
damping resistor, v 4q = [Vcd, Ueq] 18 the capacitor voltage,
Vsdg = |Usd;Vsq] 18 the POI voltage, vy 4q = [Vgd, Ugq] is

the source voltage of the grid, i; g, = = [ita, th] is the inverter-
side inductor current, i 4q = [isd; isq) is the grid-side inductor
current, and w4 is the VSG angular frequency.

Considering the equations above, the model of the grid-
connected VSC adds six state variables x¢ to the state-space
equations:

Xf = [itd7 Z-tq7 isda isq; Veds ch] . (6)

B. Virtual Synchronous Generator

The selected VSG model for providing grid-forming capa-
bility is the one presented in [15], which is composed of an
OCL and an ICL.

The OCL consists of two parallel proportional-integral (PI)
controllers for the active and reactive power, as shown in Fig.
1. The active power controller enables the synchronization
with the grid by modifying the virtual rotor angle, ,.,. The
reactive power controller computes the amplitude of the virtual
electromotive force, E. Therefore, the OCL equations are the
following:

dé,

Wysg = kppﬁ + kip&p + wo,
d‘i;g — ™
% =p" —p,

E= kpq% + kigéy + Eo,

& )

dt =4q q,



Fig. 2. Grid voltage VSG electromotive force in the a8 and dgq frames.

where ¢, is the integral of the active power error, p is the
POI active power, p* is the reference active power, wq is the
rated frequency, k,, and k;, are the proportional and integral
gains of the PI active power controller, £, is the integral of
the reactive power error, ¢ is the POI reactive power, ¢* is the
reference reactive power, Fj is the rated electromotive force,
and kpq and k;4 are the proportional and integral gains of the
PI reactive power controller.

The POI active and reactive powers, p and g, are calculated
in dq axes as:

3 . ,
D= i(vsdzsd + rUqusq)a

2 ©)
q= §(vsqisd - 'Usdisq)-

The electromotive force lies along the g axis as shown
in Fig. 2. This leads to an electromotive force in the dg
coordinates always equal to ey, = [0, —E]. On the other hand,
it is considered that the grid voltage rotates at the nominal
frequency, wp. This means that the grid voltage is considered
a perturbation not adding any dynamic to the system [43].
Therefore, it can be defined a phase shift, ¢/, between the grid
voltage and the electromotive force, as shown in Fig. 2, which
evolves according to the VSG angle dynamics:

1/) = 99 - 9vsg7
B dB (10)
at 0T Tar

This approach allows to replace 6,4 by ¢ in (7), maintaining
the VSG dynamics but adding the grid angular frequency wy
in the model.

The ICL consists of a single PI current controller imple-
mented in dq coordinates. The current references are obtained
from the electromotive force, eqq, the POI voltage, v 44, and
a virtual admittance, Y,, = G, — jB,. Additionally, a low-
pass filter (LPF) is applied to these reference currents before
introducing them into the current controller with the aim of
providing references with the lowest possible harmonic con-
tent. The current references, z” and z;’;g , can be formulated
as follows:

ieq’ = Gu(ea — vsa) + Buleg — vsq),
isq” = —Bu(ed — vsa) + Guleqg — vsq),

(1)

) di,
iL0 = g i,
vag dl)-;q % (12)
lsg” = Tipf—7 7t + (2

where 7,7 is the LPF time constant and i} ; = [i%;, i3] is
filtered reference current.

Finally, the PI current controller equations, including the
cross-coupling cancellation and feed-forward terms are:

Vtg = kpi djt + kii&ia — (Ly 4+ Ls)wysgisq + Vsds

vrg = ky djﬂ F kiiiq + (Lt + Lg)wysgisd + Vsg, )
dj;d = igq — isd;

e

where £;q and &;, are the integral of the current errors in dg
axis and k,; and k;; are the proportional and integral gains of
the PI current controller respectively.

Considering (7)-(13), the model of the VSG control loops
adds seven new state variables to the state-space equations:

W gpagqa sd>» sqvfldvg’bq] (14)

Xusg =

C. Active Harmonic Filtering

The harmonic voltage control is provided by including a set
of resonant controllers to each of the targeted harmonics. The
objective is to track a harmonic voltage reference in the a8 do-
main, v; .5 = [V}, V)], which corresponds to the required
POI harmonic voltage. Note that the resonant controllers are
implemented in the af coordinates, rather than in the dg
frame, since it is necessary to compensate each harmonic in its
corresponding sequence. These resonant controllers generate a
new current reference, iy, ,5 = [}, %},5], which is converted
to the dg-axes before being added to the VSG fundamental
reference current (13), as shown in Fig. 1.

