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with Grid—Forming Capability
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Abstract—The Simplified Virtual Synchronous Compensator
(S-VSC) is a Virtual Synchronous Machine (VSM) solution avail-
able in the literature, which operates as a virtual compensator.
Previous works demonstrated that it can provide grid services
(e.g., inertial behavior, grid support during faults) only in grid—
following operation. However, the grid—forming capability of the
S-VSC (and in general of a virtual compensator) has never been
investigated in the literature. Therefore, this paper proposes an
S-VSC model able to operate both in grid—following and in grid—
forming configuration. First, the paper validates the small-signal
stability of the control algorithm both in grid—-mode and island
operation through an eigenvalue-based stability analysis. Next,
the control algorithm is experimentally validated on a 15 kVA
inverter connected to a scaled microgrid. The experimental tests
demonstrate that the S-VSC can operate both as grid—following
and grid—forming. Moreover, it can seamlessly switch from the
grid—connected to the island operation without requiring any
communication system. Finally, the grid—forming capability of
the S—-VSC is experimentally validated even in case of a fault
occurrence, thus representing a valid solution for the control of
a microgrid.

Index Terms—Grid-forming, Microgrid, Virtual Synchronous
Compensator, Virtual Synchronous Machine

I. INTRODUCTION

HE the power system is currently experiencing a tran-

sition from the centralized to the distributed energy
production, especially from renewable energy sources (RESs).
In this context, the spread of microgrids (MGs) represents a
valid solution to integrate more efficiently the distributed en-
ergy resources [1]-[3]. However, a predominance of inverter—
interfaced power plants would reduce the total inertia of
the power system, compromising its frequency and voltage
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stability. To limit these issues, renewable energy power plants
are required to provide grid services (e.g., inertial behavior,
harmonic compensation), grid support, as well as operation
in island—mode [4], [5], as performed by conventional syn-
chronous machines (SMs) [6]. Unfortunately, the provision of
such services cannot be guaranteed by the standard control
techniques for RESs, e.g., Maximum Power Point Tracking
(MPPT). To overcome this limitation, a promising solution is
to make grid—connected inverters able to behave as conven-
tional SMs, by applying the concept of Virtual Synchronous
Machine (VSM). Many different VSM models have been
proposed in the last years [7]-[19]. A particular solution
available in the literature is the Simplified Virtual Synchronous
Compensator (S—VSC) model [20], which operates as a syn-
chronous compensator, so it is in charge only of the provision
of the grid services, leaving the power generation to the
classical inverter structure. This is the main peculiarity and
advantage of the S—-VSC compared to other VSM solutions
available in the literature. Indeed, the S—VSC generates addi-
tive power contributions to the inverter references, to provide
grid services. Instead, in the literature, VSMs are typically
in charge of processing the full power. Therefore, the S—
VSC always operates at low load, featuring better transient
stability and damping [9], [20]. Previous papers demonstrated
that the S—-VSC model can provide inertial behavior, grid
support during faults and harmonic compensation in grid—
following operation [20], [21]. However, it has never been ex-
amined whether the S—-VSC can operate even in island—mode.
Therefore, this paper proposes a solution for the control of a
microgrid both in grid—connected and island—mode, based on
the S—VSC control algorithm. The proposed S—VSC model is
able to provide all the aforementioned grid services, including
the island capability, in a microgrid whose block scheme is
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Fig. 1. Block scheme of the microgrid under study.
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depicted in Fig. 1. The system consists of a three phase inverter
connected to the grid through an LCL filter. Moreover, three
loads are connected at the point of common coupling (PCC):
a resistive load (R load), an induction machine (IM) and a
non-linear load (NL load). Finally, a circuit breaker is located
between the PCC and the grid. If the circuit breaker is opened,
the microgrid is isolated from the rest of the power system.
The inverter is supplied by an ideal dc—source (representing,
e.g., a storage system) and it is controlled according to the
S—VSC control algorithm.

The main paper contribution is the extension of the S—VSC
model both in grid—connected (i.e., grid—following operation)
and island—-mode (i.e., grid—forming operation). First, the
small—-signal stability of the control has been validated through
an eigenvalue—based analysis. Next, experimental tests demon-
strated that the S—VSC can operate both in grid—following and
grid—forming configurations. Secondly, this paper shows that
the S—VSC can seamlessly switch from the grid—connected to
the island operation in case of a sudden opening of the circuit
breaker (Fig. 1) without any feedback of the grid connection.
Finally, experimental tests demonstrate that the S—-VSC can
operate in island—-mode even in case of a fault occurrence.
During the fault, the current is saturated. As soon as the fault is
cleared, the system returns to the normal operating condition.

This paper is an extension of [22], where the grid—forming
capability of the S—VSC was preliminary validated. In partic-
ular, the following additions have been performed:

o A section describing the state—space modeling of the
system under study has been included;

« An eigenvalue—based analysis and a modal analysis have
been performed to validate the small-signal stability of
the control both in grid—-mode and island operation;

« The difference between the existing S—VSC model and
the proposed S—-VSC is highlighted through an experi-
mental test;

o The grid—forming capability of the S—VSC is experimen-
tally tested even in case of a fault occurrence.

This paper is divided as follows. Section II describes the
original structure of the S—VSC model together with the scaled
microgrid under study. In Section III the complete version of
the S—VSC model with grid—forming capability is presented.
The state—space model of the system is proposed in Section
IV both for the grid—connected and the island configuration.
Section V provides the small-signal stability analysis of the
control in both operating conditions. The experimental vali-
dation of the control is proposed in Section VI. Finally, the
conclusions of the paper are provided in Section VII.

