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Abstract— State-of-the-art grid connected converters can be
classified as “’grid-following”, meaning that they require a dedi-
cated synchronization unit in order to inject active and reactive
currents into the grid. Recently, other converter control concepts
have been proposed in the literature, such as the synchronverter,
which instead can achieve synchronization without a dedicated
unit and, within its physical limitations, make the converter
behave as an ideal voltage source. Since it should be expected that
grid connected converters having different control philosophies
will co-exist for many years, in this paper, the interaction among
converters operating nearby are addressed. First the component
connection method (CCM) technique is introduced, as a means
for obtaining the state-space representation of a complex system
with several units operating nearby. Due to the complexity of the
grid and the difficulty in obtaining its exact representation, u-
analysis is adopted in this paper for assessing the robust stability
of the converter under different operating conditions, according
to a defined set of plant uncertainties. Simulation results as well
as experimental tests in a laboratory environment by means of
a power hardware-in-the-loop (PHIL) test bench are performed
to demonstrate the validity of the presented analysis.

Index Terms—Parallel operation of converters, robust stability
analysis, u-analysis, component connection method (CCM).

I. INTRODUCTION

TATE-of-the-art converters for grid connected applications
S can be classified as “grid-following”, meaning that they
require a dedicated synchronization unit for their operation to
estimate the voltage angle at any time [1]. The influence of
synchronization units, often implemented by means of phase-
locked loops (PLLs), on converter stability has been recently
addressed in several works [2]-[8]. In [9] and [10], the negative
effects due to the interactions among synchronization units of
converters operating nearby have been investigated, showing
their impact especially under weak grid conditions.

The concept of “grid-forming” converters introduced in
the past decade in the context of micro-grids, is now being
reconsidered for applications in wider, interconnected systems
with high penetration of power electronics-based generation.
Compared to grid-following units, these types of converters
regulate active and reactive power injected into the grid by
controlling amplitude and phase of the voltage at the point
of common coupling (PCC) instead of controlling injected
active and reactive currents. To this category belong virtual
synchronous machines (VSMs) [11]-[16], which have the
ability of self-synchronization to the grid without the need
of a dedicated unit, and the synchronverter is among the most
popular VSM implementations proposed in the literature [13]-
[15].
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Figure 1. Work-flow of the paper: 1. CCM for model construction; 2. u-
analysis for assessment of control robustness; 3. PHIL tests for experimental
validation.

While PLL-based converters are particularly susceptible to
weak grid conditions, the robust stability analysis performed in
[17], has shown that synchronverters, and VSMs in general, are
suitable for such applications. This has been further confirmed
in [18], where the parallel operation of two synchronverters
has been studied. Although parallel operation of PLL-based
converters and the parallel operation of synchronverters have
been addressed in the literature, the effects of a synchronverter
on the stability of a PLL-based converter have not yet been
properly investigated. Indeed, it is reasonable to expect that
in the near future more grid forming-type converters will be
operating in the system, requiring a rigorous mathematical
investigation of the interactions among this type of converters
and state-of-the art PLL-based converters. The objective of this
paper is the assessment of the effects due to the proximity
of different types of converters on the robust stability of
a PLL-based converter, being definitely an important aspect
to be considered when planning installation of new power
plants in the power system of the future, characterized by the
increasing amount of power electronics-based generation. Due
to the multiple-input multiple-output (MIMO) formulation of
the problem, the structured singular value (SSV) analysis
(commonly p-analysis) is performed, providing a measure
of robustness that cannot be easily obtained by means of
eigenvalue analysis [19]-[22]. Furthermore, due to the com-
plexity of the grid and the difficulty in obtaining an accurate
model, the p-analysis assesses system stability according to
a defined plant uncertainty function, considering therefore a
set of possible plants instead of investigating only a particular
condition. This allows evaluating the robustness of the control
assuming a certain degree of model inaccuracy (parameter un-
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certainties, neglected dynamics of sensors/actuators, presence
of additional components). The state-space representation of
the system under study required for the analysis is obtained
by adopting the component connection method (CCM). As
schematically shown in Fig. 1, this allows easily deriving the
model of the system, by modularly combining the state-space
representations of the subsystems composing it [23].

The outline of the paper is the following: the investigated
system is introduced in Section II, along with the CCM
technique. In Section III, the concept of y-analysis is first intro-
duced and then applied to the investigated cases. Experimental
results performed with a power hardware-in-the-loop (PHIL)
test bench, as well as time-domain simulations are reported in
Section IV to validate the performed analysis, while Section
V is dedicated to the conclusions.