The resonant controllers in the o3 reference frame can be
formulated in the Laplace domain as:

’L'Za( ) o k;rhs

eha(s) g2 + 20pwp s + wi ’

inp(s) krns

enp(s) 82+ 28pwns +w?’ (15)
€ha(8) = Vo (8) — Vsal(s),

€np(s) = Uhﬁ( 5) — vsp(s),

where €503 = [€has€np] is the harmonic voltage error,
Vs.af = [Usa, Usg| is the POI harmonic voltage while k,p, dy,
and wy, are the gain, damping and tuned harmonic frequency
of the h-th resonant controller. However, it is required to
transform (15) to the dq coordinates, where the grid-connected
VSC and VSG models have been derived:

iha(s) _ krn(s + jwosg)

€hd(s) (8 + jwusg)? + 20pwi (s + jwusg) + wi’
ihq(5) k(s + jwpsg)

€ng(s) (5 jwusg)? + 20hwh (S + jwysg) + w2’ (16)
€nd(s) = Vha(s) — vsals),

ha(5) = Uy (5) — vag(),



where €4, = [€nd;€ng) is the harmonic voltage error,

o T .

i7, aq [i},4:71,4) is the reference harmonic current and
* — * * . . .

Vi.dqg = [Uhas> Vh,| is the reference harmonic voltage. Finally,

the time-domain formulation of (16) is as follows:

diy . )
ﬁ = krnéna — (20nwh + Jwvsg)ih 4 — WhYhas
i 17
T{I = krhehq - (25hwh + jwvsg)izq - W}QL’Y}L(]’
dy . .
th =ihg — JWvsgVnds
& (18)
hg *

“at = ihq - jwvnghw

where V,.4q = [Yhd, Yhe] 1S @ new state variable representing
the integral of i} 5 in the dg reference frame: 7p 4q(s) =

. 1 ’

(5700sg) 1154 (5)-

The reference harmonic currents ij, ;. are added to the pre-
viously computed VSG reference current, i, = i} 5, + i} 4.,
which is the input of the PI current controller. Therefore, (13)
is reformulated as:

dgid _ il — d
dt s

19
sy (19)

7 lgq — lsq-

Note that the perfect tracking of the reference harmonic
currents i}, ,, requires the use of resonant controllers tuned for
each harmonic, like the ones used for the harmonic voltages.
However, it is also possible to apply just a regular PI controller
which, along with the resonant voltage controllers, provides a
high bandwith to track the reference harmonic currents. In
this manner, the computational cost of the AHF functionality
is considerably reduced.

The harmonic voltage control introduces four new differen-
tial equations (17)-(18) per each targeted harmonic A and their
corresponding state variables:

Xhp = [i;(Ld7 izqa Yhd> ’th]' (20)

The performance analysis of the AHF can be alternatively
evaluated through a simplified control model in the frequency
domain. This type of models allow a fast interpretation of
the impact of the resonant controllers. However, they neglect
some dynamics that can be critical for the grid-forming VSC
stability. The simplified control model of the AHF can be
found in the Appendix A.

D. Selective Harmonic Overcurrent Protection

The harmonic voltage references v} 5 are set to zero by
default in order to achieve a perfectly sinusoidal POI voltage.
Ideal resonant controllers guarantee null harmonic voltages
thanks to the extra harmonic current injection i ,5. This,
however, may cause VSC overloading if these current terms
are not limited. To avoid this situation, it is proposed to add
an algebraic virtual harmonic impedance, Z; = Ry + jXj,
which modifies the default harmonic voltage reference in the
dq reference frame as:

U;(Ld = —Rpisqg + Xhisqv

Y ) ) 21
Uhg = —Xhlsd — hasq-

TABLE I
MAXIMUM AMPLITUDE OF THE HARMONIC VOLTAGES ALLOWED IN THE
EN 50160 STANDARD AND VALUE OF THE WEIGHTING FACTORS.

Harmonic order ~ Amplitude Ay (%) op (p.u.)

2 2.0 4.0

3,7 5.0 10.0

4 1.0 2.0

5 6.0 12.0
6,8,10,12 0.5 1.0

9 1.5 3.0

11 3.5 7.0

13 3.0 6.0

The parameters, R;, and X}, can be independently defined for
each targeted h-th harmonic, according to the limits imposed
in the existing grid code. Larger virtual harmonic impedances
can be related to harmonics with higher permissible limits. For
doing so, it is proposed to use different harmonic weighting
factors, oy, to define the virtual harmonic impedances with
respect to a base value as:

Ry + j X = on(Ry + jLywh), (22)

where R and L, represent the base virtual harmonic resistance
and inductance respectively. In this way, it is possible to
selectively reduce the compensation of each h-th harmonic to
avoid VSC overcurrents.

