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Virtual Synchronous Machines working with
Distorted and Unbalanced Voltage Conditions
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Abstract—To make photovoltaic and wind power plants
able to provide grid services (i.e., inertial behavior, grid
support and harmonic compensation), several control algo-
rithms have been proposed in the literature during the last
years. The most promising ones make the power electronic
converters behave as conventional alternators, using the
concept of Virtual Synchronous Machine (VSM). Several
VSM models are available in the literature, some of which
can improve the voltage quality at the point of connection
with the grid behaving as harmonic and unbalance sinks
under non-ideal grid voltage conditions. However, the liter-
ature lacks a general method to foresee the behavior of a
generic VSM configuration in such conditions along with a
well-established definition of the needed features to make
VSMs able to work as harmonic or unbalance sinks. There-
fore, this paper proposes a simple and general method to
foresee the behavior of different VSM configurations under
non-ideal grid voltage conditions before any experimental
verification. The proposed method accurately foresees the
VSMs behavior, as experimentally demonstrated on five
VSM models available in the literature, working with fifth
harmonic and inverse sequence voltage distortions. More-
over, the method identifies which VSM configuration can
feature a beneficial harmonic and unbalance compensa-
tion.

Index Terms—Harmonic Sink, Renewable Energy
Sources (RESs), Virtual Synchronous Machine (VSM).

[. INTRODUCTION

N the next years, renewable power plants (especially solar

and wind) are expected to provide grid services as normally
performed by thermoelectric and hydroelectric power plants.
The inertial behavior and the support of the grid during
faults are two main examples [1]. The employment of power
electronic converters is essential to connect renewable energy
sources to the electric grid, but their conventional control
techniques are not suitable to provide the aforementioned
grid services. Therefore, during the last 15 years, many dif-
ferent solutions have been proposed to overcome this issue.
Some of the proposed solutions are based on the concept
of Virtual Synchronous Machine (VSM) [2]-[4]. According
to this approach, power electronic converters can behave
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as conventional synchronous machines (SMs) by providing
the aforementioned grid services. Moreover, they can show
superior performance to SMs, even in the case of non—ideal
grid voltage conditions [5].

The literature reports some VSM implementations that
can improve the voltage quality at the point of connection
with the grid through harmonic current flow, behaving as
sinks for harmonics and unbalances [6]-[10]. As example, [6]
proposes a control with parallel virtual admittances, tuned at
specific harmonics to compensate for the voltage distortion at
the point of connection with the grid. An impedance-based
harmonic current distortion suppression method is proposed
in [7] and compared with other two conventional methods.
Paper [8] evaluates the performance of five different strategies
for controlling the negative sequence current for the operation
of a VSM model under unbalanced conditions. In [9] a
hybrid harmonic suppression scheme is integrated into a VSM
algorithm. The scheme consists of a local voltage harmonic
control loop and an adaptive grid current—controlled loop,
with a concurrent distortion inhibition capability. Finally, [10]
identifies the pros and cons of different control strategies that
combine VSM and active filter capabilities.

In general, the papers dealing with VSM behavior with non—
ideal grid voltage operating conditions focus on a specific
VSM implementation. As a result, a simple general method
to foresee the behavior of a generic VSM configuration
under non—ideal grid voltage conditions along with a well—
established definition of the needed features to make a VSM
able to work as a harmonic or unbalance sink, are not available
in the literature.

Therefore, the paper proposes a methodology with high
degree of generality that allows to foresee the VSM models
response from the point of view of the power quality, i.e.,
the behavior of VSMs under distorted and unbalanced grid
voltage conditions. Although the literature includes many
VSM solutions, according to our best knowledge the literature
lacks a paper showing that VSMs can or not provide such
service according to their category (current or voltage source)
and the type of virtual impedance implementation (complete,
simplified, or not implemented). This work aims at filling this
gap, by providing a simple and general method to foresee
the behavior of different VSM configurations under non—ideal
grid voltage conditions before any experimental verification.
Moreover, this paper assesses the needed features to make a
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VSM able to behave as harmonic and unbalance sinks, by
identifying which VSM configuration can feature a beneficial
harmonic and unbalance compensation by improving the volt-
age quality at the point of common coupling (PCC).