II. MODELLING OF THE SYSTEM

Fig. 2(a) shows a scheme of the studied system. It is
composed of two converters operating nearby and connected
to the same grid. The impedances Z.; and Z., are introduced
in order to modify the electrical distance between the two
converters, namely the impedance between their respective
points of common coupling (PCC) and the connection bus. It is
assumed that the converter labelled as “Converter 17 is a PLL-
based unit, whereas ”Converter 2” can be either a PLL-based
converter or a synchronverter. In Fig. 2(b) and (c), the two
control structures of the PLL-based converter considered in
this work are respectively shown. In both cases, a synchronous
reference frame (SRF)-PLL is implemented for the estimation
of the grid angle (Fig. 3), whose bandwidth can be modified
by properly setting the parameters k,p;; and k;pry [24]. In the
structure shown in Fig. 2(b), an inner control loop adopting
PI controllers in the dq reference frame is implemented. As in
[10], the parameters of the inner current control loop are tuned

according to the technical optimum technique, and therefore
univocally defined by the hardware components [24], while in
the scheme shown in Fig. 2(c), it is assumed that the converter
behaves as a perfect current source, whose injected currents
are calculated transforming the reference setpoints I; and I
in the abc frame using the angle detected by the PLL [10].

The synchronverter control structure is shown in Fig. 2(d),
and a comprehensive description of its operating principle
can be found in [13], [14]. The grid is modelled by means
of its Thévenin equivalent, where resistive and inductive
components of the grid impedance are calculated according
to the short-circuit power and the X/R ratio at the connec-
tion point. Though this representation is commonly adopted
by the power electronics community, it is well known that
such approximation might be inaccurate in practice, since
the characteristic of the grid can change substantially during
the day [25]. Furthermore, even though excursions of short
circuit power and of X/R within defined limits are considered,
an accurate portrait of the frequency behavior of the grid
impedance is still unlikely to be obtained due to the unknown
behavior of the generating units and loads connected to the
grid. The stability analysis performed in this paper, tackles this
problem by including plant uncertainties in the investigation
and is therefore suitable for assessing the robust stability of
the converter. It requires the state-space representations of the
control and of the plant, which are obtained in the following
by adopting the CCM.

A. Plant model by means of CCM

The state-space representation of the plant is obtained
by combining the subsystems shown in Fig. 4(a). Inputs
and outputs of each subsystem are indicated in the figure,
along with the interconnections to the rest of the system.
The subsystems composing the two different models of the
PLL-based converter considered in this work are reported in
Fig. 4(b) and (c), respectively, whereas Fig. 4(d) accounts for
the synchronverter model already reported in [18]. Indeed,
Converter 1 can be either modeled using the structure of
Fig. 4(b) or (c), while Converter 2 can be modeled using any
of the structures depicted in Fig. 4.

The state-space representation of the plant is given below:
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Figure 4. Structure of the system for CCM analysis: (a) overall system, (b)
PLL-based converter with PI current control loop, (c) PLL-based converter
with current source behaviour, (d) synchronverter model.

Xplant =Fiu Xplant + Gint Uplant (])
Yplant = Hi Xplant + Jint Uplant

where F;,;, Gy, Hir and J;,,; are defined as:
Fiu =A, +B,L;;(I-D,L1;)"'C,
Giy =B,L;1(I1-D,Ly;)"'D,Li> +B,L2
H;, =B,Ly; (I-D,Ly;)"'C, '
Jie =Lo1(I-D,Ly1)"'D, L1 + Lo

2

A,, B,, C, and D, are sparse block diagonal matrices ob-
tained from the state-space representations of the subsystems

and are dependent on the considered plant configuration. For
example, for the case when the second converter operates as
a synchronverter, A,, B,, C,, and D,, are given by:

A, =diag{Azc1,Azc2,Apg, Asyn, Asii2, Ag}
B, = diag{Bzc1,Bz:2,Bpg,Bsyn, Byin2, B }
C, = diag{Cz.1,Cz2,Cp,Csyn, Critr2,Cq}
D, = diag{Dz1,Dz:2,Dpg,Dsyn, Dyit2, D }

Lii, Lip, Ly, and Ly in (2) are called interconnec-
tion matrices and indicate how inputs and outputs of the
subsystems are connected to each other. For the previ-
ously mentioned condition when Converter 2 operates as
a synchronverter, the vector containing all the inputs of
the subsystems composing the plant is defined as uy,, =
Uzl Uze Upg Ugy, Wi ug]T, whereas the vector contain-
ing the outputs Y = [YZCI Yze2 YPQ YSyn Yfiir2 yg]T- The
following relation is therefore valid:

3)

ug, =Ly Ysub +Lp2 Uplant
_ ; “4)
Yplant = Loy Ysub + L2 Wplant

where Wy, and ypa are the vectors containing inputs
and outputs of the plant, namely W, = [Aica1 Aicql]T and
Yplant = [AVpccai AVPccq]]T. The description of the subsys-
tems shown in Fig. 4 is reported in the Appendix of the paper.

