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Abstract—This paper proposes a Simplified Virtual Syn-
chronous Compensator (S-VSC) model with grid—forming ca-
pabilities for microgrid applications. Previous works have shown
how the S-VSC can provide grid services (i.e., virtual inertia,
current harmonic compensation and reactive support during
faults) in grid—feeding configuration. In this paper, the S-VSC
model is extended to a grid—forming converter to demonstrate its
capability to work in island as well, thus representing a promising
solution for the control of a microgrid. The control algorithm is
validated on a 15 kVA inverter connected to a scaled microgrid.

Index Terms—virtual synchronous machine,
chronous compensator, microgrid, grid forming

virtual syn-

I. INTRODUCTION

In the present years, the power system is facing a transition
from the centralized energy production to the distributed
generation, especially from renewable energy sources (RESs).
In this context, the diffusion of microgrids (MGs) represents a
valid solution to integrate more efficiently the distributed en-
ergy resources [1]-[3]. However, a predominance of inverter—
interfaced energy sources would reduce the total inertia and
compromise the voltage stability of the power system. To face
these issues, renewable—energy power plants will be required
to provide grid services (e.g., inertial behavior, harmonic
compensation), grid support, as well as operation in island
mode [4], [S]. Unfortunately, standard control techniques for
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RESs (i.e., Maximum Power Point Tracking) are not suitable
to guarantee the provision of such services. To overcome this
limitation, a promising method is to control grid inverters to
make them emulate the behavior of conventional synchronous
generators, and even outperform them. Many solutions have
been proposed in the last years under the name of Virtual Syn-
chronous Machines (VSMs) [6]-[16]. A promising solution is
the S—VSC model [17]-[22], which operates as a synchronous
compensator, only in charge of the provision of the grid
services, leaving the power generation to the classical inverter
structure. However, this model has been validated in previous
works only for grid—tied operation [20], with no discussion on
its grid—forming capabilities and island operation. Therefore,
this paper proposes a grid—forming S—VSC model, which can
represent a valid solution for inverter—based MGs.

This paper is divided as follows. In Section II the original
structure of the S—-VSC model is briefly described together
with the scaled microgrid under study. In Section III the
grid—forming S—VSC model is presented. The experimental
validation of the control is proposed in Section IV. Finally,
the conclusions of this work are provided in Section V.

II. S-VSC MODEL

A block scheme of the microgrid under study is illustrated in
Fig. 1. A three phase inverter is connected to the grid through
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Fig. 1. Block scheme of the microgrid under study.
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Fig. 2. Block scheme of the inverter controlled according to the S—VSC model.

an LCL filter. At the point of common coupling (PCC), three
loads are connected: a resistive load (R load), an induction
machine (IM) and a non linear load (NL load). Finally, a circuit
breaker connects the PCC and the grid. The inverter is supplied
by a dc—source and it is controlled according to the S—VSC
control algorithm.

The S-VSC is a voltage—input, power—output virtual syn-
chronous machine. Its block scheme is proposed in Fig. 2. All
the quantities are in per unit (pu), referred to the base values
listed in Table I. The S—VSC model consists of the following
main blocks:

o Electrical Equations: it implements the S—VSC virtual
stator equations. They provide the virtual current i, start-
ing from the measured capacitor voltage v., the virtual
rotor position 0, the virtual rotor speed , and the virtual
excitation flux A.;

e Mechanical Emulation: it emulates the swing equation
[23], i.e., the relationship which describes the mechanical
behavior of the S—-VSC model. It is used to retrieve both
®, and 0, from the virtual power P, and the reference
virtual power Pj;

o Excitation Control: this block regulates the excitation flux
Ae and the reactive power exchange with the grid [24].

The S—VSC can autonomously synchronize to the grid with
no additional algorithms (e.g., phase locked loop) [20]. Finally,
the inverter control is performed by means of the references
P} and Q7 and the virtual power references P; and Q7 are
used to provide ancillary services.

ITI. HIGH LEVEL CONTROL

The original S—-VSC model can be modified by adding a
high level control highlighted in Fig. 3.

The high level control consists of two external control loops.
The first one is the active droop control law, in charge of the
proportional regulation of the frequency, during both grid—tied
and island operation:
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where P, is the reference of droop active power, ;. is the
speed reference and b, is the active droop coefficient. This is
set to the conventional value of 2% [23].

The second external controller is the reactive droop control
law, responsible for the proportional regulation of the voltage
amplitude Ve, during both grid—tied and island operation:

2)

where Q7 is the reference of droop reactive power, Vj is
the voltage reference and b, is the reactive droop coefficient,
set to the conventional value of 50% [23].