The proposed method has been applied to five VSM models
available in the literature. The five VSM models considered in
this paper are: Simplified Virtual Synchronous Compensator
(S-VSC) [11], Virtual Synchronous Machine (VISMA) II
[12], Osaka [13], [14], the enhanced version of the Osaka
model (hereinafter called Osaka II) [15] and Kawasaki Heavy
Industries (KHI) [16], [17]. Each of them belongs to a different
VSM configuration, which will be described in the follow-
ing section. Moreover, other two VSM models have been
implemented and tested to compare their behavior with the
aforementioned five VSMs: VISMA [18], [19] and VSYNC
[20].

The considered VSM models have been implemented on a
standard grid—tied inverter, as described in Fig. 1. The VSM
Model block contains the implemented VSM algorithms. It
provides the voltage reference given to the PWM modulator.
The complete control diagrams of the implemented VSMs
can be found in [4], as well as in their corresponding papers
[11]-[14], [16]-[20]. All the VSM models have the same
design parameters (e.g., virtual stator inductance and resis-
tance, virtual inertia, damping coefficient, etc.) to provide a
fair comparison [4]. The main data of the setup are listed in
Table I, together with the VSM parameters. Base values have
been defined to express most of the parameters in per unit. The
experimental validation has been performed for the following
testing conditions related to the grid voltage eg:

o Test 1: 5% of fifth harmonic, the most dominant non—
fundamental component in non-ideal three phase sys-
tems;

o Test 2: 5% of inverse sequence distortion, which occurs
in case of asymmetrical faults.

The chosen testing conditions represent the most likely grid
voltage non—idealities and they are significant to highlight the
differences among the implemented VSM configurations.

For the above mentioned testing conditions, the expected
beneficial effects of VSMs are, respectively, a reduction of
the fifth harmonic distortion and a decrease of the voltage un-
balance factor (VUF) on the PCC voltage v.. These represent
the needed requirements to establish if a VSM behaves as,
respectively, harmonic and unbalance sink.

This paper is organized as follows. Section II provides
a general overview of VSMs. In Section III the simplified
modeling approach is described and the theoretical results
are retrieved. Section IV shows the experimental results of
the aforementioned tests. Finally, the conclusions are given in
Section V.

[l. VSM MODELS

The virtual stator of the VSM can be modeled as an
equivalent Thévenin circuit consisted of a virtual electromotive
force generator e, and a virtual impedance Z,, including a
virtual resistance R, and a virtual inductance L, .

The VSMs can be gathered in two main categories: current
source VSMs and voltage source VSMs [4]. The former
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Fig. 1: Considered hardware for VSM implementations.

TABLE I: System parameters.

Inverter Base Values

SN 15 kVA Sp I5kVA  f; 50 Hz

In 30 A Vi, 2302V wp 314 radls

Jsw 10 kHz I 30 A L, 33.7mH

Ve 650 V Z 106Q C, 03mF

Virtual Impedance LC Filter Grid

R, 0.02 pu Ry 0024pu  E, 2302V

L, 0.15 pu Ly 0.059 pu  Rg  0.007 pu
Cy 0017pu  Lg  0.009 pu

provides the current reference i} to a current regulator to obtain
the duty cycles for the inverter switches. The latter directly
calculates the voltage reference v* with no regulators.

Current source VSMs employ a tunable virtual impedance
Z, to create the current reference from the difference between
the virtual electromotive force e, and the PCC voltage v., as
follows:

i = S (1)

The connection between the current source VSM and the
electric grid can be modeled with the single phase equivalent
circuit in Fig. 2a, where L, is the grid inductance, R, is the
grid resistance and Cy is the LC filter capacitance.

On the contrary, voltage source VSMs create the voltage
reference by subtracting the voltage drop on the tunable virtual
impedance Z, to the virtual electromotive force e,, as shown
in (2).

vi=e, —Z,i; 2)

The grid connection can be modeled with the single phase
equivalent circuit depicted in Fig. 2b. Here, Ly is the filter
inductance and Ry is the filter resistance. The other elements
are the same of Fig. 2a.