III. ROBUST STABILITY ANALYSIS

In recent years, the impedance-based stability criterion has
been extensively adopted in the literature for investigating
stability of grid connected converters [2]-[7], [26], [27]. It
allows assessing locally converter stability by applying the
Nyquist stability criterion to the ratio between the equivalent
output admittance of the converter and the equivalent grid
admittance at the converter terminals [28]. The most appealing
aspect of this approach is represented by its black-box na-
ture, since the grid impedance needed for assessing converter
stability can be identified by means of suitable measurement
systems without any knowledge of the grid configuration and
of the types of connected loads and generating units [25],
[29]. However, the impedance-based criterion does not provide
information at system level, and therefore for power system
studies, where the holistic view of the system is of interest,
eigenvalue analysis is often preferred [30]. In fact, by means
of modal analysis it is possible to calculate participation
factors and to identify the states mainly affecting the critical
system modes. Nevertheless, for MIMO systems neither the
generalized Nyquist criterion (GNC) [31], nor the eigenvalues
can provide a reliable estimation of stability margin, since they
do not take into account the possible interactions among inputs
and outputs of different channels. This aspect justifies the need
for applying multivariable control theory [19]-[22]. Several
techniques have been proposed in the literature, and the u-
analysis is among the most commonly adopted approaches for
assessing stability of MIMO systems.

A. Introduction to u-analysis

The main difference between SISO and MIMO systems
consists in the presence of directions in the latter [19]. In



fact, while eigenvalues only provide information about the
gains of the system when inputs and outputs are in the same
direction, namely the direction of the eigenvectors, the singular
values provide information about the largest gain for any input
direction, representing therefore a most suitable choice for the
analysis of MIMO systems [19]-[22]. Examples of the limita-
tions occurring when analyzing the stability of MIMO systems
adopting standard SISO tools have been discussed in the
literature [19]-[21]. The p-analysis is an effective and math-
ematically accurate method for evaluating control robustness
for MIMO system applications. It considers system singular
values rather than system eigenvalues and it allows to cover a
set of possible system configurations identified by a frequency-
dependent uncertainty function instead of assessing stability
only for a particular condition [17]-[22], avoiding therefore
a trial-and-error procedure based on checking stability and
performance for a large number of candidate plants. Causes
for system uncertainties can be of different nature: neglected
dynamics of sensors or actuators, parameter uncertainties or
unknown behaviour of the system components [32]. Among
the possible techniques for representing system uncertainties,
the multiplicative representation is the commonly adopted one
[20]. It is described by the following expression:

G = (1+wolo) G; with || Ayl < 1, (5)

where A, is a block diagonal normalized matrix including all
the possible perturbations, ||A,||. represents its . norm [20],
w, is the multiplicative weight and G is the nominal plant.
A proper choice of the plant uncertainties allows including
effects that are in fact certain [20]. A conceptual example
is shown in Fig. 5, for the case of a SISO transfer function
representing the single-phase resistive-inductive impedance of
a hypothetical grid:

G(jo) = (Rg+ jo Lg). (6)

Fig. 5 (a) shows the comparison between the nominal plant
(red-dotted line), the corresponding magnitude when a differ-
ent SCR is considered (blue line), the magnitude when the X/R
ratio is changed (yellow), and the frequency portrait of the
impedance when additional resonant high-frequency effects
are included. Fig. 5 (b) shows the relative difference D,
between each of the aforementioned plants and the nominal
one, calculated as [19]:

Gp(jo) - G(jo)

7
GGo) I v

Drel(jm) =
where G, indicates the perturbed plant. The red-continuous
line in Fig. 5 (b), indicates a possible choice for the uncertainty
function, which beside covering all the possible effects that
have been considered in Fig. 5 (a), it would also include an
additional degree of robustness to the analysis, due to the fact
that a wider set of plants will be actually considered.

In order to perform the p-analysis, the system is brought
into the form shown in Fig. 6 (a). It represents the general
system configuration usually adopted for including model
uncertainties [19], [20] . Once system uncertainties have been
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Figure 5. Conceptual explanation of the uncertainty function. (a) Magnitude
of the transfer function of a resistive-inductive impedance: (red dotted)
nominal plant, (blue) increasing SCR, (yellow) varying X/R ratio, (violet)
considering high-frequency effects. (b) Relative difference to nominal plant:
(blue) increasing SCR, (yellow) varying X/R ratio, (violet) considering high-
frequency effects, (red) possible weighting function.