Table I defines a set of harmonic weighting factors con-
sidering the voltage harmonic limits imposed by the standard
EN 50160. Note that the lowest harmonic weighting factor is
assigned to the harmonic with the lowest limit, i.e. the sixth
harmonic, while the other factors are scaled with respect their
relative amplitudes Ap:

(23)

The base virtual harmonic impedance is dynamically
adapted depending on the VSC current to prevent the overload.
Note that, according to (21) and (22), the base virtual harmonic
impedance could be computed as a function of the harmonic
voltages, harmonic currents and the fundamental current. This
work, however, proposes an adaptive approach where the base
virtual harmonic impedance is linearly increased whenever the
VSC current is greater than its rated current /,.,;. Considering
that the base virtual harmonic impedance is defined as a
piece-wise linear function, it is incorporated a hysteresis band
+H;, to limit the impedance variations. This band is centered
around a current, Ipy,, below I,..¢, as shown in Fig. 3. If the
POI current, I, is lower than I,.,;, the base virtual harmonic
impedance is set to zero, i.e. v} 53 = 0, being possible to
achieve a sinusoidal POI voltage’. However, if I is greater
than I,.,¢, the overcurrent limitation is activated by increasing
linearly the base virtual harmonic impedance as:

Ry(t) = Ry(t — 1) +m, - AL,

Lb(t) = Lb(t — 1) +my - At, (24)

ifIS>Imt—>{

where m, and m; are the variation rate of the base virtual
harmonic resistance and inductance respectively and At is the
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reduction.

controller sample time. Therefore, the VSC current diminishes,
because of the harmonic current reduction, reaching Is.
From this point on, the base virtual harmonic impedance
remains constant. As soon as the VSC current drops below
the threshold I}, — H,, the base virtual harmonic impedance
is reduced. This leads to an increase of the injected current
harmonic currents. If the VSC current reaches I, and the
base virtual harmonic impedance is not null, the VSC current
is limited to this value, as shown in Fig. 3. In the case of
reaching I}, but with a null base virtual harmonic impedance,
it is allowed to increase the VSC current above Iy, as long
as I,.4: is not exceeded.

The impact that the components of the base virtual harmonic
impedance, R, and Ljp, has on the control algorithm is
addressed in section III.

The differential equations of the four previous subsections
(1)-(23) can be gathered into a unique state-space model which
integrates the system and control dynamics:

%X = Ax + Bu,

X = [Xf7 Xuvsgs Xh]7 (25)

u= [p*7q*5Rb7Lb]-

III. SMALL-SIGNAL ANALYSIS

The aim of this section is to evaluate the stability and
dynamic performance of the proposed controller. First, a pre-
liminary computation of the controller gains according to state-
of-the-art methods is carried out. Then, the non-linear state-
space model of the system presented in the previous section
is linearized around an equilibrium point to evaluate their
eigenvalues. In addition, the stability range of each control
parameter is determined to set the final control gains.

A. Preliminary Computation of the Controller gains

This subsection proposes a preliminary computation of the
controller gains shown in Fig. 1:
VSG Outer Control Loop. The active power control loop is
based on a PI controller. The integral gain, k;),, is calculated to

obtain a given inertial response, while the proportional gain,
kpp, is computed depending on the required damping factor.
These gains are computed according to [15]:

1 8 (Xy + (Lt + Ls)wo)
—; kpp = k
2H 3EoV,

kip = ips (20)
where H is the inertia constant, V is the peak value of the grid
voltage, and X, = 1/Y,, is the virtual reactance. Similarly, the
gains of the reactive power control loop are set as [7]:

Y

\%
kquO.l—g' S,

Sy’
where S, is the rated power of the VSC.
VSG Inner Control Loop. The virtual admittance Y, is
defined as a pure inductive impedance and set to a 10% of
the VSC base impedance, whereas the time constant of the
LPF, 7, is set to 1.6 ms [7]. The proportional and integral
gains of the current control loop are computed according to
[44] as:

kig = 0.1 27)

L,+ L, R + R,
kpizitJr =3 km‘:‘t% —,

Ti Ti

(28)

where 7; is the time constant of the current controller. The
value of 7; is set 10 times higher than the PWM switching
period to neglect the PWM dynamics in the design of the
current controller.