II. S-VSC MODEL

The S—VSC is a voltage—input, current—output virtual syn-
chronous machine. The block scheme is illustrated 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 in the (d, ¢) reference frame rotating at
the virtual rotor speed ®,. The inputs of the block are the

measured capacitor voltage v, the virtual rotor position
0,, the virtual rotor speed ®, and the virtual excitation
flux A.. The output is the virtual current i,,. The equations
in the (d, q) reference frame are the following:

1 dhg

Ved = _Rvivd (Dr}\, + —bW (])
= —Ryi hg+ L 2
Vgg = vlvq+mr d+0)_b7 ( )
Ly dhrg ,
opR.q dt = ~hrq = Lrgivg )
Ae — A
fva = == “)
Ld

7‘”1 _7‘4
vg = ——— 5
lvg L &)

where R, is the virtual resistance, A4y and A, are the
d, g components of the virtual stator flux linkages, L:l
and L; are the machine subtransient inductances, equal
to the virtual inductance L, (i.e., subtransient isotropic
machine), A, is the damper winding flux linkage and
Ry4, L4 are the parameters of the g—axis virtual damper
winding [20].

e Mechanical Emulation: this blocks embeds the swing
equation of the virtual synchronous machine [6], i.e
the relationship which describes the mechanical behavior
of the S—VSC model. It provides both ®, and 0, from
the virtual active power P, and the virtual active power
reference Pj. The swing equation is:

do,
P, -P,=2H
v dt

where H is the inertia constant (s);

o Excitation Control: it receives as inputs the virtual reac-
tive power Q,, and the virtual reactive power reference Q7
to regulate the excitation flux A, and the reactive power
exchange with the grid [23], according to (7):

/ Qv Qv ., 7

Lv+Lfg+Lg ®)

Te
where k. is the excitation gain in per unit and 7, is the
excitation time constant (s).

The S-VSC can autonomously synchronize to the grid with
no need of additional algorithms, e.g., phase locked loop (PLL)
[20]. The virtual power references P} and Qj are equal to
the external virtual references P‘r,ef and Qf,ef . As the S—
VSC works as a virtual compensator in normal operating
conditions, then they are always set to zero. The inverter power
references P; and Q7 are respectively equal to the external
active power reference P;ef and the external reactive power

(6)

ke =

reference Q;ef . P:ef and Q;ef come from an external control
law (e.g., MPPT, dc-link voltage control for a non—ideal dc—
source). The current reference i is retrieved from the Power
to Current block. Next, the virtual current i, is added to the
reference i} to provide the ancillary services. Both the VSM
and the inverter control parameters are tuned according to [20].
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Fig. 3. Block scheme of the inverter controlled according to the S—VSC model with the High Level control.

III. HIGH LEVEL CONTROL

The grid—forming capability of the S—VSC model is ob-
tained by adding the High Level control block illustrated in
Fig. 3 to the original structure of Fig. 2.

The High Level control consists of two external control
loops. The first control loop is the active droop control law,
responsible for the proportional regulation of the frequency,
during both grid—connected and island operation:

€))

where P, is the active power droop reference, ;. is the speed
reference and b, is the active droop coefficient. This is set to
the conventional value of 2% [6].

The second external controller is the reactive droop control
law, in charge of the proportional regulation of the voltage
amplitude V,, both in grid—mode and island operation:

(10)

where Q7 is the reactive power droop reference, V; is the
voltage reference and b, is the reactive droop coefficient, set
to the conventional value of 50% [6].

These two external loops enable the grid—forming capability
of the S—-VSC model, while preserving the superior perfor-
mance of the compensator operation with respect to classical
VSMs [20]. Moreover, thanks to the High Level control, the S—
VSC can actuate the primary frequency and voltage regulation
during the grid—connected operation.

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

« added to P;ef " and Q;ef ' to retrieve P; and Q. In this
case, P;, P‘r,ef and Q) = Cef;

« not used (i.e., the High Level control is disabled);

« added to P'°/ and Q"' to retrieve P% and Q3. In this

case, P} = P:ef and Qf = Q;ef.

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

pensator operation.
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In grid—connected mode, the S—VSC operates as a grid—
following converter. Therefore, it injects power into the grid
according to the power references P; and Q7. Moreover, it
provides all the aforementioned grid services. In island—mode,
the S—VSC operates as grid—forming. In this case, it provides
the power requested by the loads.

IV. STATE-SPACE MODELING

In this paper, the small-signal stability of the S—VSC control
algorithm is evaluated both in grid—-mode and island operation
by means of an eigenvalue—based stability analysis as in [24],
[25]. First, the state—space model of the entire system depicted
in Fig. 1 is needed. A widely—adopted solution in the literature
is to retrieve the state—space model of each element of the
system and then apply the Component Connection Method
(CCM) [24]-[26]. This technique consists of merging the
state—space models of each subsystem into the overall state—
space representation of the entire system in a modular manner.
Each k—th subsystem is written in the state—space form of (11):

(1)

ka
{7 Axxic + Biou k=1...n
Yk Cixi + Dyuyg

where the vectors Xk, ux and yk are, respectively, the state
variables, the inputs and the outputs of the k—th subsystem.
The matrices Ak, Bk, Cx and Dy are the subsystem state—space
matrices. The total number of the subsystems is n.

Next, the aggregated model is obtained by merging the
subsystems matrices as follows:

dXg
I = AXS + Bu (12)
y = Cxs+Du
Xs = [x1... xn]T
u o= [ur U] (13)
y = [yl---yn+m]T
Ay O 0
0 A 0
A = o (14)
0 0 - A,
number of algebraic
blocks inputs
——
By O 0 O 0
0 B 0 0 0 as)
B = .
0O 0 - B, 0 --- 0
C O 0
0 C 0
c =10 0 - G (16)
0 - - 0
number of algebraic
. . . : blocks outputs
0 o o 0]

4
D, 0 -- 0
0 Dy 0
D = ) (17)
0 0 Dytm

where X5, u and y are, respectively, the aggregated state
variables, inputs and outputs of the system; the matrices A,
B, C and D are the aggregated state—space matrices; m is the
number of algebraic blocks [25].

Next, the CCM can be applied. The aggregated matrices are
connected through the so—called interconnection matrices Lyy,
Lys, Ly and Ly, as follows:

u

Ys
where ug and y; are, respectively, the inputs and the outputs
of the overall system, while X; is the state variables vector of
the system.

Finally, the state—space representation of the entire system
is the following:

Lyuyy + Lysug

18
Lgyy + Lgsug (18)

dx.

{ d—: = AgXs + Bgug (19)
Ys = Csxs + Dgug

where:

Ay = A +BL,yWC

By = BLyyWDLBLy

G = Ly WC (20)

Dy = LgWDLys + L

W =  (I-DLy)"

The subsystems of the system under analysis are: the High
Level control, the S—VSC control, the reference calculation
(i.e., Power to Current block and current reference calculation),
the inverter, the LCL filter, the loads block and the grid. The
S—VSC control block consists of two sub—blocks: Electrical
Equations and power loops (i.e., Mechanical Emulation and
Excitation Control). The inverter block consists of the PI
current controller and the control delay [25]. All the state—
space models are linearised around an equilibrium point, thus
obtaining the small-signal models. The symbol ”A” defines the
variation of the quantity around the equilibrium point, while
the subscript ”0” defines the quantity value at the equilibrium
point. Moreover, the models are written in the (d, q) reference
frame rotating at the virtual speed w,. The grid voltage vector
is aligned to the g-axis. All the equations are written in
per unit, referred to the base values listed in Table I. The
state—space models are proposed in Appendix A, the CCM for
the three loads in Appendix B, the CCM for the grid—-mode
in Appendix C and the CCM for the island configuration in
Appendix D.