“pulled out” from the generalized plant P, the NA-structure
shown in Fig. 6 (b) is obtained by means of a matrix lower
linear fractional transformation (LFT) between the generalized
plant P and the controller C, defined as [19], [20]:

N=F(P,C) 2py + PC(I — PpC) 7Py (8)

Finally, the MA-structure is derived considering that M =
N11. The structured singular value y is defined as the smallest
structured A (measured in terms of the largest singular value
G (A)), which makes the matrix / — MA singular; then [19]:

A 1
A — o«
mAm{ G | det(I—MA) =0 for structured A}

(M) 9

The inverse of the p-factor can be interpreted as a stability
margin, namely it indicates the amplitude of the smallest
perturbation destabilizing the interconnection between the
controller C and the generalized plant P. In fact, indicating
with p the amplitude of the highest peak of the u-factor
within the whole investigated frequency range, stability is
guaranteed for all system configurations indicated by the
structured perturbations matrices A, such that [33]:

_ 1
max G(A) < —.

(10)

Therefore, If the wp-factor exceeds the magnitude of 1
at a determined frequency, there exists a perturbation with
G(A) = 1 which makes the system I —MA singular, meaning
that there exists one plant configuration among those defined
by the uncertainty function, where the control is unstable. The
corresponding stability margin is closely related to the chosen
uncertainty set and is generally more conservative compared
to the results obtained by means of eigenvalue analysis. This
is due to the fact that the stability margin is calculated for a set
of possible configurations instead of only for a specific one.
However, it represents a mathematically accurate calculation of
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the robustness of a control for MIMO systems, which cannot
be generally obtained by adopting standard tools for SISO
system analysis [19]-[22].

B. Application to the system under study

In the following, the p-analysis is performed in order to
investigate the interactions among converters with different
control philosophies. The high-frequency multiplicative uncer-
tainty shown in Fig. 7, is adopted for the purposes of the
analysis [17], [18]. It shows an amplitude of 50% at low
frequency, increasing till 500% at very high frequencies. As
pointed out with the example shown in Fig. 5, it represents
the typical behaviour of multiplicative uncertainties, reflecting
the fact that the system behaviour is often better understood at
low frequency. Furthermore, the diagonal uncertainty adopted
for the analysis includes the effects of neglected dynamics in
the individual input channels (actuators) or in the individual
output channels (sensors), and it is always present in a real
system [19]. This addresses, amongst others, the effects caused
by filtering of measured quantities that have not been explicitly
included in the model. In order to bring the system in a
structure suitable for the wp-analysis, the generalized plant
P is constructed according to Fig. 8, where yp = [z1 Zz}T,

up = [wy wa] T and the two multiplicative output uncertainties
Ws1 and Wy, have been located at the output channels v; and
v2. Finally, the generalized plant P is obtained by means of
the MATLAB function sisic of the robust control toolbox,
while the NA-structure by using the starp command of the
same MATLAB toolbox [33].

C. Two PLL-based converters

The first investigated condition is the case of two PLL-
based converters operating in parallel and connected to a grid
with short-circuit ratio (SCR) of 2.5. System parameters are
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Figure 8. Construction of the general plant for the case under study.

Table 1
SIMULATION PARAMETERS

Description Symbol Value
Grid short circuit power Sn 1 MVA
Grid X/R Ratio X/R 10
Line-to-line voltage Vi 400 V (rms)
Rated grid frequency fe 50 Hz
Inverters switching frequency fow 30 kHz
Reference inductance Lgp 0.995 pu
Reference resistance Rgp 0.0995 pu
Inverter filter inductance Ly 0.265 pu
Inverter filter resistance Ry 0.07 pu
Virtual inertia J 0.6687
K factor K 37459
P-Droop coefficient D, 60.8
Q-Droop coefficient D, 18371

reported in Table I, and the resistive and inductive components
of the impedance Z, are given by R, and Lgy,, respectively.
It is assumed that the two converters are perfectly identical in
terms of rated power and PLL-bandwidth. As already stated
in Section II, the PI controller parameters of the PLL-based
converter model with inner current control loop are tuned
according to the technical optimum technique. Indicating with
f¢ the cut-off frequency of the PLL open-loop transfer function
[10], the migration of the critical system eigenvalues for a
sweep of the PLL-bandwidth from f, = {100 ; 145} Hz
is shown in Fig. 9. The blue points are related to the sys-
tem eigenvalues calculated when the converters are modeled
adopting the structure of Fig. 2(c), whereas the red points are
obtained using the model of Fig. 2 (b). The results obtained
with the two models are pretty close, since the corresponding
critical PLL-bandwidths are f. ~ 128 Hz using the PLL-
based converter model without inner current control loop
and f. ~ 123 Hz for the model that considers the effects of
the PI-based inner current control loop, respectively. Fig. 10
shows the u-factor calculated with the two considered control
models for a sweep of f. = {100 ; 120} Hz. According
to the chosen system uncertainties, the u-factor crosses the
value of 1 at f. ~ 118 Hz using the model of Fig. 2 (c) and
+ ~ 116 Hz when the model of Fig. 2 (b) with inner current
control loop is considered. As expected, the results of the -
analysis are generally more conservative, since the u-factor
is calculated considering a set of possible plants instead of
assessing stability for a specific configuration. Nevertheless,
the corresponding critical bandwidths are similar in both cases.