Active Harmonic Filtering. The resonant gains and the damp-
ing term of the resonant controllers are initially calculated
according to [45]:

V/(tan(M, —m))2 + 1

[ — tan(M, —m) (299)
C Z ((hw)2 - wz)
kpn = ——"— : (29b)

Towe tan(M, — )

where M), is the phase margin and w, is the cutoff filter fre-
quency. These parameters are usually set to 7w/3 and a 20% of
the maximum compensated harmonic frequency respectively.
The base virtual harmonic impedance is initially set to zero
for obtaining a full voltage harmonic compensation at the POI.

Table II collects all these controller gains particularized for
the system detailed in Table III.

B. Linearization of the State-Space Model

The stability analysis is performed through a small-signal
model by linearizing the state-space equations around an equi-
librium point xq. This is obtained by solving (25) for x = 0
and a given input vector u. The analysis has been carried out
considering the preliminary controller gains, detailed in Table
II, computed for a VSC characterized by Table III. The inputs
u have been set for a VSC injected power equal to 9 kW
and 4.5 kvar. Regarding the AHF functionality, the targeted
harmonics are 5" and 7!" harmonics and with a null base
virtual harmonic impedance.

The system is linearized as follows:

w= OB (x—

ox (30)

X0),



TABLE II
PRELIMINARY, EVALUATED RANGE AND FINAL VALUES OF THE CONTROLLER GAINS.

Parameter  Preliminary Range Final Parameter  Preliminary Range Final
H (s) 5 [0.01, 20] 5 55 10-3 [0,103] 103
Epp (Zg‘?) 1073 [10-4,1072] 1073 57 1073 [0, 1073] 1073
kpq (W) 0.0016 [107%,1072]  0.0016 | kps (3) 3.46 [1, 50] 8
kiq (37) 0.0016 [10—3, 1071 0.016 kr7 (%) 3.46 [1, 50] 8
Gy (S) 0 [0, 125] 0 Ry (§2) 0 [0,0.3] 0
By (S) 1.25 [0.125, 125] 1.25 Ly (uH) 0 [0, 150] 0
Tipy (Ms) 1.6 [0.16,3.2] 1.6 Ry () 0.04 [0,1] 0.04
kpi (%) 5 [1,5] 5 Ly (mH) 0.74 [0,2] 0.74
kii (F) 157 [1.8,157] 640
TABLE III TABLE IV
SYSTEM PARAMETERS USED IN THE STABILITY ANALYSIS AND EIGENVALUES OF THE SYSTEM USING THE PRELIMINARY CONTROLLER
EXPERIMENTAL VALIDATION. GAINS.
Parameter  Final | Parameter Final Eig. Value Eig. Value
L; (mH) 2.5 Ry () 28 A1 —8361.7 — j7711.0m X122 —7959.8 4 j7225.67
Ry () 0.08 Vg (V) 220v/2 A2 —T7959.8 — j7225.6m A1z —8361.7 4 j7711.0m
Ls (mH) 25 Eo (V) 2204/2 A3 —1059.1 — 5350.397 A4 —3.1000 — j799.927
Ry () 0.08 Ct (uF) 1 A4 —b533.75 — 512847t A15  —3.6653 — j799.707
T . .
oo s 4 045 ) Y —31.416 — ]Q.00027r A7 —2.7529 — 1599.607r
o5 12 o 10 A7 —5.8133 — 50.0000 A1g —2.0252 4 5399.587
Ins (A) 19 Hy (A) 1 Ag —0.4388 — j0.0000 A9 —2.1765 + 5399.887
Ith (A) 20 s, 'EkVA) 13 Ao —31.416 + j0.0002w  A29  —3.3556 4 j599.607
forg (4) 4 s 10-3 Ao —533.76 4+ j128.53w  A21 —2.9913 + j599.907
2y 2 _ A1 —1060.0 + §350.517
kra (%) 4 4 1073

leading to the small-signal model:

%X = Agx + Bou. 3

The matrices Ag and By are the linearized version of A and
B respectively.

The system stability can be evaluated around the equilibrium
point by analyzing the eigenvalues of Ag, which are shown
in Table IV for the preliminary values of the controller gains.
All the eigenvalues have a non-zero real part, meaning that
the system is linearized around an hyperbolic equilibrium
point. According to the Hartman-Grobman theorem, the sys-
tem is structurally stable, so the linearized system faithfully
represents the non-linear one in this equilibrium point [46].
It is worth noting that the AHF functionality introduces
non-conjugated eigenvalues. Particularly, the 5*" harmonic
compensation is related to eigenvalues at +4007 rad/s (Ais,
A1g) and —6007 rad/s (A1, Ai7). Correspondingly, the 7"
harmonic introduces other two eigenvalues at +6007 rad/s
()\20, )\21) and —8007 rad/s (/\15, )\16).