The state—space models have been validated by means of
PLECS simulations and experimental tests. Fig. 4 shows a 0.1
pu IM load step change while the resistive load is connected,
the NL load is disconnected and the system operates in grid—
connected configuration. A similar test is repeated for the
island operation and the result is illustrated in Fig. 5. In this
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case the 0.1 pu IM load step change is applied while both = < 1
the resistive load and NL load are connected. As it can be £ o ‘li 0 % 9
observed from both figures, the state—space models almost & 4
match the simulated and the experimental responses of the -2 % ) %
system in both operating conditions. ) ¥
-600  -400 -200 0 -2 -1 0
V. EIGENVALUE-BASED STABILITY ANALYSIS R (kHz) R (kHz)
A. Grid—Connected Operation x
The eigenvalues map of the system in grid—connected oper- 109 1
ation is illustrated in the complex plane in Fig. 6. The system o o0 = € x‘ = \
has 25 eigenvalues. They have been calculated considering the 5 0 x X %X 0 &= ==
converter operating at the nominal power. To clearly define “ 50 x =7 4 ’
which state variable is related to the eigenvalues, a modal 100
analysis is performed, by calculating the participation factors 60 a0 20 xo " B 0
[6], [25]. The results of the modal analysis are listed below: R (Hz) R (Hz)
o The eigenvalues from 1 to 6 are linked to the dynamic SCR
of the LCL filter. From the point of view of the LCL o0 |

filter block, the loads are ideal current sources connected
at the PCC. Therefore, a high—value shunt resistor Ry is
inserted at the PCC for the electrotechnical compatibility
[24], [27]. The eigenvalues 1 and 2 depend on R;. As
demonstrated in [24], it does not influence the stability;
« The eigenvalues from 7 to 10, 13 and 14 depend on the Finally, the Short Circuit Ratio (SCR) is changed to study
digital current control. In particular, eigenvalues 7 and 8 how different grid conditions affect the control stability. Fig. 7
are linked to the delay introduced by the digital control shows how the eigenvalues move if the SCR decreases from
(i.e., sampling time), while eigenvalues 9, 10, 13 and 14 the nominal value of 100 (stiff grid condition) to 1 (very
are related to the integrators of the PI current control, weak grid condition). It can be observed that all the eigen-
« The eigenvalues associated to the NL load are 11 and 12; values linked to the grid inductance (i.e., LCL filter, electrical
o The IM load is related to the eigenvalues from 17 to 21; equation block, excitation control) move from left to right.
o The eigenvalues 15, 16 and from 22 to 25 are linked to  The conclusion is that the system tends to become unstable
the electromechanical part of the S—VSC (i.e., electrical if the SCR decreases. However, even under a very weak grid
equations, swing equation and excitation control). condition, the system is still stable.

Fig. 7. Eigenvalues map of the system in grid—connected operation varying
the SCR from 100 to 1. The color change shows how the eigenvalues move.
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B. Island Operation

The same procedure performed in Section V-A is repeated
for the island configuration. In this case the eigenvalues are
calculated considering the R load connected and the other two
loads disconnected. Fig. 8 shows the eigenvalues map of the
system in island—mode in the complex plan. The total number
of eigenvalues is 22, because of the lack of the grid. According
to the modal analysis:

« As for the grid—connected configuration, the eigenvalues

ooy 0 . .
0 5 10 15 20 25 30
t (s)
2.96's (0.34 Hz)

— 1.01 F T T T
é 1 \/\/ T
“~ 0.99 i i i L 1
=015 F T T T T T ]
G
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0 1 2.786 4 5.746 7 9

t(s)

Fig. 10. Instability test to validate the state—space modeling and the eigenvalue
analysis. The oscillation frequency is in compliance with the theoretical
analysis.

from 1 to 6 are related to the LCL filter;

« The digital current control is associated to the eigenvalues
7, 8, 12 and 13. In particular, eigenvalues 7 and 8 are
related to the delay of the digital control, while 12 and
13 are linked to the integrators of the PI current control;

o The eigenvalues 9 and 16 are associated to the NL load;

« The eigenvalues 14, 15, 17-19 are associated to the IM
load;

« The electromechanical part of the S—VSC is linked to the
eigenvalues 10, 11, 20-22.

To test the validity of the state—space model, the bandwidth
of the PI current control fp,, is reduced from the nominal
value of 500 Hz until an instability condition is reached. As
mentioned before, the eigenvalues linked to the integrators of
the PI current control are 12 and 13. It can be observed from
Fig. 9 that the instability is reached for a bandwidth value of 30
Hz, as the eigenvalues 12 and 13 move to the right half—plane.
From the modal analysis, the frequency of the eigenvalues
12 and 13 is equal to 0.34 Hz. Therefore, it is expected that
the unstable system oscillates at 0.34 Hz. This analysis has
been validated through a PLECS simulation and the result is
proposed in Fig. 10. As it can be observed, the oscillations
have a period of 2.96 s, which corresponds to almost 0.34
Hz. This corroborates the validity of the state—space modeling
procedure and the eigenvalue—based stability analysis.

VI. EXPERIMENTAL VALIDATION

The grid—forming capability of the S—VSC model is vali-
dated by means of four experimental tests. The experimental
setup is shown in Fig. 11, while its main data are listed in
Table I. Its scheme has been already depicted in Fig. 1.

The inverter is supplied by a 15 kW dc—source and con-
trolled by a dSPACE platform. The inverter is connected at
the PCC through an LCL filter. Finally, a circuit breaker is
located between the PCC and the grid, as shown in Fig. 1 and
Fig. 11b. There is no communication between the breaker and
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TABLE I
MAIN DATA OF THE EXPERIMENTAL SETUP.

