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This paper presents an exact feedback linearization control strategy for voltage source converters (VSCs)
applied to the integration of distributed energy resources (DERs) in smart distribution systems and
microgrids. System dynamics is represented by an average nonlinear model which is transformed
algebraically into an equivalent linear model by simple substitutions, avoiding to use Taylor's series or
another equivalent linearization technique. The equivalent linear model preserves all characteristics of the
nonlinear model, which implies that the control laws obtained are completely applicable on its nonlinear
representation. Stability analysis is made using the passivity-based technique. The exact feedback
linearization control in combination with passivity-based control (PBC) theory guarantees to obtain a global
asymptotically stable controller in the sense of Lyapunov for its closed-loop representation. The
effectiveness and robustness of the proposed methodology is tested in a low-voltage microgrid with a
photovoltaic system, a supercapacitor energy storage (SCES) device and unbalance loads. All simulation
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scenarios are conducted in MATLAB/SIMULINK environment via SimPowerSystem library.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Distributed energy resources (DERs) have taken special
relevance in electrical networks in the era of the global warming
which is accelerated mainly by electrical and transportation
systems [1,2]. In the case of the electrical systems, the fossil fuels
used to generate electricity [3-5] can be replaced by DERs which
include renewable generation (wind and solar [6-8]) as well as
energy storage devices [9]. The main disadvantage of renewable
generation is the high variability of the primary energy resources
(solar radiation or speed of the wind) [7,10]. This disadvantage is
compensated with multiple devices available in the market which
allow to store some energy [9], and to support the power
oscillations in order to improve efficiency, reliability and security
of the grid [11].

In this context, modern electrical grids are composed by the
interconnection of classical generation technologies, renewable
energy resources, energy storage devices and time-varying loads as
depicted in Fig. 1 [7,12-14]. This interconnection origins the
concept of microgrid (MG), which allows an efficient
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interconnection of all aforementioned devices under grid-con-
nected and isolated scenarios [15-18].

The integration of DERs requires the use of power electronic
converters [19-22], which maximizes energy production and
improves grid efficiency and stability [23,24]. In fact, the correct
operation of the grid is highly dependent on the capacity of the
power electronic converters to make their assigned tasks [16]. In
this context, are required robust, fast and reliable control strategies
that allow to operate the power electronic converters in all possible
operating scenarios [25]. Despite the wide range of power
electronic converters [26], we are interested in analyzing the
most common and widely used device, i.e., the voltage source
converter (VSC) [25]. This converter is indispensable in the
conformation of ac modern electrical networks [11,16,17,27,28].

In specialized literature there exist multiple papers that analyze
and propose control strategies for VSCs. The most common control
strategy is the classical proportional-integral control [29], linear
feedback realizations [11,30] and model predictive control [31].
These controls are typically hierarchical. This situation complicates
the stability analysis, because the VSCs are analyzed by small
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Fig. 1. Typical interconnection of DERs, which conform a MG.

subsystems, which do not necessarily imply global stability when
they are interconnected.

Nonlinear control strategies can also be found to operate the VSC
as is the case of passivity-based controllers [32-34] or controllers by
sliding modes [35]. In these cases, the main problem lies in the
calibration of the control parameters or the necessary computational
time required to calculate the control signals [33]. Finally, it is also
possible to find controllers based-on artificial intelligence as is the
case of fuzzy logic [36,37] or artificial neural networks [38]. These
strategies are efficient and simple for implementation, but lack
stability demonstration. There have been also presented linear
controllers, where the stability analysis has been made using
passivity-based techniques [39,40]. These papers explore the
possibility to design a classical PI controller via passivation theory,
guaranteeing stability properties in the sense of Lyapunov.

This paper studies the nonlinear dynamical model of a VSC and
its linear equivalent representation. An exact feedback linear
controller to operate a grid connected VSC is proposed, and the
stability analysis is made using Lyapunov theory and the passivity
based technique. The fundamental difference with the existing
proposals is the simplicity in the design of the control parameters
and the low computational resources needed, combined with the
stability properties. This is because the proposed strategy
combines the advantages of linear controllers such as PI or
feedback realizations and passivity based control.

The proposed control is not only stable but also passive too,
which is an important property in complex and highly inter-
connected systems since the interconnection of two passive
components is also passive [41,42]. Robustness of the methodology
is demonstrated via simulation on a realistic unbalanced electrical
network implemented through MATLAB/SIMULINK software. To
the best of the authors’ knowledge, the possibility to integrate
photovoltaic systems and supercapacitor energy storage devices in
microgrids using a linear equivalent representation avoiding
classical linearizations has not been analyzed.