[1l. THEORETICAL ANALYSIS

In the (d,q) reference frame rotating at the fundamental
frequency o, the generic quantity X can be written as follows:

X=xq+]jxq 3)

where j is the imaginary unit, while x; and x, are the two
components of x on the d—axis and the g—axis, respectively.
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Fig. 2: Equivalent circuits of connection between the grid
and the inverter: (a) current source models; (b) voltage source
models.

Considering the equivalent circuits of Fig. 2, the capacitor
current can be assumed negligible for the purpose of this paper
as it is much lower than the inverter current. Therefore, the
grid current i, can be considered equal to the inverter current
i;. With this approximation, the Kirchhoff’s voltage law for
the circuit in Fig. 2a in the (d, q) reference frame rotating at
®, is the following:

— < di; . -
e, =Ryi;+L,— +joL,i; +v,
dt

e, =Av, +Vv,

- “4)

— - dli . = —
=Av, + Rgi; + ng + joLgi; +eg
=Av, +Avg +e,

For the generic harmonic order &, the derivative term at
steady state is:

d
7 Jjho (5)
Consequently, (4) is evaluated for the A—th order:
el = AV + V)
= AV! 4 Ryiy +j(h+ DoLgi;, +¢" ©6)

_ASh L ASh L Sh
=Av, +Av, +é€,

The same applies to the equivalent circuit in Fig. 2b:

ey = AV, + AV, + AV + ¢ (N
e = AV + AV} + AV, + ) (8)

The virtual impedance Z, can be considered as:

« Complete virtual impedance (CVI). No simplifications are
performed on the Kirchhoff’s voltage law (4) since the
virtual impedance behaves like a real impedance.

« Simplified virtual impedance (SVI). The derivative term
in (4) is neglected and the reactance is the same for each
harmonic component. In this case, the virtual impedance
does not behave like a real one.

o Not implemented (NI). The virtual impedance is not
implemented.

Six VSM configurations can be been identified according
to their category (current or voltage source) and how the
virtual impedance is implemented. These configurations are
listed below:

A. Current source with CVI. The analysis and the results
are carried out for the S—VSC model, but they can be
extended for other current source VSMs available in
the literature, such as VISMA I [21], Synchronverter
[22] and Synchronous Power Controller (SPC) [23]-[25].
Moreover, the same analysis can be applied to [26]-[29].

B. Voltage source with CVI. The VSM model under analysis
is the VISMA 11

C. Current source with SVI. The KHI model is the VSM
implemented to analyze this kind of configuration. The
simplified modeling and the results are also valid for the
Cascaded Virtual Synchronous Machine (CVSM) [30],
[31]. The same approach can be extended to other VSM
available in the literature [32], [33].

D. Voltage source with NI. The considered VSM model for
the modeling validation is the Osaka model. The results
are also valid for other grid—forming VSMs with no
virtual impedance, such as [34], [35].

E. Voltage source with SVI. The VSM model chosen for the
modeling validation is the Osaka II model.

F. Current source with NI. This last configuration gathers
two current source models which do not embed a virtual
impedance: VISMA and VSYNC. No simplified models
have been retrieved for them, but they have been imple-
mented and tested to compare their responses with the
five previous configurations.

A. Current source with CVI

Starting from (4), the equivalent circuit of current source
with CVI VSMs is shown in Fig. 3a. For the A—th harmonic
order, (4) becomes:

- <sh . <h . sh
eﬁ =Ryi; + jhoL,i; + joL,i; + v?

= (R +R) 1y +j (h+ D)oLy, + Ly)i; +2"
Req X2,

= (Req + jX1)i; +¢"

This method can be also applied to the VSM proposed in
[26], where the virtual impedance shows a virtual capacitor
which can be included in the equivalent reactance Xé’q. More-
over, (9) is valid even for VSMs which employ a complete
and adaptive virtual impedance, where the amplitudes of the
virtual resistance and inductance can change according to their
control algorithm [27], [28]. Finally, [29] uses a complete
virtual impedance with a low—pass filter. In this case, the
harmonic and unbalance sink capabilities depend on the cut—
off frequency of the filter. Eq. (9) can be used by including
the low—pass filter on the virtual impedance.