The second investigated condition is the variation of the
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power injected by the second PLL-based converter connected
in parallel. Assuming that the two converters operate with a
PLL-bandwidth of f. =115 Hz, Fig. 11 shows the u-factor for
a sweep of the power injected by the second converters from
Peom2 =40.5 ;1} pu. Fig. 11 confirms the results reported in
[10], since the variation of the power injected by the second
converter can be also interpreted as a variation of the grid SCR
at the connection point.

D. PLL-based converter and synchronverter

Fig. 12 shows the effects due to the proximity of a syn-
chronverter on the robust stability of a PLL-based converter.
Converter 1 is connected to a grid with parameters R, = Ry,
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Figure 12. Effects of the synchronverter on the PLL-based converter: (a)
model with current source behaviour, (b) with PI inner current control loop.

and Ly = Lgy, resulting in a SCR = 2.5 when the converter op-
erates alone and injects P.,y,,1 = 400 kW. The PLL-bandwidth
is set to f. = 120 Hz and the dashed blue and red lines in
Fig. 12 (a) and (b), respectively show the calculated u-factor
with the two different PLL-based converter models analysed
in this work, under the aforementioned operating conditions.
The continuous dark blue line in Fig.12 (a) and the contin-
uous dark red line in Fig.12 (b) correspond to the u-factor
calculated when the second converter is connected in parallel
and operates as a synchronverter, whose parameters are shown
in Table I and have been tuned according to the procedure
presented in [10]. The presence of the synchronverter operating
nearby clearly reduces the magnitude of the u-factor, proving
therefore the beneficial effects on the robust stability of the
PLL-based converter.

E. Effects of the distance

The effects of the electrical distance between the converters
on their robust stability is investigated in this section. To
this purpose, the factor ky;; is introduced and resistive and
inductive components of the impedances Z.i, Z» and Z; of
Fig.2 (a) are calculated as follows:

Ly =Lo= Lgb : (1 - kdist); Ly = Lgb “kaist

Rei =R = Rgb : (1 - kdist); Ry, = Rgb “kaist 1D

Assuming that the impedance between converters is mainly
due to the presence of cables and transformers, the term
electrical distance used in this paper can be directly related to
the physical distance between the units. However, this is not a
general statement, since the value of determined impedances
might be properly increased in practical cases, so as to provide
a certain degree of decoupling between electrical parts of a
complex system, e.g. in order to reduce circulating currents
among converters operating nearby.

Fig. 13 shows the u-factor for a sweep of ky;;; within the
range kgis = {1 ; 0.8} when two PLL-based converters operate
nearby. It has been shown in the previous subsections, that
two PLL-based converter models investigated in this work
provided qualitatively similar results. In both implementations,
the bandwidth of the inner current control loop is way higher
than the PLL-bandwidth in question, and therefore it can be
deduced that the results shown in the paper are independent
from the implementation of the inner current control loop, as
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Figure 13. Two PLL-based converters: effects of the distance between

converters on the u-factor for a sweep of kgiy = {1 ; 0.8}.
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Figure 14. PLL-based converter and synchronverter: effects of the distance
between converters on the u-factor for a sweep of kg = {1; 0.5}.

long as its design satisfies the aforementioned condition. For
this reason, the results shown in Fig. 13, have been obtained
by using the PLL-based converter model with current source
behaviour, with consequent reduction of model complexity.
Although the sum of the impedances Z.| +Z, for Converter
1 and Z, + Z, for Converter 2 is maintained constant, the
increase of the electrical distance between the two converters
noticeably reduces the magnitude of the u-factor.

The same analysis is performed for the case of a PLL-based
converter and a synchronverter operating neraby. Fig. 14 shows
the effects of the electrical distance between converters on the
u-factor for a sweep of ky;;; within the range kgi; = {1 ; 0.5}.
The results reported in Fig. 14, show an opposite trend
compared to the case of two PLL-based converters operating
nearby. In fact, as indicated by the increase of the u-factor,
the growth of the electrical distance causes a reduction of the
stability margin in this case.

IV. EXPERIMENTAL RESULTS

Experimental tests in a laboratory environment have been
performed so as to validate the analysis presented in this paper.
In Fig. 15(a) and (b), the scheme of the setup used for the tests
and a picture of it are respectively shown. Two converters
Danfoss Series FC-302 (4 kVA rated power), operating with
a switching frequency of 10 kHz, are equipped with output
inductive filters and additional output transformers. The point
of connection of each converter is defined as the primary side
of the respective transformer. Both converters are connected to
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Figure 15. (a) Scheme of the laboratory setup used for the tests, (b) picture
of the laboratory setup.