Base Values Inverter LCL Filter & Grid
S» 15 kVA SN 15 kVA Ly 0.060 pu
Vi  230V2V Iy 30 A Ry 0.006 pu
Ip 30 A fsw 10 kHz Cy 0.017 pu
Zp 10.67 Q Vae 650 V Lyg 0.065 pu
o 50 Hz Ryg 0.01 pu
op 27 fi, L 0.001 pu

g
Rg 0.00001 pu
Non-linear Load

Resistive Load Induction Machine

Pn 0.1 pu SN 0.27 pu Pn 0.1 pu
S-VSC Parameters

R, 0.02 pu L, 0.2 pu H 4s

Lyg 0.71 pu Rrq 0.01 pu Te 0.1s

the converter. Consequently, the converter does not receive any
information regarding the status of the breaker. Three different
loads are located at the PCC to take any typology of load into
account: 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. The inrush current during the
start up of the IM is limited by a starter that is placed between
the IM and the PCC, by imposing a maximum slew rate to the
supply voltage. Moreover, the IM is loaded by a programmable
mechanical load. The NL load consists of a three phase diode
rectifier connected at the PCC through a 0.09 pu inductive filter
(Ly ~vp) as shown in Fig. 12. At the dc—side, the rectifier is
connected to a capacitor bank of 3.3 mF (C4. n 1) connected
in parallel with an electronic constant current load set to ;544
= 0.1 pu (ITECH IT 8332 dc electronic load). The capacitor
precharge is performed through the soft—start resistor R, np.
The four experimental tests are the following:

o Test 1: effect of the High Level control. The inverter is
connected to the grid. At a certain time, the circuit breaker
is opened when only the R load is connected. The test is
repeated twice as follows. First, the High Level control is
disabled and the system collapses because the frequency
and the voltage are not controlled. Next, the High Level
control is enabled and the S—VSC provides the power
requested by the load and controls the frequency and the
voltage of the microgrid. This test highlights the need
for the High Level control to make the S—VSC able to
operate in grid—forming configuration.

o Test 2: inverter external power references set to 0 pu.
The inverter is connected to the grid, the load power is
provided by the grid and the inverter is only in charge
of the provision of the ancillary services. As soon as the
microgrid is islanded (i.e., the circuit breaker is opened)
the inverter must immediately supply the loads and follow
the load changes with no need of islanding detection.

« Test 3: non—zero inverter external references (e.g., emulat-
ing renewable plant generation). Test 2 is repeated with a
variable active power reference P;ef which changes over
time simulating the production change of a photovoltaic
or wind power plant. As for Test 2, when the micro-
grid is islanded, the inverter must instantaneously inject
the power requested by the loads and follow the loads

(b)

Fig. 11. Pictures of the experimental setup.

Diode rectifier
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Fig. 12. Scheme of the NL load.

changes with no need of islanding detection.

o Test 4: fault occurrence during island—mode. The inverter
works in grid—forming operation by supplying the R load,
the IM load and a programmable load set to an apparent
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Fig. 13. Grid synchronization and current control enable. From top to bottom:
three phase inverter current i; (A); S-VSC frequency f (Hz).

power of 0.2 pu. At a certain time, the impedance of the
programmable load decreases to replicate a symmetric
three phase fault. After about 1.6 s, the fault is cleared
(i.e., the programmable load is disconnected) and the
system returns to the normal operating condition.

Finally, in all tests the speed reference ) is set to the S—
VSC frequency value (pu) after the inverter synchronization
procedure (that is, at that instant, the grid frequency value).
Similarly, the voltage reference V; is set to the measured

voltage amplitude Vg at the end of the synchronization process.

A. Test 1: Effect of the High Level control

Test 1 starts with the circuit breaker closed and the R load
connected. The S—VSC synchronizes to the grid with no need
of a PLL. As soon as the S—VSC tracks the real grid frequency,
the PWM modulation and the current control are enabled, as
shown in Fig. 13. At a certain time, the circuit breaker opens to
evaluate the effect of the High Level control. If the High Level
control is disabled, the S—-VSC starts to provide the power
requested by the R load. However, the lack of the frequency
and voltage control loops leads to the collapse of the frequency
and the voltage, as illustrated in Fig. 14. The test is performed
with two values of inertia constant H to highlight the effect
of the virtual inertia on the frequency decrease, i.e. a larger
inertia leads to a slower decrease of the frequency, as happens
for a real synchronous machine. Instead, if the High Level
control is enabled, the S—-VSC can operate as grid—forming by
controlling the frequency and the voltage and providing the
power requested by the R load, as demonstrated in the same
testing conditions proposed in Fig. 14.

B. Test 2: Zero inverter external references

The results of Test 2 are illustrated in Fig. 15, while Table
II summarizes the main events. Test 2 is divided into two
phases: grid—-mode and island operation. During the first part,
the circuit breaker is closed, the three loads are connected one
by one and their demand is satisfied by the grid. The IM load
insertion at ¢ = 23.3 s is the same step change shown in Fig. 4.
At the beginning of the second part, at ¢ = 42.53 s, the circuit
breaker suddenly opens without notifications to the control.

0.5 —

10
t(s)

15

20

NoHL, H =45

NoHL, H = 0.4 s

HL,H:4s|

Fig. 14. Island operation with and without the High Level control (HL) for
different values of inertia constant H (s). From top to bottom: inverter current
amplitude I; (pu); S-VSC frequency f (Hz); capacitor voltage amplitude Vg

(pw).

TABLE II
EVENTS LIST OF TEST 2.
Time (s) Comment
0 f#50Hz=P;#0= P; #0.
4.7 R Load insertion = AP, = 0.1 pu.
17.5 IM start up. The starter limits the inrush current.
24 10 Nm IM load insertion = APg = 0.1 pu.
292 NL load precharge.
30.6 Bypass of the soft—start NL load resistance.
36.7 NL load insertion = APg = 0.1 pu.
The circuit breaker is opened: Islanding =
42.53 = 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.
85.8 Bypass of the soft—start NL load resistance.
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.

As it can be noted in Fig. 16, the S—-VSC seamlessly provides
the power requested by the loads without requiring any kind
of communication system. As the capacitor voltage reduces
from the grid—-mode to the island operation, the total amount
of load power decreases as well. Next, the converter correctly
follows the load changes over time. The IM load insertion at
t = 110.6 s is the same step change shown in Fig. 5.

Finally, Fig. 17 shows the measured line to line voltage
Vg.ab and the current if, , in island operation under two
different conditions: all loads connected (Fig. 17a); the non—
linear load is not connected (Fig. 17b), where it is evident that
the NL load introduces a non-negligible harmonic distortion.
In the first case (i.e., Fig. 17a) the Total Harmonic Distortion
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Fig. 15. Results of Test 2: (top) inverter power P; (pu) and grid power P, (pu) moving average trends; (bottom) S—VSC frequency f (Hz) and voltage

amplitude Vg (pu) trends.
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Fig. 16. Transition from grid—-mode to island operation in Test 2: inverter
power P; (pu) and grid power Pg (pu) moving average trends.