B. Voltage source with CVI

This configuration refers to the equivalent circuit of Fig. 2b.
The Kirchhoff’s voltage laws (7) and (8) become respectively
(10) and (11):

_ di; A
2y = (Ry + Ry )i+ (Ly + Lf)d—’t +jo(Ly + Ly)i; +7e (10)
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2" =(R, + Ry )Zf +j(h+Do(L, + Ly )f? +91

=(R, + Ry +Ry) f?+
N~ —
Req

- (11)
+j(h+1)o(L, +Ly +Lg)i?+E§

Xl
—(Req + jX1)i! +2"

The equivalent circuit is shown in Fig. 3b.

In conclusion, it can be observed that for the VSM con-
figurations with a complete virtual impedance (i.e., A and
B configurations), the virtual reactance behaves like the real
ones (i.e., filter and grid reactances). The reactance is directly
proportional to the harmonic order and the voltage drop on
the virtual impedance Av” contributes with the same sign of
the voltage drop on the grid impedance Av’g’, independently
of the harmonic order. Moreover, the configuration B shows
the additional contribution of the filter impedance Z; with a
consequent larger equivalent impedance.

C. Current source with SVI

This configuration shows a simplified implementation of
the virtual impedance, where the derivative term is zero. (4)

becomes:
— < d;i . i —
e, =R,i;+L, +joL,i; +Vv,

= Ryi; + joL,i; + Ve

12)

The equivalent circuit in the (d, g) reference frame is de-
picted in Fig. 3c. For the h—th harmonic order, (12) becomes:

- h . sh  _
ecl =R,i; +joL,i; +v£’

sh . <h | —
= (Ry+Ry)i; +jo Ly +(h+1)Lg|i; +ep
- (13)
Ry Xk,

= (Req + jX1 )i +2"

From (13), it can be noted that the virtual impedance is
independent of the harmonic order. It behaves like a real
impedance only for the fundamental frequency (i.e., & = 0).
Indeed, for 7 # 0, the equivalent reactance is expected to be
lower than the qu of configurations A and B. This implies
higher current circulation under the same operating conditions.
Moreover, for h < 0 (e.g., inverse sequence, 5'" harmonic,
11" harmonic, etc.), |X£’q| is:

X2, | = oL, = (|h| - DoLy| (14)

It is evident from (14) that the virtual and grid reactances
contribute with opposite signs if # < 0. Finally, in the case of
oL, = (|h| = 1)oL,, the equivalent reactance is zero and the
current is limited only by the equivalent resistance, with the
risk of overcurrent faults.

The same approach can be also applied to the VSM pro-
posed in [33]. As in [29], a low—pass filter is used with the

virtual impedance. As stated before, the harmonic and unbal-
ance sink capabilities are influenced by the cut—off frequency
of the filter. Moreover, the amplitudes of the virtual resistance
and reactance are adaptive according to the working condition.
Nevertheless, (13) is still valid.

D. Voltage source with NI

The connection of the configuration D with the grid can be
modeled with the same circuit of Fig. 2b by considering a zero
virtual impedance. Indeed, according to this configuration, the
electromotive force is directly used as the voltage reference
for the inverter. For the purpose of this paper, the arbitrary
limitation resistance used in [13] is set to zero. The Kirchhoff’s
voltage law becomes:

- n d;z . < —
e‘,:Rfli+LfE+](oLf1,-+vc (15)

The equivalent circuit in the (d, g) reference frame is shown

in Fig. 3d. For the h—th harmonic order, (15) is:

_ -=h -h -h _
e = Ryi; + jhoLyi; + joLsi; +v"

<h . <h

= (Ry +Rg)T; +j (h+Do(Ly +Lg)i; +er

S——
Req

(16)
Xl
. <h  _
= (Req +Jqu)zl- +eg
It can be observed that for this configuration the behavior
under non—ideal grid voltage conditions is strictly dependent
on the physical parameters of the system, with no possibilities

to tune the equivalent impedance, as it happens for configura-
tions A, B and C.

E. Voltage source with SVI

The same methodology used in III-C can be used for voltage
source VSMs with SVI. Starting from the equivalent circuit in
Fig. 2b, (10) and (11) become respectively (17) and (18):

_ di; -
ey = (Ry+Ry)ii+ Ly d_l, +jo(Ly +Lp)i;+ve (A7)
&' =(R, + Rp)is + jo [Ly + (h+ DL |7 +7"
=(Ry + Ry +R) 1+
S—
Req
(18)

+jo[L,+(h+1)(Ly +Lg)]?}-l+EZ

v

h
Xeq
. sh  —n
=(Regq +]X£’q)zl- +e,
The equivalent circuit in the (d, g) reference frame is shown
in Fig. 3e.