Table IT
PARAMETERS EXPERIMENTAL SETUP
Description Symbol Value
Inverters 1 and 2 rated powers Su1 = Sn2 4 kVA
Grid line-to-line voltage Vir 100v/3 V (rms)
Rated grid frequency fe 50 Hz
Filter inductance Inv. 1 and 2 Lyy=Lp 5.2 mH
Filter resistance Inv. 1 and 2 Rri=Rp 1Q
Impedance Trafo 1 and 2 L7y =Lr2;Rr1 =Rpa 1.5mH; 1 Q
Additional inductors Logar = Loaan 2 mH
Filter resistance Inv. 1 and 2 Rpi =Ry 1Q
Converter switching frequency fs 10 kHz
Proportional gain current control Kpi 16.7
Integral gain current control Kii 1500
Virtual inertia J 4e-4
Q-loop inverse integrator gain K 800
P-Droop coefficient D, 0.8
Q-Droop coefficient D, 183

a 4-quadrant linear power amplifier PAS 15000 from Spitzen-
berger & Spies, whereas a grid model is simulated in real-
time using a real-time digital simulator (RTDS). The current
control of each converter shown in Fig. 15 (a), is implemented
in a dSPACE control Desk DS1202 MicroLabBox, adopting PI
controllers tuned according to the technical optimum technique
[10], [24]. In order to reproduce similar conditions to those
investigated in the paper, the switches indicated in Fig. 15 (a)
with §3 and S4 are introduced, so as to allow the connection of
additional inductances between the converters and the power
amplifier.

In Fig. 16 -18, experimental results are shown and compared
to simulations performed in MATLAB/Simulink/PLECS. For
the tests of Fig. 16, the current of the first converter, rep-
resented by the green waveform, is slowly ramped up to



Table IIT
CRITICAL PLL-BANDWIDTHS FOR THE DIFFERENT TEST CASES

Case  Operating mode g, s2 s3 S4  Simulated R, Simulated [,  Chucal fe critical Je
inv. 2 (experimental) (simulated)
1 OFF Closed  Open Open Open 03 Q 5 mH faa =650 Hz  f.1 =700 Hz
2 PLL-based Closed Closed  Open Open 03 Q 5 mH faa~=250Hz  f.1 =280 Hz
3 PLL-based Closed Closed Closed Closed 0.15Q 3 mH fe1 =400 Hz  f,; =350 Hz
4 Synchronverter ~ Closed Closed  Open Open 03 Q 5 mH faa =600 Hz  f.1 =680 Hz
5 Synchronverter Closed Closed Closed Closed 0.15 Q 3 mH fe1 =460 Hz fe1 =520 Hz
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Figure 16. One PLL-based converter operating alone: (a) measurement results,
(b) simulations.

Iy = 7 A, corresponding to Py, ~ 1.5 kW, whereas the
second converter is switched off. According to the injected
current, the corresponding SCR is around 12 and the PLL-
bandwidth causing instability is approximately f.; ~ 650 Hz.
The tests shown in Fig. 17, have been performed connecting
the second converter in parallel, whose control parameters are
identical to those of the first converter, both for the current
control as well as for the PLL. When both converters inject
Iy = I = 7 A, the corresponding SCR ~ 6 and the PLL-
bandwidth causing instability becomes f,; = f.» ~ 280 Hz.
Subsequently, the second converter has been replaced by a
synchronverter and the setpoints of the two converters have
been set so as I;; = I;p =7 A. Although the same SCR as for
the previous case is achieved, the critical PLL-bandwidth of
Converter 1 becomes f,; ~ 600 Hz. Fig. 18 shows the current
waveforms of the two converters for the described operating
condition when operating close to the stability border, as can
be deduced by the slightly distorted current waveforms.

The same operating conditions have been tested again when
the additional inductances between the converters and the
power amplifier are introduced. Fig. 19 shows the correspond-
ing current waveforms during the transition from stable to
unstable operation when the two converters are PLL-based,
whereas the corresponding critical PLL-bandwidths for each
of the investigated cases are reported in Table III, confirming
the trend predicted by the analytical model.
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Figure 17. Two PLL-based converters in parallel: (a) measurement results,
(b) simulations.