C. Sensitivity Analysis

This subsection evaluates the stability range of the system
using the small-signal model and considering the possible
variations of the controller gains and the grid impedance. For
this purpose, the evolution of the eigenvalues in the complex
plane are analyzed when these parameters are modified within
the range detailed in Table II. The results are represented using

two plots focusing on the eigenvalues of the VSG dynamics,
left side, and the AHF functionality, right side, respectively.
The arrows within these plots indicate the evolution of the
eigenvalues with respect to the analyzed parameter.

VSG active power control loop: The integral gain k;;, is
inversely proportional to the inertia constant H according to
(26). It has been considered that H is within the interval
[0.01,20] s, with the results shown in the top left plot of Fig.
4. The system is unstable for very small values of the inertia
constant (H{ < 1 s). Larger H stabilizes the system, since
the real part of the eigenvalues gets reduced. Therefore, H
is adjusted to the required VSC inertial response but greater
than 1 s to guarantee the system stability. With respect to the
eigenvalues of the AHF, analyzed in the right top plot, these
are barely affected by this parameter variation. Regarding the
proportional gain k,,, the system stability is compromised if
it is increased as shown in the bottom left plot of Fig. 4. This
effect is further accentuated from kp, > 1073 rad/(sW) to
kpp = 1073, where a drastic damping reduction from 0.8 to an
almost null value is noticed in A4 and )\, both related to VSG
dynamics. The effect on the AHF eigenvalues is asymmetrical,
as depicted in the bottom right plot of Fig. 4. The eigenvalues
at negative frequencies are consistently damped, whereas those
at positive frequencies get progressively separated from each
other approaching to the imaginary axis.

VSG reactive power control loop: The effect of this control
loop in the small-signal analysis is usually neglected in the
literature as indicated in [47], [48]. Fig. 5, which shows
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the evolution of the eigenvalues as k,, and k;, increase,
reinforces this hypothesis. The proportional gain k,, has a
relevant impact on eigenvalues as its value increases, but it
does not threaten the system stability. Therefore, this gain is
selected according to the desired VSC reactive power injection
in case of a given POI voltage variation. On the other hand,
the integral gain k;, has practically no effect on the dynamics
as reflected at the bottom plot of the Fig. 5.

VSG virtual admittance: The effect of the virtual con-
ductance and susceptance are shown in Fig. 6. The virtual
conductance G, has almost no effect on the system dynamics,
generating just a slight shift in the eigenvalues as its value
increases. In the case of B,, a slight damping reduction
of most of the eigenvalues happens as its value decreases,
specially when it is too small. Considering that G, has almost
no impact on the the system dynamics, the virtual admittance
is set as purely inductive Y,, = —jB,,.

VSG LPF time constant: A LPF time constant equal to zero,
i.e. controller without LPF, leads to an unstable system with
A2,10 = 472.92 £ j108897. The left plot of the Fig. 7 shows
that as 75,5 increases the natural frequency of the eigenvalues
A3, Aq, A1g and Aq; are reduced through a constant-damping
path until reaching values only composed of negative real part.

£ p
w21 Gv T 21 KX
2 XX - *
%
£ 01 — X A 01 x x
g X X -~ -
24 == -2 XX
=] X| X
-1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0.00 -0.010 -0.005 0.000
Z
E 2 Bv T 2 XX
4 x k(”/ =
£ 04 ¥ x| X A 0o X300
: o
® 9 1 24 XX
£ — X0 K=
-1.50 -1.25 -1.00 -0.75 -0.50 -0.25 0.00 -0.010 -0.005 0.000

Real axis (x10%) Real axis (x10°)
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Fig. 7. Evolution of the eigenvalues with respect to the variations of the LPF
time constant: 7,5 € [0.16, 3.2] ms (bandwith BW;,, ¢ € [1000, 50] Hz).

With respect to eigenvalues Ay and A, these are shifted to
the left increasing the stability of the system. Conversely, the
eigenvalues Ay and A3 are displaced to the right which can
lead to an unstable system. On the other hand, the eigenvalues
related to the AHF barely move to the left when the LPF
bandwidth decreases. From this analysis, and taking into
account that the objective of the LPF is to provide reference
currents with the lowest possible harmonic content without
affecting too much the dynamics of the current control loop,
the LPF time constant is set to 7,7 = 1.6 ms.