Considering h < 0 (e.g., inverse sequence, 5'" harmonic,
11" harmonic, etc.), |X£’q| is:

IX2 | = |oL, — (|h]l = Do(Ls + Lg)| (19)

eq
As it happens for current source VSMs with SVI, even for
this configuration the virtual and physical reactances contribute
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Fig. 3: Equivalent circuits in the (d, g) rotating reference frame
for configurations: (a) A; (b) B; (c) C; (d) D; (e) E.

with opposite signs if &7 < 0. In the case of oL, = (|h| —
o(L s +Lg), the equivalent reactance is zero and the current
is limited only by the equivalent resistance, with the risk of
overcurrent faults.

F. Current source with NI

This final group is dedicated to two current source models
which do not embed a virtual impedance.

VISMA is a VSM model based on the 7' order elec-
tromagnetic model of conventional synchronous generators.
Therefore, the choice of its parameters and the behavior
analysis refers to [36], [37].

Finally, the VSYNC is a peculiar VSM model based on
the Phase Locked Loop (PLL) working principle. It does not
embed a virtual stator implementation. Indeed, it produces
the current references from the active power retrieved by the
PLL structure and the external reactive power reference [20].
Therefore, its behavior under distorted grid voltage conditions
is strictly dependent on the PLL performance [38].

G. Theoretical Conclusions

In the (d, g) reference frame, synchronous with the funda-
mental frequency of 50 Hz (h = 0), the fifth harmonic and
the inverse sequence correspond to 300 Hz (h = —6) and 100
Hz (h = -2), respectively. The virtual electromotive force e,,,
produced by the VSM, is zero for each i # 0. Consequently,
the current amplitude If?l can be easily retrieved as follows:

—=h
legl

2 h,2
,/Req + Xeg

where the grid voltage amplitude |E§| is 5% both with h = -6
and with h = -2.

Finally, the PCC voltage amplitude |V£‘| can be computed
from the voltage divider equation:

—,h —,h
HHE (20)

2 h,2
7] = | ety @)
Req + Xe(;
where R; and Xl.h are, respectively, the equivalent resistance
and reactance on the inverter side (i.e., between e, and v.)
for the harmonic .
From (21), a VSM improves the voltage quality at the PCC
if:
R+ X R2+ X7
L <l e (RRg+ XX > ——=—2— (22
RZ, + X, 2
Assuming positive values for R, and L,, configurations A,
B and D always satisfies (22) because the term (RiRg+Xl,”X é’})
is always positive. Therefore, they are expected to reduce both
the fifth harmonic distortion and the unbalance of the PCC
voltage independently on the virtual impedance parameters.
On the opposite, for the configurations C and E the term
(RiRg + Xl.thf’) can be negative, because their virtual and
physical reactances contribute with opposite signs.
For the configurations C and E, (22) can be written respec-
tively as (23) and (24):

RZ+X)?
8
(RyRg + oL, X" > —-—£ 5 (23)
2 Xh,2
8
[(Ry + Ry)Rg + (oL, + X})X2] > —gT (24)

According to the values listed in Table I, the configuration C
amplifies the voltage distortions because (23) is never satisfied,
whereas configuration E reduces the fifth harmonic distortion
but amplifies the unbalance of the PCC voltage because (24) is
satisfied only for the fifth harmonic distortion. More in general,
(22) allows quantifying the beneficial or negative effect of the
VSM under study. The results of the theoretical analysis are
collected in Table II and Fig. 4.

Moreover, it is also possible to apply this method separately
for the d—axis and g-axis, for instance in case of asymmetric
impedances on the two axes.

In conclusion, the stability of the configurations A, B, C, D
and E is discussed in Appendix A.