V. CONCLUSION

In this paper, interactions among converters with different
control structures operating nearby have been addressed. Two
different implementations of a PLL-based converter and the
synchronverter have been considered for the purpose of the
investigation and, due to the MIMO nature of the studied
system, a rigorous mathematical analysis by means of SSVs
has been performed in order to assess the robust stability
of the converter. It has been shown that the obtained results
are qualitatively independent from the implementation of the
inner current control loop, as long as the design of the latter
satisfies certain assumptions. In order to obtain the state-space
representation of the system under study, the CCM technique
has been adopted. This work demonstrates how the presence of
a synchronverter operating nearby enhances the robust stability
of a PLL-based converter, which is instead worsened when
operating in proximity to another converter of the same type.
The effects of the electrical distance between converters have
been also addressed in this work, showing that small variations
of the distance substantially modify the results obtained when
the converters operate in parallel, and that the increase of
the electrical distance between two PLL-based converters has
opposite effects compared to the case of a PLL-based converter
operating in proximity of a synchronverter. Simulation results
as well as experimental tests in a laboratory environment by
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means of a PHIL test bench validate the performed analysis.

APPENDIX A
SUBSYSTEMS DESCRIPTION

A. PLL on Currents

The linearization of the SRF-PLL equations has been exten-
sively discussed in the literature [2], [4], [26]. In this work, the
transfer functions derived in [2] are adopted for the purpose
of the investigation. The effects of the PLL on the converter
measured currents are considered in the model by means of
the subsystems indicated in Fig. 4(b) as "PLL on currents”.
Defining the following vectors of inputs and outputs as:

upyc = [Avpccar Aveecgr Aicgy Aiegp)”

. . , Al
Yroc = [AlcondZ Alcoan]T ( )

the effects of the PLL on the measured currents are modeled
by means of the following equations:

0 IquLL(S) 1 0

yrc = g LHpr(s) O 1 (A.2)

up2c,

where I, and I, respectively indicate the d and the g compo-
nents of the converter currents at the operating point. Hpyz(s)
represents the PLL transfer function, namely the variation of
the detected angle Op;; according to a variation of the g-
component of the measured voltage:

ABpyy () _ LF(s)

H = =
L (3) Avpccg(s) s+ VaLF(s)’

(A3)

with V; indicating the d-component of the voltage at the
operating point and LF(s) the transfer function of the loop
filter of the SRF-PLL [24]:

Kipr1

LF(S) = KppLr + (A.4)

Kypr1 and Kjpr; represent proportional and integral gain
of the PLL, respectively. The state-space matrices of this
subsystem have been obtained from (A.2) by means of the
MATLAB command ss, which converts transfer functions into
state-space form.

B. PLL on Voltages

The effects of the PLL on the measured voltages are
included in the block ”"PLL on voltages”, and are described
by the following equation [2]:

0 _DqHPLL (S):|
~ , (AS
Ypov {O DaHpis(s) upzy, (A.S)

where D, and D, are related to the ¢ and d components of
the converter duty ratio at the operating point [2], while inputs
and outputs are given by the following vectors:

upay = [Avpccar Aveeeqe]”

A.6
Yrov = [Avean Aveg]” (A-6)

The MATLAB command ss is used also in this case in
order to obtain the state-space matrices of the subsystem from
(A.5).

C. PI Current Control

Inputs and outputs of the ”PI current control” subsystem are
given below:
uce = [Alyear Alrefqr Aiconar Nicongz Avpecar Avpecga)”
yee = [Aveear Aveeqr)”
(A7)

The equations describing the subsystem are given below:

_[PI(s) 0 —PI(s) O 1 0
yee = |0 pis) 0 —PI(s)0 1| Yc A®
where:
B Kice
PI(S) =Kpcc+ P (A9)

and K,cc and Kjcc indicate respectively the proportional and
the integral gain of the controller. The state-space matrices are
obtained from (A.8) by means of the MATLAB command ss.



D. Delay

The subsystem “Delay” takes into account the effects in-
troduced by the PWM modulation and the digital control.
Indicating with f; the converter switching frequency and
defining Ty, = 1.5/ f;, the transfer functions of the subsystem
are given below:

~

1—5(Tye1/2) 0
Yiet = l

1+S(Ygﬂl/2) IS(Tdel/z)‘| ug., (A.10)
1+5(Tye1/2)

where:

Uger = [AVinay Aving]”
. A.l11
Yael = [Avierar Avieign)” (A-1D)

State-space matrices are obtained applying the MATLAB
command ss to eq. (A.10).

E. PLL-based converter (current source model)

The equations describing the subsystem accounting for the
PLL-based converter with current source behavior are:

0 —IqHPLL(S) 1 0

Uen.

As for the previous case, the state-space matrices are
obtained from (A.12) by means of the MATLAB command
ss, while input and output vectors are reported below:

U2 = [AVpccar AVeccqr Alvefar Alrergn)”

. . A.13
Yo = [Alch Alcq2]T ( )

F. Filter 1 and Filter 2

In this work, inductive converter output filters are consid-
ered. In order to fit with the subsystem decomposition of the
different converter control models, two different formulations
have been considered, which are indicated in Fig. 4(b) and
(d) as “Filter]” and “Filter 2” and only differ for their input
vectors. The corresponding input matrices B ;;;1 and B;o are:

1 1

Lo -L o

L L
Bfim:[ofl ! 1];

Ly Ly
cos@y _ VpsinBp 1
o= | L Ly Ly
Bfllf2 = | sinfy  VycosBy 0o _—L|° (A.14)
Ly Ly Ly

whereas the state-space matrices Ay, Cyy; and Dy are
equal for both subsystems:

i Crip = [IY]: Dyyy = [024].