VSG current controller: As shown in section III-A, the gains
of the PI current controller are limited by the minimum time
constant of 1 ms, so the maximum considered values are:
kpi = 5 and k;; = 157. Figure 8 depicts the evolution of
the eigenvalues within the ranges of k,; and k;;. The damping
of the VSG and AHF increases for large values of kp;. As
expected, the wider the PI controller bandwidth the better
system performance is obtained. In the case of k;;, its effect is
not significant on the system stability. However, this parameter
depends on the resistance of the coupling filter as shown in
(28). This analysis assumes inductors with a quality factor
equal to 10, but it has to be considered that, in practice,
the resistance is prone to large variations (manufacturing
tolerances, temperature, material degradation, wiring, etc.).
For this reason, the final value of k;; is tuned through some
experimental tests to obtain a closed-loop time constant of the
current controller 7; = 1 ms.

Active harmonic filtering: As mentioned above, the AHF
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functionality is exclusively activated for 5 and 7t har-
monics. For the sake of simplicity, it has been considered
krs = ky7 = ky, and 05 = 07 = 5. The increase of
increases the damping of the AHF functionality, as shown
in Fig. 9, compromising the AHF performance but without
any effect on the VSG dynamics. With this regard, the best
performance is achieved for 6, = 0 but with the drawback of
a limited stability margin which mainly depends on exogenous
damping sources. Again, J, is a trade-off between providing
a large enough AHF capability with enough damping. On
the other hand, the resonant gain k,, significantly affects
the VSG and AHF dynamics for values higher than 100.
Particularly, the natural frequency of the AHF eigenvalues
are largely affected, especially those corresponding to the
negative sequence. Therefore, it is recommended a low value
of k., with the aim that the AHF capability affects the VSG
performance as less as possible. Finally, it is worth noting that
the bandwidth of the harmonic voltage controller, involving the
cascade operation of the resonant and PI current controllers, is
2931.1 rad/s considering the final values of the controller gains
summarized in Table II. This controller bandwidth is enough
to mitigate 5" and 7" harmonic voltages without including
additional resonant controllers in the VSG current control.

Overcurrent protection: The effect on the stability of the
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resistive and inductive terms of the base virtual harmonic
impedance are shown in Fig. 10. The VSG eigenvalues are
hardly affected, whereas the AHF eigenvalues change dif-
ferently with respect to the variations of R;, and L;. The
resistance produces a left-side shift of the eigenvalues, increas-
ing the damping. Conversely, the inductive term leads to an
unstable system for higher values than L; = 80uH . Therefore,
it is concluded that the base virtual harmonic impedance must
be just resistive.

Grid impedance: The grid impedance has been studied for
a wide interval of values of R, and L,. The higher the
resistance the higher damping of all the eigenvalues. Even with
a null value of R, the system maintains stability. Nevertheless,
eigenvalues at average frequencies, A3, A4, A9 and A1, tend
to move to the right, so it is expected reaching instability for
extremely weak grids (e.g. islanded grids). Regarding L, the
eigenvalues are shifted to the imaginary axis as it is increased.
For values higher than 1 mH and a R/X ratio of 0.07 the system
becomes unstable.

Considering this sensitivity analysis, the final gains of the
controllers used in the experimental validation of the proposed
methodology are shown in Table II.
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IV. EXPERIMENTAL VALIDATION

The experimental validation of the grid-forming VSC in-
cluding AHF with overload protection has been carried out
using a testbed with the one-line diagram shown at the bottom
of Fig. 12. This consists of a three-phase three-wire VSC
with a DC voltage source and connected through an LCL
filter to a low-voltage power grid. This grid is composed of
a controllable power source, being possible to add voltage
harmonics, and a series impedance. The controller gains and
relevant parameters of this experimental testbed are summa-
rized in the Table II and Table III respectively. The AHF is
exclusively activated for compensating the 2", 4t 5t" and
7t harmonics. The experimental validation has been done
through steady-state and dynamic tests which are summarized
in the next subsections.

A. Steady-state Test Results

The AC controllable source has been adjusted to supply a
fundamental phase-to-neutral voltage of 220 V distorted with
the following harmonics: Uy = 6.9V, Uy = 2.3V, Us = 22.7
V and U; = 13.5 V. The active and reactive power references
of the grid-forming VSC have been set to 9 kW and 4.5 kvar.
Using this testbed configuration, three different VSC modes
have been tested:

e Test 1 (T1). No voltage harmonic compensation is ap-
plied.

o Test 2 (T2). The AHF capability for the 274, 4t 5th
and 7" harmonics is activated but without overloading
protection.

o Test 3 (T3). The AHF functionality is enabled including
the proposed selective overload protection.