V. EXPERIMENTAL TESTS

Two experimental tests have been carried out to validate the
simplified method:

o Test 1: grid voltage e, with 5% of fifth harmonic.
In three phase systems, the fifth harmonic is typically
generated by non-linear loads and it is the most dominant
non—fundamental harmonic component. When the VSM
control is disabled, the Discrete Fourier Transform (DFT)
of the PCC line to line voltage v. ;; measures about 28
V on the fifth harmonic;

o Test 2: grid voltage e, with 5% of inverse sequence. The
grid voltage can contain inverse sequence, for instance,
in case of asymmetrical faults. The VUF, defined in the
standard EN 50160, is calculated for the PCC line to line
voltage v to quantify the inverse sequence contribution.
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TABLE II: Results of the theoretical analysis.

Xeq
Configuration Model Req . 5" Harmonic Inverse Sequence
Harmonic h (h = —6) (h=—2)
A: Current source with CVI S-VSC R, + R, (h+1)o(L, + Lg) -5w(L, +Lg) —o(L, +Lg)
B: Voltage source with CVI — VISMAIl R, + Ry + Ry (h+Do(Ly + Ly + Lg) —So(Ly + Ly +Lg) —w(Ly + Ly +Lg)
C: Current source with SVI KHI R, + R, oL, +(h+1)oLg o(L, —5Lg) o(L, — Lg)
D: Voltage source with NI Osaka Ry +Rg (h+Do(Ly +Lg) =So(Ly +Lg) -o(Ly +Lg)
E: Voltage source with SVI Osaka II Ry +Rf +R; oLy +(h+Do(Ly +Lg) w[Ly —=5(Ls +Lg)] o[Ly —(Ly +Lg)]
1.5 7
60
= X 40 S
- - =5
=5 - <= o
< 0.5 s =
ah 20 4
0 0 3L . . . .
-6 -2 0 2 6 -6 22 0 2 6
h h
(@) (b) ©
Configuration

-©-A 6B ©6C oD &k

Fig. 4: Theoretical values of: (a) equivalent reactance |X£’q|; (b) current amplitude |f?|; (c) PCC voltage amplitude IV? |, where

h is the harmonic order in the (d, g) rotating reference frame.

B —

¢
ator -
i

When the VSM control is disabled, the PCC line to line
voltage shows a VUF equal to 5%.

The values chosen for the tests are arbitrary and sufficient to
appreciate the differences among the different configurations.

The setup used for the experimental validation is shown
in Fig. 5. A two-level three phase inverter, controlled by a
dSPACE platform, is connected to a grid emulator through an
LC filter. The grid emulator imposes the three phase voltage
eg. The main data of the setup are listed in Table 1.

A conventional PI regulator is employed for current source
models. Moreover, two resonant current controllers are tuned
for the second and sixth harmonic (i.e., respectively 100 Hz
and 300 Hz) to make the inverter able to control the harmonic
components.

A. Test 1: Fifth Harmonic

The results of Test 1 are evaluated by means of the DFT
of the PCC line to line voltage v, ;; and the grid current ig.
They are shown in Fig. 6 and Fig. 7. The complete virtual

impedance (i.e., S-VSC and VISMA II) enables harmonic
compensation. The models which refer to configurations A and
B behave as active filters, by improving the voltage quality at
the PCC. Indeed, the fifth harmonic term decreases from 28
V to 26 V and 27 V, respectively for the S-VSC (Fig. 6a)
and the VISMA 1II (Fig. 6b). Next, the Osaka model acts
as a harmonic sink as well, even though it does not employ
a virtual impedance (Fig. 6d). However, its effect is strictly
dependent on the parameters of the physical connection to the
grid (i.e., filter and grid impedances). In these three cases,
the current drawn by the inverter produces a voltage drop on
the grid impedance that reduces the harmonic distortion of
the PCC voltage. The current waveforms together with their
DFT are shown respectively in Fig. 7a, Fig. 7b and Fig. 7d.
On the opposite, the KHI model amplifies the distortion,
with an increment of the fifth harmonic to 39.7 V (Fig. 6c).
The reason lies in the simplified structure of the virtual
reactance. Indeed, as demonstrated in III-C and III-G, the
voltage drops on the virtual and grid reactances have always
opposite signs in the case of 4 < 0 (i.e., 5" harmonic and
inverse sequence). As (22) is not satisfied, the PCC voltage
distortion is amplified. The current waveform and its DFT are
illustrated in Fig. 7c. Even the configuration E (i.e., Osaka II
model) embeds a simplified structure of the virtual reactance
as the configuration C. However, it satisfies (22). Therefore,
it reduces the PCC voltage distortion as can be observed in
Fig. 6e. The current waveform and its DFT are shown in
Fig. 7e. Next, the VSYNC worsens the PCC voltage quality
by increasing the fifth harmonic term and introducing a non—
negligible seventh harmonic contribution as well (Fig. 6g and
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Fig. 6: Results of Test 1. DFT of the PCC line to line voltage
ve 11, respectively for: (a) S—-VSC; (b) VISMA II; (c) KHI; (d)
Osaka; (e) Osaka II; (f) VISMA; (g) VSYNC.