(A.15)

Ry and Ly indicate the resistive and inductive component
of the filter, respectively, whereas the quantities with subscript

”0” represent values at the operating point [17], [18]. Inputs
and outputs of the two subsystems are given below:

Ui = [Avierar Avaeigz Avpccar Avpecgn)”

. . A.16
Yyt = [Aicar Aiegp)” ( )

upin = [AE, A8 Avpccar Avpecg)”

. . A.17
Ysirrr = [Aicar Aicgp)” ( )

G. Synchronverter control

The state-space description of the synchronverter control
subsystem has been discussed in [17], [18]. The state-space
matrices are given below:

0 0 0 0 0 ko %
Ac=10 =22 0[iBe= | -5 0 0 0 |;
0o 1 0 0 0 0 0 0

: . —_ [2x5
- {0 A l], D = [025]. (A.I8)
where @y and Myiyg are initial conditions of the system states
[17]. Input and output vectors are reported in the following:

Usy, = [APyery APy AQsery AQ> AVpec)”

A.19
Ysyn = [AE[J AG}T ¢ )

H. P, Q and Vpcc amplitude Calc.

The subsystem in charge of the calculation of active power
P, reactive power Q and the amplitude of the voltage at the
PCC Vpcc has been already described in [18], and therefore
only the corresponding state-space matrices App, Bpg, Cpo,
and Dpg are reported below:

APQ = —0 [1(5)] ) CPQ = [1(5)] ; DPQ — [OSX()]
Lpary,  Tipogry Vap Vo OO
—lrpagny Arpar, Voo —Vay 00
Bpg = .= | Iepaary Irpagy, 0 00 Vay Vg |,
_ILVf2qIIo IL];/deO 0 0 V, —Vig
4 d
A = 0 0 0 0
(A.20)

with A = 1/V,?CC[IO—|—V1§cho. Quantities with subscript 707

represent values at the operating point [17], [18], while inputs
and outputs of the subsystem are represented by the following
vectors:

upg = [Aicar Aiegz Avpccar Avpecg]”

A.21
yro = [AP, AQ> AVpcc)” ’ ( )



Figure 20. Model used for the additional impedances Z.; and Z.,.

1. Impedance Zcl and Zc2

The additional impedance considered in this work is sup-
posed to be a resistive-inductive element, which might ac-
count for the line impedance between the converter and the
connection bus or model the presence of a transformer. Its
equivalent model is shown in Fig. 20, and similarly to the
solution adopted in [34] and [35], additional auxiliary shunt
components Ry and C; are introduced in order to create the
additional state of the capacitor voltage v.s;, and obtain the
information about the voltage at the connection point. In fact,
when the values of the shunt components are chosen properly,
the input current will flow entirely through the inductor L,;,.
The equations of this block are reported below:

di . . .
Lada fiatdd = Rs(lin —iradd) *+Ves — Vour — RaddiLada

Co%es = iy — i aqa
(A22)

which transformed in dg coordinates, yield the following state-
space matrices:

0 @ —& q
—®y O 0 — =
Aze=| | 0 —R—Rauu ol Cr= 1 (4)] ;
Ladd Ladd Rw(f)?
1 s Ray
0 Laqa —®o Laga “
&z 0 0 0
o L 0 0
Bz=|gr & i : Dze=[0%4], (A23)
ﬁ 0 - Laga 0
0 Ry 0 _ 1
Lada Lada

where )y indicates the grid frequency at the operating point,
and input and output vectors are defined as:
uzex = [Aicq Aieg Avpcca Aveecy)!

A.24
Yzex = [Avpccax Avpecgx|” ( )

with X = {1,2} accounting respectively for Z.; or Z.

J. Grid

The grid subsystem has been already described in [18].
According to Fig. 4, inputs and outputs are given by:
Uy = [Aigg Aigg AU
. . A.25
Yo = [Avpcca Avpecg Aiga Aigg)” ( )

while the corresponding state-space matrices are reported
below:

~ 1 Ry _
B e T ? %g J
_ s Rg 1 Ky
A= ®@o Lg 0 L | ;Bg= |, Lg :
%; 0 0 z 00
0 -& —wy 0 0 & 0
0010
QkooJ;WWﬂ'm%)

R, and C; have the same meaning as for the subsystems
“Impedance Z.;” and “Impedance Z:”.
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