The instantaneous VSC voltages and currents, v 4. and
is abc, for these steady-state tests are shown in Fig. 13, whereas
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Fig. 13. Experimental tests. Steady-state results: Top plot: Test 1, no AHF is
provided. Middle plot: Test 2, AHF is activated. Bottom plot: Test 3, AHF is
activated with overload protection (R, = 0.0942 Q).
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Fig. 14. Experimental tests. Steady-state results: FFT of the voltages. Test 1,
no AHF is provided. Test 2, AHF is activated. Test 3, AHF is activated with
overload protection (R, = 0.0942 Q).

their corresponding harmonic spectrum for the targeted har-
monics is detailed in Fig. 14 and Table V.

Test 1 is characterized by highly distorted POI voltages
which lead to distorted currents, since the current controller
uses the POI voltage to track the power references. Note that
the VSC current, I, is below its rated value, I,,;, since Test
1 is only focused on supplying the active and reactive power
reference without any harmonic compensation.

Test 2 evidences a remarkable improvement of the POI
voltage as shown in the middle plot of Fig. 13, Fig. 14
and Table V. Note that the 279, 4th 5t and 7t harmonic
voltages are almost null and the THDy is reduced below a 2%.
Furthermore, it is relevant to note these low THDy, evidences
that the rest of harmonic frequencies have not been excited by
the use of the harmonic resonant controllers. This harmonic
voltage improvement, however, is achieved at the cost of a
high VSC harmonic current which leads to the VSC overload
(106.05%).



TABLE V
STEADY-STATE TESTS RESULTS: THD, 27¢, 4th 5th 7th yarmMmONICS,
VSC TOTAL CURRENT AND FUNDAMENTAL ACTIVE AND REACTIVE

POWERS.

Test T T2 T3
THDy [%] 8.88 1.76 4.42
Va [%] 2.08 0.03 0.87
Vy [%] 2.31 0.03 0.10
Vs [%] 6.32 0.63 3.94
Vi [%] 5.33 0.15 1.51
THD; [%] 15.16 45.80 15.33
Iz [%] 17.18 4352 3229
14 [%] 16.22 9.00 7.04
I5 [%] 26.07 8131 52.51
I7 [%] 25.01 33.66 2441
Irms [A] 1651 21.21 1883

This situation can be fully prevented implementing the
proposed AHF functionality with selective overload protection,
evaluated in Test 3. With this regard, the POI voltage is more
distorted than this of Test 2, since the AHF controller increases
the harmonic voltage references with the aim of limiting the
harmonic current injection. For doing so, the virtual harmonic
base impedance is dynamically adjusted to limit the harmonic
current, reaching a final value of R, = 0.0942¢). Furthermore,
the selective harmonic limitation using o is noticed by
comparing the harmonic voltages of Test 2 and Test 3 in
Table V and Fig. 14. Since the standard allows a greater
5t harmonic content, the AHF functionality imposes a higher
reduction of the 5" harmonic current injection compared to
the other targeted harmonics.

B. Dynamic Test Results

The purpose of this test is to show the dynamic performance
of the proposed AHF with selective overload protection. This
dynamic test has been done by modifying the harmonic volt-
ages of the programmable AC source: from 4.6 V to 6.9 V for
the 2% harmonic, from 1.2 V to 2.3 V for the 4" harmonic,
from 16.1 V to 22.7 V for the 5! harmonic and from 9.2 V
to 13.5 V for the 7** harmonic at ¢ = 7.5 s and returning
to the original values at ¢ = 17.5 s. The active and reactive
VSC power references are set to 9 kW and 4.5 kvar, which
lead to scenario below the VSC rated current at the beginning
of the test. In this situation, the POI voltage harmonics are
almost null, as shown in the top plot of Fig. 15, thanks to the
injection of VSC harmonic currents. Due to the change of the
source harmonic voltages at t = 7.5 s, the AHF functionality
provides additional current harmonic injection to reduce the
POI voltage harmonics, as shown in the two top plots of Fig.
15. As a result, the VSC current overpasses its rated value and
the selective overload protection is activated by increasing the
base virtual harmonic resistance as depicted in the second to
last plot of Fig. 15. This linear increase is stopped when the
current reaches the current Iy, set to 19 A, as previously
explained with the help of Fig. 3 and the base virtual harmonic
resistance remains constant up to ¢ = 17.5 s. At this instant,
the sudden reduction of the POI voltage harmonics leads to a
reduction of the VSC current which overpasses the lower limit
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Fig. 15. Experimental tests. From top to bottom: Harmonic voltages, harmonic
currents, RMS current I, evolution of the virtual harmonic resistances and
active and reactive power for the fundamental component during the dynamic
test.

of the hysteresis band, Ij,s — H,. Therefore, the base virtual
harmonic resistance starts decreasing up to zero since the VSC
current remains below Iy,,,. Finally, the bottom plot of Fig. 15
shows the evolution of the average active and reactive powers
throughout the test. It is observed that these remains constant
in the setpoints regardless of the activation or deactivation of
the AHF selective overcurrent protection. This reflects that
limiting the provision of AHF to avoid VSC overcurrent does
not affect other functionalities such as the provision of active
and reactive power.