(THD) of the current is equal to 7.70%, while the THD of the
voltage is 3.53%. The main distortion contributions are on the
5t 7t 11t and 13™ harmonic orders, as the NL load consists
of a diode rectifier. Next, in the second case (i.e., Fig. 17b),
the THDs are equal to 2.80% and 1.44%, respectively. Finally,
Fig. 17 highlights a key feature of the S—VSC model: the S—
VSC imposes the current and not the voltage, even in island
operation. Indeed, the load current strongly affects the voltage
distortion.

C. Test 3: Non—zero inverter external references

Fig. 18 shows the results of Test 3. The comments of the
main events of the test are listed in Table III. As for Test
2, Test 3 is divided into two parts: grid—connected and island
operation. In the first part, the inverter external reference P; ref
changes over time. The loads are inserted one by one and the1r
demand is satisfied by both the grid and the inverter or only

7 TELEDYNE LECROY |
P Lo

AN AN AN
/\NV/\NV/\NVY [/

/\\
\ A/

me Wome Soms
Tbase 00 e Trigae e Gl
128

(b)

Fig. 17. Line to line voltage vg 4p and current iy, , waveforms during
island operation: (a) with all loads connected; (b) without the NL load.

by the inverter, if sufficient. For instance, at t = 33.7 s part of
the loads power is provided by the inverter and the remaining
contribution comes from the grid. Differently, at # = 49 s, the
total amount of the loads demand is satisfied by the inverter.
Next, at t = 58.44 s, the circuit breaker opens and the inverter
autonomously decreases its injected power, even if the external
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Fig. 18. Results of Test 3: (top) inverter power P; (pu) and grid power Pg (pu) moving average trends; (bottom) S-VSC frequency f (Hz) and voltage

amplitude Vg (pu) trends.
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Fig. 19. Transition from grid-mode to island operation in Test 3: inverter
power P; (pu) and grid power Pg (pu) moving average trends.

reference does not change, as for the curtailment operation.
Indeed, in such condition, the converter can only inject the
power requested by the loads. If a storage system was added,
the surplus of power could be used to charge it. Even in this
case, there is no communication between the converter and the
grid. Therefore, the converter seamlessly provides the power
requested by the loads, as shown in Fig. 19. Finally, as in Test
2, the converter properly follows the loads changes.

D. Test 4: Fault occurrence in island operation

The results of Test 4 are shown in Fig. 20 and Fig. 21. At ¢ =
0 s, the fault causes a voltage dip of about 0.35 pu. During the
fault, the inverter does not trip and feeds the microgrid loads.
The frequency decreases and the inverter current is saturated
at the limit of 0.8 pu (imposed by the user). As soon as the

fault is cleared, the frequency and the
to the normal operating values and the

voltage are restored
inverter supplies the

TABLE III
EVENTS LIST OF TEST 3.
Time (s) Comment
0 Pl.r ef _ 0.2 pu. The inverter injects power into the grid.
f#50Hz= P, #0= P;=P,+ P
R Load insertion = APg = 0.1 pu.
6.9 The inverter satisfies the R load request and
the remaing power is injected into the grid.
17.5 IM start up. The starter limits the inrush current.
10 Nm IM load insertion = APg = 0.1 pu.
23.3 The inverter provides part of the loads power.
The remaing contribution is guaranteed by the grid.
26.9 NL load precharge.
28.3 Bypass of the soft—start NL load resistance.
NL load insertion = APg = 0.1 pu.
33.7 The inverter and the grid almost equally provide
the loads power.
39.4 Inverter reference step APiref =-0.1 pu=
= APg =0.1 pu.
445 Inverter reference step APl.ref =0.1 pu=
= APg = —0.1 pu.
46.9 Inverter reference step APiref =0.1 pu=
= APg = -0.1 pu.
Inverter reference step APiref =0.1 pu=
49 = APg =—0.1 pu.
The inverter provides all the power requested by the loads
and the remaining term is injected into the grid.
512 Inverter reference step APl.ref =0.1 pu =
= APg =—0.1 pu.
5844 The circuit breaker is opened: Islanding = Pg = 0 pu.
’ The inverter immediately provides only the loads power.
66.7 NL load disconnection = AP; = —0.1 pu.
IM torque inversion from 10 Nm to -10 Nm =
776 = AP; = -0.2 pu:
’ the IM works as a generator and
provides almost all the R load power.
85.9 IM torque load = 0 Nm = AP; = 0.1 pu:

The inverter provides the power requested by the loads.
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Fig. 20. Results of Test 4. C1, C2 and C3 are the line to line three phase
voltages vg j7. C4 is the R load current ig 4, CS is the inverter current i; g,
C6 is the IM current i7pz o and C7 is the fault current ir . The RMS values
are calculated in the time range from 200 ms to 1.6 s. From top to bottom:
(a) entire fault; (b) zoom at the beginning of the fault.
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Fig. 21. Results of Test 4. From top to bottom: inverter current amplitude I;
(pu); S-VSC frequency f (Hz); capacitor voltage amplitude Vy (pu).

loads. This test validates the robustness of the proposed control
algorithm against a fault, as the microgrid does not collapse
during the fault and, as soon as the fault is cleared, the S—VSC
restores the pre—fault normal operating condition.

VII. CONCLUSION

The concept of Virtual Synchronous Machine represents
a promising solution to mitigate the future power system
inertia reduction and the associated grid frequency and voltage
stability concerns. Moreover, the penetration of distributed re-
newable energy sources together with the resiliency of the grid
can be enhanced by the diffusion of microgrids able to provide

ancillary services and work both in grid—connected and island
configuration. This paper proposed an S—VSC model which
can operate both as in grid—following and in grid—forming
modes, without affecting the compensator performance already
described in previous papers. The eigenvalue stability analysis
proved theoretically that the proposed solution is stable in
both grid—connected and islanded mode. These findings have
been validated experimentally on a microgrid, including dif-
ferent load typologies (passive linear, non-linear and active
loads, such as line fed motors). As soon as the microgrid
is islanded, the S—VSC provides the power requested by the
loads, demonstrating its suitability for the control of inverter—
based microgrids. Moreover, the tests show how the S—VSC
seamlessly moves from the grid—following to the island op-
eration with no need of communication between the grid and
the converter. Finally, an experimental test demonstrates that
the S—VSC can operate in island—mode even in case of a fault
occurrence, thus demonstrating the robustness of a microgrid
controlled according to the proposed solution. Future work
will focus on integrating a feedback of the grid connection
status in the inverter control. This would make the converter
able to re-synchronize to the grid after the island operation.
Moreover, more studies on integrating the secondary frequency
and voltage control during the island operation will be carried
out. Another future step will expand the microgrid with more
converters.