Fig. 7g). Finally, the VISMA model draws a negligible current
which does not affect the PCC voltage (Fig. 7f). Indeed, the
fifth harmonic term remains equal to 28 V (Fig. 6f). The results
are summarized in Table III, where the theoretical results for
VISMA and VSYNC come from PLECS simulations since no
simplified models have been realized for these two VSMs.

®

(2

Fig. 7: Results of Test 1. DFT of the grid current i, respec-
tively for: (a) S—VSC; (b) VISMA 1II; (c) KHI; (d) Osaka; (e)
Osaka II; (f) VISMA; (g) VSYNC.

B. Test 2: Inverse Sequence

The results of Test 2 are shown in Fig. 8 and summarized
in Table IV. As in Table III, the theoretical results for VISMA
and VSYNC come from PLECS simulations. Most of the
comments for Test 1 are also valid for this second test. The S—



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

(a) (b)
() (d
()

(€9)

Fig. 8: Results of Test 2. M1, M2, M3: unbalanced PCC line to line voltage v.; without VSM control; C1, C2, C3: PCC
line to line voltage v, with VSM control; C4, C5, C6: grid current i, with VSM control (time base: 2.0 ms/div). Models:

(a) S-VSC; (b) VISMA II; (c) KHI; (d) Osaka; (¢) Osaka II; (f) VISMA; (g) VSYNC.

TABLE III: Results of Test 1: Fifth Harmonic.

TABLE IV: Results of Test 2: Inverse Sequence.

B0 _ -h
lig] (A) P2l V) lig| (A) VUF (%)
Model Model . .
ode Theory Experimental Theory Experimental ode Theory Experimental Theory Experimental
S-VSC 1.93 1.86 26.57 26 S-VSC 9.53 9.22 4.69 4.51
VISMA 11 14 1.17 27 27 VISMA I 6.85 6.58 4.77 4.61
KHI 14.18 15.32 39.3 39.7 KHI 10.7 10.99 5.27 542
Osaka 4.48 4.15 24.43 24 Osaka 20.44 20.09 4.25 4.2
Osaka II 7.74 7.53 21.75 21.3 Osaka II 15.95 16.05 5.22 5.36
VISMA 0.49 0.32 27.95 28 VISMA 3.59 3.58 491 49
VSYNC 4.85 4.92 3223 333 VSYNC 5.04 5.11 5.13 5.22

VSC, VISMA 1II and Osaka models actuate a positive behavior
by reducing the unbalance, as it can be noted in Fig. 8a,
Fig. 8b and Fig. 8d, respectively. Indeed, the RMS voltage
of the smallest phase (C2) increases with respect to the initial
condition (M2), whereas the other two phases show a decrease,
leading to a reduction of the VUF. On the contrary, the KHI
(Fig. 8c), the Osaka II (Fig. 8e) and the VSYNC (Fig. 8g)

models amplify the unbalance: phase b becomes much smaller
(C2 against M2) and phase c increases (C3 against M3),
leading to a VUF higher than 5%. In this case, indeed, neither
the configuration C nor the configuration E satisfies (22).
Finally, the VISMA model slightly reduces the unbalance of
the PCC voltage by injecting a non—negligible current, as it
can be observed in Fig. 8f.
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TABLE V: Harmonic and unbalance sink capability of the
VSMs under study.