By adding these two external loops, the superior perfor-
mance of the compensator operation with respect to classical
VSMs is preserved [20], while adding the capability to operate
in a MG as a grid—forming converter.

According to the multiport logical switch Ky, in Fig. 3, the
two references P}, and Q7 can be:

« added to the inverter external references P;ef and Q:ef ;
« not used (i.e., the high level control is disabled);
« added to the virtual external references P‘r,ef and chf .

In this paper, the references P, and Q7 are always added
to the inverter external references, thus preserving the com-
pensator operation.

IV. EXPERIMENTAL VALIDATION

The S—VSC grid—forming capability is validated by means
of two experimental tests. The scheme of the microgrid under
analysis has been already illustrated in Fig. 1. Two pictures
of the experimental setup are shown in Fig. 4a and Fig. 4b,
while the main data are collected in Table 1.

The inverter is supplied by a 15 kW dc—source and con-
trolled by a dSPACE platform at a switching frequency f;,,
= 10 kHz. Three kinds of loads are chosen to evaluate
the behavior of the grid—forming S—VSC model in island
operation: a linear load (R load), a rotating load (IM) and a non
linear load (NL load). They can be connected and disconnected
to the system through breakers. A starter is located between
the IM and the PCC to limit the inrush current during the start
up by imposing a maximum slew rate to the supply voltage.
Moreover, the IM is loaded by a programmable mechanical
load. The NL load is a three—phase diode rectifier connected
at the PCC through a 0.09 pu inductive filter. At the dc—side,
the rectifier is connected to a capacitor bank of 3.3 mF in
parallel with an electronic constant power load set to 0.1 pu.

The two experimental tests are described as follows:

o Test 1: inverter external power references set to 0 pu. If
the inverter is connected to the grid, the load power is
provided by the grid and the inverter can only provide
ancillary services. As soon as the microgrid is islanded,
the inverter must immediately satisfy the load demand;

¢ Test 2: non—zero inverter external references (e.g., emu-
lating renewable plant generation). The test starts in grid—
tied operation. The reference P;ef changes over time
(e.g., production change of a photovoltaic or wind power
plant). As soon as the microgrid is islanded, the inverter
must immediately inject the power requested by the load
and follow the load changes.

In both tests the speed reference ) is set to the S—VSC
frequency value (pu) after the inverter synchronization proce-
dure (i.e., the grid frequency value in that instant). The same
approach is applied for the voltage reference Vj, set to the
measured amplitude V. after the synchronization procedure.

A. Test 1: Zero inverter external references

Fig. 5 shows the results of Test 1. The main events are
summarized in Table II. During the first part, the three loads
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Fig. 4. Pictures of the experimental setup.

TABLE 1
MAIN DATA OF THE EXPERIMENTAL SETUP.

Base Values Inverter LCL Filter
Sp 15 kVA SN 15 kVA Ly 0.060 pu
Vi 230V2V Iy 30 A Cy 0.017 pu
Ip 30 A fsw 10 kHz Lyg  0.065 pu
Zp 10.67 Q Vae 380 V
o 50 Hz

Resistive Load

Induction Machine Non linear Load

Pn

0.1 pu

SN 0.27 pu PN 0.1 pu
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Fig. 5. Results of Test 1: (top) inverter power P; (pu) and grid power Pg (pu) moving average trends; (bottom) S—VSC frequency f (Hz) and voltage

amplitude V. (pu) trends.

TABLE II
EVENTS LIST OF TEST 1.
Time (s) Comment
0 f#50Hz= P, #0= P; #0.
4.7 R Load insertion = APg = 0.1 pu.
17.5 IM start up. The starter limits the inrush current.
24 10 Nm IM load insertion = APg = 0.1 pu.
29.2 NL load precharge.
36.7 NL load insertion = APg = 0.1 pu.
The circuit breaker is opened: Islanding =
425 = Pg =0pu, AP; = 0.3 pu:
the inverter immediately supplies the loads.
49.2 NL load disconnection = AP; = —0.1 pu.
IM torque inversion from 10 Nm to —10 Nm =
622 = AP; = -0.2 pu:
’ the IM works as a generator and
provides almost all the R load power.
70 IM torque load = 0 Nm = AP; = 0.1 pu:
the inverter provides the power requested by the loads.
74 IM disconnection.
84.5 NL load precharge.
90.6 NL load insertion = AP; = 0.1 pu.
103.8 IM start up. The starter limits the inrush current.
110.6 10 Nm IM load insertion = AP; = 0.1 pu.
114.3 IM torque load = 0 Nm = AP; = —-0.1 pu.

are inserted and their demand is satisfied by the grid. At ¢ =
42.5 s, the circuit breaker opens and the inverter seamlessly
provides the power requested by the loads. The total power
reduces because of the reduction of the PCC voltage. Then,
the converter properly follows the load changes over time.
Moreover, it can be observed the correctness of the propor-
tional frequency regulation.