APPENDIX A
STATE—-SPACE MODELS

In the following, for the generic quantity y, the term Ay%?
stands for the row vector [Ay?,Ay?], where Ay¢ and Ay9 are
respectively the d—component and the g—component of Ay in
the (d, q) reference frame rotating at the virtual speed o,.

A. Loads

1) Resistive Load:

dXR
W ARXR + BRUR (21)

YR = Cgrxg +Drur
T T
= [Avld)ZC:Pload] YR = [Aif{f] (22)
xg = 0,Ag = 0,Bg = [0]", Cg = [0]*! (23)
1
= 0 0
Dr=| X v (24)
1 0
0 L pcc
Rk Rr

where Ry is the resistance of the load, ig is the load cur-
rent and Pj,q.q4 is a logic flag to emulate the connection or
disconnection of the load.
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2) Induction Machine:

dxmm _
{ 7l Apnvixv + Bivumv 25)
ym = Cxma +Dvumm
_ dq dq T
X = [AAeT, AN, Awp (26)
4 T
unv = [Avide, A, AT, | 27
_ | Ada T
ym = |Aig (28)

where A, is the stator flux, A, is the rotor flux, wy,, is the rotor
speed, T is the load torque, iy is the stator current and o is
the grid frequency w, in grid—-mode operation and the virtual
frequency o, in island operation. The state—space matrices can
be found in [28].

3) Non-linear load:

dXNL
{ o - ANLXNL + BrnpunL (29)
ynL = Cnpxae + Davunt
. T
XNL = [Alge,np, Avi L (30)
_ dq T
unL = |Avipees Alioaa (31
. g 1T
NL = [Aige.n e, Avr, Al | (32)

The state—space representation refers to the average model
of a three phase diode rectifier [29] connected to a capacitor in
parallel with a constant current load. The rectifier is connected
at the PCC trough an inductive filter with inductance Ly nr.
ige,N1 1s the dc current of the rectifier, vy, is the voltage of
the capacitor on the dc—side of the rectifier, I;,44 is the load
current and i(fv ;. is the g—component of the ac rectifier current.
The state—space matrices are retrieved from [29].

B. LCL Filter

The LCL filter has a damping resistance R;. The capacitor
voltage is v, while the measured voltage v, is the sum of
v and the voltage drop on R;. The subscript "LCL,G” refers
to the state—space representation of the LCL filter in grid-
connected operation, while the subscript "LCL,I” refers to the
island—mode.

1) Grid-mode:

XLCLE | A exienc +Brewgu
i LCL,GXLCL,G LCL,GULCL,G (33)
yuce,e = Crcr.eXuer,c +DrcL,guLcL,c
.d .d .d dgqT
XLCL,G = [Ali q’ Alf‘i” Algqa Ach] (34)
d d .dgqT
urcLG = [Aef?, Aeg?, Aw,, AiT?] (35)
where i is the total load current.
_ .dq .dq .dgq dq dg 1T
YicL,Gg = [Ali P Alfg, Alg > Avg > AVpcc] (36)

In the following, Rp, Rr and R are equal to, respectively:

Rp =Rf + Ry 37

12
Rr=Rq+Ryg+R; (38)
R =R;+ R, (39)
The only non-zero elements of Dycr,c are:
DrcL,G(9,6) =DreL,g(10,7) = =Ry (40)
Rp Ry
-y — W-o0Wp wp — 0
Ly Ly
Rp Ry
—W-0Wp —Wp L_ 0 (DbL—
f S
Rd Rp
wp 7 0 —Op T Orop
fg R fg R
0 W7 L —o0p  —0p I F
ArcLg = fg R fg
0 0 op— 0
Lg
R
0 0 0 wp —
Lg
Rl 0 _9 0
Cr Cr
0 ) 0 _9%
Cr Cy
0 0 /2
Ly
0 0 (A —C
R Ly
B ®
Wb 0 —b 0
Lyg Lyg
0 e 0 26
R Lyg Lyg
—Wp LG 0Wro0Wp 0 0
g
R
-0y —Wp L_G 0 0
g
0 0 0 W;0Wp
0 0 —W,0Wp 0
41)
BrcL.g =
(20 0 0 wplf 0 0
Ly !
0 2 0 0  -epd 0 0
Lf t
R
q N
0 0 0 0 (x)b]fgo 0p Lfg 0
; R,
0 0 0 0 —wplfy, 0 o i,
®p Rs
0 0o -— 0 11 —-0p — 0
Lg wp 20 wp Lg
R
0 0 0 - g 0 —gpnt
Lg g L,
0 0 0 0 O’bcho 0 0
0 0 0 0 —meCdO 0 0 |
42)
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! 0 0 0 0 0 0 0] C. Inverter

o 1 0 0 0 0 00 ‘ . N
0O 0 1 0 0 0 0 0 The Inverter block is the same proposed in [25] and it is
0 0 0 1 0 0 0 0 not reported here.

C 0 0 0 0 1 0O 0 O
LCL,G =

o0 0 00100 D. S-VSC Control

Ry 0 -R; O 0 0 1 0 . '

0 R;, O —-R; O 0 0 1 The S-VSC control block consists of the Electrical Equa-
0 0 R 0 -R 0 0 0 tions block and the power loops block (i.e., Mechanical
0 0 OS R OS “R. 0 0 Emulation and Excitation Control). The former is the same