Harmonic and Unbalance

Model Sink Capability

Group

Tunable Harmonic Imverse L .
Sequence  Restrain
A S-VSC v %4 [4 [4
B VISMA 11 v %4 4 4
C KHI 4 X X X
D Osaka X %4 4 -
E Osaka II v [%4 X X
F VISMA X %4 4 -
VSYNC b 4 X X -

V. CONCLUSION

Virtual Synchronous Machines represent a promising so-
lution to make renewable energy plants able to provide grid
services, such as harmonic and unbalance sink capability.

This paper proposed a general method to foresee the re-
sponse of different VSM configurations. The proposed method
has been experimentally validated on five VSM models be-
longing to different configurations. The theoretical analysis,
supported by experimental results, demonstrated the validity
and reliability of the simplified modeling approach. Indeed, it
can identify which VSM configuration can feature a benefi-
cial harmonic and unbalance compensation by improving the
voltage quality at the point of common coupling (PCC).

If (22) is fulfilled, the VSMs compensate the distortions.
That is valid for VSM models with complete implementa-
tion of the virtual impedance (i.e., configurations A and B)
and voltage source VSMs with no implementation of virtual
impedance (i.e., configuration D), while the VSMs with a
simplified impedance (i.e., configurations C and E) depend
on the parameter selection.

As summarized in Table V, the VSM models with a com-
plete implementation of the virtual impedance (e.g., S—VSC
and VISMA 1I) can behave as harmonic and unbalance sinks,
in compliance with the results of the simplified modeling.
These models work as active filters, by improving the voltage
quality at the PCC. Even the voltage source VSMs with no
virtual impedance (e.g., Osaka) can provide a beneficial effect
on the PCC voltage. However, their filtering capability is not
tunable, as it depends on the physical parameters of the system
(i.e., filter and grid impedances). Therefore, configurations A,
B and D embed the needed features to make VSMs able
to work as harmonic and unbalance sink with no constrains
in the virtual parameters choice. On the opposite, VSMs
with a simplified implementation of the virtual impedance
(e.g., KHI and Osaka II) can either amplify or reduce the
voltage distortions at the PCC, according to the parameter
selection. As configuration C does not fulfill (22), it amplifies
the distortions at the PCC, while configuration E reduces
the harmonic distortion but increases the unbalance of the
PCC voltage as it satisfies (22) only for the fifth harmonic
distortion. Finally, VSMs based on the PLL structure (e.g.,
VSYNC model) amplify the distortion and the unbalance of
the PCC voltage.
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Fig. 9: Nyquist diagram of the return ratio L(s) for configu-
ration: (a) A; (b) B; (¢) C; (d) D; (e) E.

APPENDIX A

The stability of the virtual impedance implementation for
the configurations A, B, C, D and E is evaluated according
to the impedance—based stability criterion. By applying the
Generalized Nyquist Criterion (GNC) on the return ratio it is
possible to assess the stability of each configuration [39]. In
the Laplace domain, in the (d, q) reference frame rotating at
®, the return ratio L(s) is defined as follows:

L(S) = Zg(5)Zga,(s) (25)

where Zg(s) is the grid impedance matrix and Zgyu(s) is the
output impedance matrix of the converter.
Z,(s) is the same for each configuration:

Ry +sLg —wLg

Ze) = "L, Ry +sLy

(26)

The Zgyt(s) matrixes of each configuration can be retrieved
from the equivalent circuits in Fig. 3:

A _|Ry +sL, -oL,
Zow®=|"oL, Ry +sLy @7)
Zgut(s) =
(Ry+Rs)+s(Ly+Ly) -o(L, +Ly) 28)
o(L, +Ly) (Ry+Rp)+s(Ly+Ly)
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R -oL
Zow=|or, R, ] (29)
D _ Rf + SLf —(DLf
Zout(s) B O)Lf Rf + SLf (30)
E _ Rf +SLf —U)(Lv +Lf)
Zou(s) = [(o(Lv +L;) Rp+sLy 3D

Finally, the return ratio of each configuration is a 2x2
matrix, defined as follows:

L(S) — [de(s) qu(s)} (32)

qu (s) qu (s)

By applying the GNC on the return ratio of each configura-
tion it is possible to assess their stability. The results are shown
in Fig. 9. As it can be observed, in each case the Nyquist
diagram does not encircle the point (-1, jO). Therefore, all the
configurations are stable [40].
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