Finally, Fig. 6 shows the waveforms of the line to line
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Fig. 6. Line to line voltage v¢ 4 and current ig , waveforms during island
operation: (a) with all loads connected; (b) without the NL load.

voltage v qp and the current i, , during the island operation
under two conditions: all loads connected (Fig. 6a); the non
linear load is disconnected (Fig. 6b). It can be observed that
the NL load introduces a non negligible harmonic distortion.
Moverover, these pictures highlight a key feature of the S—VSC
model: it imposes the current, not the voltage, even during
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Fig. 7. Results of Test 2: (top) inverter power P; (pu) and grid power Pg (pu) moving average trends; (bottom) S—VSC frequency f (Hz) and voltage

amplitude V. (pu) trends.

island operation. Indeed, the voltage waveform is strongly

affected by the requested current.

TABLE III
EVENTS LIST OF TEST 2.

Comment

B. Test 2: Non—zero inverter external references Time (s)
The results of Test 2 are proposed in Fig. 7 and commented 0
in Table III. In the first part, the inverter external reference
P:ef changes over time and the power requested by the loads 6.9
is provided by both the grid and the inverter or only by the _—
inverter, when sufficient. For instance, at r = 49 s the microgrid ’
works in a self-consumption condition, in which all the loads 233
demand is satisfied by the inverter. Then, at r = 58.4 s, the T
circuit breaker opens and the inverter must reduce the injected ’
power, even if the external reference does not change, as for 33.7
curtailment operation. The converter can only inject the power
requested by the loads. If a storage system is added, the surplus 39.4
of power can be used to charge it. Finally, even here, the
frequency correctly follows the proportional droop law. 445
V. CONCLUSION 46.9

Virtual Synchronous Machines represent a promising solu-
tion to mitigate the future power system inertia reduction and 49
the consequent stability issues. Moreover, the widespread of

distributed energy resources can be facilitated by the diffusion
of microgrids able to provide ancillary services and work
both in grid—tied and island operation. Therefore, this paper
has proposed an extended version of the S—VSC model to

58.4
66.7

operate both as grid—tied and grid—forming converter, with no

alteration on the performance already validated in previous

77.6

works. Two experimental tests have demonstrated the grid—

forming capability of the S—VSC model, representing a valid

solution for the control of inverter—based MGs.

85.9

Piref = 0.2 pu. The inverter injects power to the grid.
f#50Hz= P, #0= P;=P,+P*.
R Load insertion = AP, = 0.1 pu.
The inverter satisfies the R load request and
the remaing power is injected to the grid.

IM start up. The starter limits the inrush current.
10 Nm IM load insertion = APg = 0.1 pu.
The inverter provides part of the loads power.
The remaing contribution is guaranteed by the grid.
NL load precharge.

NL load insertion = APg = 0.1 pu.
The inverter and the grid almost equally provide
the loads power.
Inverter reference step APir ef =
= APg =0.1 pu.
Inverter reference step APl.ref =0.1 pu=
= APg = -0.1 pu.
Inverter reference step APl.ref =0.1 pu=
= APg = —0.1 pu.
Inverter reference step APiref =0.1 pu=
= APg = -0.1 pu.

The inverter provides all the power requested by the loads
and the remaining term is injected to the grid.
Inverter reference step APiref =0.1 pu=
= APg =—0.1 pu.

The circuit breaker is opened: Islanding = P, = 0 pu.
The inverter immediately provides only the loads power.
NL load disconnection = AP; = —0.1 pu.

IM torque inversion from 10 Nm to —10 Nm =
= AP; = -0.2 pu:
the IM works as a generator and
provides almost all the R load power.

IM torque load = 0 Nm = AP; = 0.1 pu:

The inverter provides the power requested by the loads.

—0.1 pu =

Ve (pu)



Future works on this topic will be focused on parallel in-
verters controlled both as an equivalent grid—forming converter
and as a grid—forming and grid—feeding converters. Moreover,
the behavior of the model under non ideal conditions and faults
will be investigated.
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