“3) proposed in [25] and it is not reported here. The latter is
2) Island-mode: slightly different from [25] and it is proposed in the following.
The power loops block changes according to the operating

dXLCL.1 figuration (i id—mod island). In the followi
, ALCLIXLCLI + BreL et configuration (i.e., grid-mode or island). In the following, f,
{ dt _C D (44 and fq define if the droop references P, and Q7 are applied
yicLr = CLCLIXLCLI + DLCL IULCL I on the inverter references or on the virtual references, are
explained in Section III and shown in Fig. 3 with the switch
xecr = [0, A7, Avie)T s g ¢
1) Grid-mode:
uLCcLI = [Aef]q, Aoy, Aizq]T (46)
axewe Apw,cXpw,G + Bpw,cupw, G
_1A99 A:da dq A.dq 9T - g ’ ’ ’ 52)
LeLa = [Aif, AL Ave T, AV 47) dt
y A7 fer s pec ypw.c = Cpw.cXpw,c +Dpw cUpw.c
A =
Lol xpw.G = [Awy, A8, Ak ] (53)
Rp Ry ®p
—Ob7— Oro®p b7 0 L, 0 where 8 is the angle difference between the virtual rotor angle
Rp 4 Ry 4 op | Or and the grid voltage angle 0.
—W;r0Wp —Wp — 0 0p — 0 -
Lf Lf Lf ref ref % *
Ry Rrp p upw.G = (AP, ,AQ, ,AP,;, AQy,
wp —=— 0 —0p—— 0 — 0
Ly Ly Ly dq y.d T >4
¢ Rd & RF 8 wp Avgquivq, A(")g
0 0p——  —000p —Op—— 0 —
o Lyg o Lyg Lyg T
_b 0 __b 0 0 ®,-00p Yrw G = [APV7 AQv, Awr, AS, A}\'e] (55)
Cr Cr
0 A 0 e 0 00
Cf Cf ] APW,G = |Wp 0 0 (56)
(48) 0 0 O
Cop
= 0 ol 0 0
r d
0 2 g 0 0 o, oy e
Ly ® 2H 2H 2H
B — 0 0 (x)blq 0 mb—s 0 (49)
LCL.I I8 Lfg Bpwg=| O 0 0 0 0
R ’
_ d S
0 0 (x)blfgo 0 wp Lfg 1. q
0 0  wpVe 0 0 ke 0 ket ke
0 0 % 0 0 80 Vs0 Veo
—0pV o q d q (57)
I 1% Vv
. >0 __8 &0 0
1 0 0 0 00 2H 2H 2H
0 1 0 0 0 0
0 0 1 0 00 0 0 0 -~
0 0 0 1 00
Crevr = Ry 0 -R; O 1 0 ©0 X 1% K Veo k gdo 0
0 Ry 0 -R; O 1 € Veo Voo Vo
0 0 R 0 0 0
0 0 0 R, 0 0 000
Th 1 1 f D : 000
e only non-zero elements of Dy cr 1 are: Crwa=|1 0 0 (58)
010
DrcL.1(7,4) = DrcLi(8,5) = —R; (51) 0 0 1
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Dpw,g =
0 0 ot ve Vgo
q d q d
0 _IvO IvO VgO _VgO 59)

0 0 0 0
0 0 0 0
0 0 0 0

SO O O
o o

(el eNel ool
SO O O O
S OO O O

0

In (5§7) H is the inertia constant in seconds and k. is the gain
of the excitation control (pu) [20].
2) Island—mode:

dxpw 1
{ 7 Apw 1Xpw.1 + Bpw 1upw I (60)
yewi = Cpwixpw 1+ Dpw 1upw 1
xpw.1 = [Aoy, Ad]" (61)
T
upw. = APV AQY AP AQY AVE AT (62)
yew.a = [AP,,AQ,, Aw,, Ak, ]" (63)
Apw,1 = [0]* (64)
il . oo
2H 2H 2H
Bpw1 = . f /
0 ke 0 ko2l 240
VgO VgO VgO
d q (65)
B Yoo Ve
2H 2H 2H
q d
IgO g0 VgO
—ke— —ko— e— O
Vg() VgO VgO
0 0
00
Cpw1 = 1 0 (66)
0 1
Dpw,1 =
d d
0000 Ivg 1;0 qu v;od
000 0 -1y Iy Vi -V (67)
0 0 0 O 0 0 0 0
0 0 0 O 0 0 0 0
E. Reference Calculation
T
uper = [AP7T AQT ,Ai§4,AP;,AQ;,Avgq] (68)
_ _ *,dq T
XRef = 0, YRer = [Ai*97] (69)
Ager = 0, Brer = [0]"*, Crer = [0 (70)

14
DRef =
yd vy vd 1%
g0 g0 g0 g0
ve oz L0 U=f)r (U-f)yr
g0 g0 g0 g0
% 1% % 1%
g0 g0 80 80
v Ty O U=h)gr (= fe) o
g0 g0 g0 g0
* 2,9 2.d * y7d y79
PiO(VgO - VgO ) - 2Qi0Vg0Vg0
V4—
80 (71)
= v7d Y79 * 2,q9 2.d
_ZPiOVgOVgO +0;0(Veo = Vo)
4
VgO
* 2,d 2,q s v7d y4q |
QiO(VgO - VgO ) - 2PiOVgOVgO
4
Vgo
% y72.d 2,q % y7d 49
PiO(VgO - Vg() )+ 2Qi0Vg0Vg0
4
Vgo
F. High Level Control
dxgrL,
{ 7l AnLXHL + BaLunL 72)
yur = CuoXnL +DapunL
where:
dq T * «17T
v = Ao, AV | yi = [APG 805" (73)
xur = 0, Agr, = 0,Bur = [0]™, Car, = [0]7 (74)
1
- 0 0
D by d (75)
= q
" 1Y% 1 Ve
by Veo by Veo

G. Grid

The grid block is the same proposed in [25] and it is not
reported here.

APPENDIX B
COMPONENT CONNECTION METHOD FOR THE LOADS

1) Aggregated Matrices:

Ay = blkdiag{AR, Apv, AnL}
B, = blkdiag{Bg, B, BnL} (76)
CL = blkdiag{Cg, Cim, CnL}
DL = blkdiag{DR,DIM,DNL}

where “blkdiag” stands for block diagonal.

Authorized licensed use limited to: Politecnico di Torino. Downloaded on June 14,2023 at 13:02:22 UTC from IEEE Xplore. Restrictions apply.

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Industry Applications. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TIA.2023.3285523

2) Aggregated system:

u, = LyuyLyL+LysrusyL 77)
YsL = Lsy,L)’L + Lgs LUs L,
T
XL = [Xg. Xpyp Xy | (78)
T
ur, = [ug, Upyg, Uy | (79)
T
YL = [YRe v Y] (80)
T
U = I:AVZZC7 Aw,ATp, Aljpaa, APlz)ad] (81)
Vot = |80, AN AR, Aorag, A
(82)

NL> NL? R I

The interconnection matrices Lyyy and Lgy, are all zeros
matrices.