V. CONCLUSION

This paper has presented a selective current limitation
strategy to regulate the AHF capability of grid-forming VSCs
to prevent overload conditions. A harmonic voltage reference,
obtained as a function of the injected VSC current and a virtual
harmonic impedance, is fed to a set of resonant controllers
tuned to the targeted harmonic frequencies. The output of
these resonant controllers is added to the reference current
of the VSG current control loop. The value of the virtual
harmonic impedance for each harmonic is selected according
to its relative importance within the existing power quality



standard, e.g. EN 50160. This allows to prioritize the reduction
of the VSC harmonic currents in overload conditions.

A sensitivity analysis based on the small-signal model of the
state-space equations has been done to evaluate the dynamic
performance and stability of the controller as well as the
influence of each controller gain. This analysis reflects that
the tuning of the proportional gain in the VSG active power
control loop, the proportional gain of the PI current controller,
the LPF of the current controller and the virtual harmonic
reactance in the overload protection is key to achieve an stable
system. As a matter of fact, this analysis reveals that the
suppression of the LPF and the use of the virtual harmonic
reactance may lead to system instability. Furthermore, this
analysis has evidenced that the proposed VSG with AHF
functionality is stable for a wide range of grid impedances.

The proposal has been validated in a laboratory testbed
through test cases dealing with steady-state and dynamic
conditions. The steady-state results show that the controller
is able to eliminate the targeted harmonic components within
the resonant controllers. In addition, the controller shows a
good dynamic response in transient conditions when sudden
changes in the grid harmonic voltages take place. With respect
to VSC overload situations, the virtual harmonic impedance
strategy has demonstrated to be an efficient methodology to
maintain the VSC currents within the permissible technical
limits without affecting the other functionalities of the grid-
forming VSC.

Future research lines will involve the analysis of unbalanced
scenarios with three-phase four-wire VSCs. In addition, this
local control strategy can be complemented with another
centralized or distributed controller in charge of optimizing
globally some network variable like harmonic distortion, im-
balance or power losses.
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APPENDIX
SIMPLIFIED MODEL OF THE AHF FUNCTIONALITY

The simplified model of the AHF functionality based on
transfer functions using the nomenclature of Fig. 1 is rep-
resented in Fig. Al. The terms R(s) and PI(s) represent
the transfer functions of the resonant controller within the
harmonic voltage controller and the PI controller of the current
control loop respectively:

krhs
R =
(5) $2 + 20pwps + w}’
PI(s) = L.
s

The rest of the terms represents the different impedances
and admittances of the system Z; = L;s+ Ry, Zs = Lss+ R,
Y, = Cys+Gq, Zg = Lys+R,. Note that the VSG dynamics
has been neglected, i.e. G, (s) = 1, since its much faster
than the analyzed AHF and current control loops. Therefore,
the open-loop transfer function Gy, (s) of this model can be
computed as:

€us o Gznv(S)Pl(S)R(s)
Vg o ZtYmZp + Ze + Gin'U(S)PI(S)

Gor(8)|v,=0 =

where Z, = Zs + Zg and Z, = Zy + Zs + Z,.
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Fig. A2. Bode plot of the magnitude for the Gor (s) of the system.

The Bode diagram related to Gor(s) is shown in Fig. A2
particularized with the final controller gains and parameters
of Table II and Table III respectively. Note that the AHF
functionality has been applied just to the 6!* harmonic, which
represents the negative sequence of the 5* harmonic and the
positive sequence of the 7*" harmonic in the dq domain. As
reflected in the Bode diagram, the peak magnitude is located
at 300 Hz (6" harmonic) while the rest of frequencies have
a magnitude lower than -50dB. This means that the AHF
functionality only acts on the 6! harmonic without affecting
to the rest of frequencies of the system. This result is consistent
with the experimental results depicted in Fig. 14, where only
the harmonics tuned at the resonant controllers are mitigated
without affecting the rest of frequencies.
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Fig. Al. Transfer function representation of the AHF functionality.