Luyy.1 = [0]'%'? Ly 1, = [0]'"° (83)
1000 0 0
01000 0
001000
0001 00
10000 0

Lust=1o 1 0 0 0 0 (84)
0000 10
100000
01000 0
00000 1

The non—zero elements of the matrix Lgy 1, € [14, 12] are:

Leyr(1:12,1:12) = [1]'*"

Ley.(13,1) = Lgy 1.(13,11) = 1 (85)
Loy 1.(14,2) = Lgy 1.(14,10) = Ly 1.(14,12) = 1
3) State—space representation of the Loads Block:
AL = AL +BprLyy 1 WLCL
B = BprLyytWrLDpLLys 1 BrLysL
CL = Ly LWLCL (86)
Ds,L = Lsy,LVVLDLLus,L + Lss,L
-1
WL = (I - DLLuy’L)

APPENDIX C
COMPONENT CONNECTION METHOD FOR
GRID—CONNECTED OPERATION

The same approach used in Appendix B is applied to
obtain the state—state representation of the entire system in
case of grid—connected operation. The aggregated system con-
sists of the following blocks: Loads, LCL,G, Inverter, Stator,
Power Loops in grid—mode, Reference Calculation, Grid, High
Level control. In the following are reported: the input vector
ug G, the output vector ys ¢ and the interconnection matrices

[Luy,G]44X39, [Lus,G]44X107 [Lsy,G]36X397 and [LSS,G]36XIO~

. [Apjef AQT Awg, AEg, Ay,
T 87)
ATL7 Alloada APloadv APCef 5 AQ:ef ]

T ,d, .d .d
¥s.G = |Vs.L > A AT A

d d d
fe Aig?, Avg?, Avyl

pces

d d T (88)
Ae Aw,, A, AP, AQ,. A AP, A,

For the interconnection matrices, only the non-zero ele-
ments are provided:

Lus,g(1,23) = Lys,c(2,24) = Lys,g(7,25) =1
Lus.g(8,26) = Lus,g(9,36) = Lus,¢(10,37) = 1
Lus.g(11,31) = Lys (12, 13) = Lysg(13,14) = 1
Lys.c(14,34) = Lys,g(15,35) = Lys,c(16,15) =1
Lus,g(17,16) = Lys, ¢ (18,21) = Lys,g(19,22) = 1

Lus.G(20,31) = Lys g(21,33) = Lus.g(24,38) =1 (89)
Lus.G(25,39) = Lus.g(26,21) = Lys g(27,22) = 1
Lus.G(28,27) = Lus.g(29,28) = Lys.g(33,27) = 1
Lus.G (34, 28) = Lus.g(35,38) = Lus.6(36,39) = 1
Lus.G(37,21) = Lus.g(38,22) = Lus.g(39.32) = 1
Lus.G(42,31) = Lys g (43,21) = Lys g (44,22) = 1
Lus,6(3,3) = Lus,g(4,6) = Lus,c(5,7) = 1
Lus.G(6,8) = Lus.g(22,1) = Lys g(23,2) = 1 ©0)
Lus.G(30,3) = Lus.g(31,9) = Lys.¢(32,10) = 1
Lus.(40,4) = Lys g (41,5) = 1
Ley.g(1: 14,1 : 14) = [1]'#14
Lsy.c(15,34) = Lgy.g(16,35) = Ly ¢(17,15) = 1
Ly (18,16) = Ly (19, 17) = Lgy (20, 18) = 1
Ly (21,19) = Ly (22,20) = Lgy.¢(23,21) = 1
Ly.c(24,22) = Lgy g(25,23) = Lyy.c(26,24) =1 (91)

Lgy,G(27,36) = Lgy ¢ (28,37) = Lgy,g(29,31) = 1
Lgy,(30,32) = Ly, 6(31,29) = Lgy (32,30) = 1
Ley,(33,27) = Ly 6(34,28) = Lgy g(35,38) = 1
Lgy,G(36,39) =1

APPENDIX D
COMPONENT CONNECTION METHOD FOR ISLAND
OPERATION

The state—state representation of the entire system in case of
island operation is obtained by applying the same procedure
shown in Appendix B. The aggregated system consists of the
following blocks: Loads, LCL,I, Inverter, Stator, Power Loops
in island-mode, Reference Calculation, High Level control.
In the following are reported: the input vector ugy, the out-

put vector ys1 and the interconnection matrices [Luy,l]38X34,
38x7 33x34 33x7
[Lus,l] i > [Lsy,l] i , and [Lss,l] L
uS,I = [AP:'E]( ’ AQ:Ef ’ ATL’ Alload,
, T (92)
AProaa, APY 000 |
o .d .d d d
Ys1 = [ys,LT,Al 4 A 1A Ave® AV, o)

T
Ao, APy, A, AIYT, AP, Q. Ael|
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For the interconnection matrices, only the non-zero ele-
ments are provided:

[1]

[2]

[3]

[4]

[9]

Luy,1(1,21) = Lyy 1(2,22) = Lyy1(3,29) = 1
Luy,1(7,23) = Luy1(8,24) = Lyy 1(9,29) = 1
Luy1(10,13) = Lyy1(11,14) = Lyy 1(12,31) = 1
Luy1(13,32) = Lyy,1(14, 15) = Lyy 1(15,16) = 1
Luy1(16,19) = Lyy 1(17,20) = Lyy 1(18,29) = 1

Luy1(19,30) = Lyy1(22,33) = Lyy1(23,34) =1 (94)
Luy1(24,19) = Lyy1(25,20) = Lyy1(26,25) = 1
Luy.1(27,26) = Lyy1(30,25) = Lyy1(31,26) = 1
Luy.1(32,33) = Lyy.1(33,34) = Lyy1(34,19) = 1
Luy.1(35,20) = Ly 1(36,29) = Lyy1(37,19) = 1
Luy.1(38,20) = 1

Lus1(4,3) = Lus 1(5,4) = Lys1(6,5) = 1

Lus1(20,1) = Lyg1(21,2) = Ly 1(28,6) =1 (95)

Ly 1(29,7) = 1
Loyx(1: 14,1 : 14) = [1]1#14
Lay.1(15,31) = Lgy 1(16,32) = Lgy 1(17,15) = 1
Ly.1(18,16) = Lgy 1(19,17) = Lgy 1(20,18) = 1
Ley.1(21,19) = Lgy 1(22,20) = Lgy1(23,21) = 1 ©6)

Ly 1(24,22) = Ly 1(25,29) = Ly 1(26,27) = 1
Ly 1(27,28) = Ly 1(28,25) = Ly 1(29,26) = 1
Lgy 1(30,33) = Lgy 1(31,34) = Ly 1(32,23) = 1
Ley1(33,24) =1
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