The paper is organized as follows: Section 2 presents the full
dynamical model of a generic VSC using an average representation.
Section 3 shows the linear controller design process, as well as, the
closed stable analysis and the possibility to integrate a super-
capacitor energy storage system. Section 4 presents the test system
and the simulation scenarios considered. The results and
computational implementation is showed in Section 5, followed
by the conclusions in Section 6 and the reference list.

2. Mathematical modeling of the system

The classical topology commonly used to integrate DERs in the
electrical grids using VSCs is presented in Fig. 2 [33]. Applying
Kirchhoff's second law in the ac side of the VSC three ordinary
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Fig. 2. Classical interconnection of a VSC for DER applications.

differential equations are obtained. These relate the ac voltage in
the main grid, eg, the output ac voltage of the converter, vy, and
the ac output current in the VSC, igp, as given in (1) [30].

d . .
Lr g7l = —Rri + v — e, Vk € {a,b.c}, (1)

where Ly and Ry are the inductance and resistance of the three-
phase transformer (this transformer can be replaced by a series RL
filter), respectively.

The active power transference between both sides of the
converter can be obtained applying Tellegen's theorem using the
energy balance (pgc=pac) as given (2).

1 d ,
i Cdc a Vgc =Ppc — Z Vilk, (2)
ke{a,b,c}

where C, is the capacitor located in the dc side, v is the dc voltage
and ppg is the active power delivered by the distributed generator
connected in the dc side of the converter.

Other possible representation of the energy balance can be
obtained by using the equivalent voltage grid and the technical
losses produced in the electrical resistance of the transformer
(commutation losses in the converter have been neglected) as
defined in (3).

%Cdc%véc = Ppc — ) > (ekik + RT’%); 3)
c{a.b,c}

To analyze the dynamic of the VSC it is possible to use
continuous or discontinuous models [25,40]. The continuous
model is selected considering that the switching frequency in the
forced commutated devices is higher than the grid frequency.
Taking into account this assumption, the output voltage of the VSC
can be expressed as given in (4).

Vg = myve., Vke{ab,c}, 4)

where m;, corresponds to the modulation index of the leg k in the
VSC and its maximum and minimum values are limited by 1 and
—1, respectively.

The set of equations presented from (1) to (4) produces two
possible mathematical models for the VSC: a linear and a nonlinear
formulation. The latter case has been studied in [33,34,40] using
passivity based control theory, however this theory has not been
applied to the former case. In this paper, a proportional exact
feedback linearization controller [42] combined with passivity
based technique is proposed for control the VSC.

2.1. Linear reformulation

In this case, the set of equations (1), (3) and (4) produce a linear
representation under the following assumptions [30]:

A1 In (3) v, is defined as a new variable z. This condition is
always possible because v, never takes zero or negative values
(controllability requirements of the system), which implies that
the sign of the z is equal to the sign of vg,.

A2 A new control input is defined in (4) as u, = mVvy,.
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A3 The quadratic term in (3) associated to the copper losses in
the transformer can be eliminated if woL; > Rror Rr~ 0, where w
is the electrical frequency of the ac grid.

It is important to mention that, due v, never takes negative or
zero values, my = u; /vy always exists and with the same sign that
Ug.

After using the invariant power Park's transformation and
considering the aforementioned assumptions it is obtained an
equivalent linear model for the dynamical system as given from (5)
to (7) [26,33].

d . . .
LTald = —RTld — a)Lqu + Uy — €y, (5)
d . . .
Lrazq = —Rrpig + wlrig + ug — eq, (6)
1 d . .
5 Cde 377 = Ppc — €dld — €qlg- 7)

The linear mathematical model defined from (5) to (7) is
represented on a canonical form given in (8) [11].

X = JAX + BU + E, (8)

where the matrices 4,  and the external vector perturbation  can
be obtained by comparison between (8) and the set of equations
(5) to (7).

3. Linear controller design

There are many well-known methodologies to control the
linear dynamical system given in (8). A methodology based on
proportional feedback linearization technique is proposed in this
paper. The main idea is to apply the feedback linearization
technique to obtain an equivalent linear controller. The stability
analysis of the resulting closed-loop dynamical system is made
through passivity-based theory. The latter is important for
interconnected systems where multiple controls interact simulta-
neously. The characteristics of passive systems are widely
documented in the literature (see for example [43,41]), for the
sake of completeness a brief discussion is presented in A.

The main control objectives for a VSC used in MG applications
are the following:

e To control the dc voltage in terminals of the capacitor, this is,
Vge — v

e To control the reactive power interchange between the converter
and the main grid.

e To maximize the active power transference between the
distributed energy resource and main grid, psc — Ppc-

Notice that the dynamical system is under-actuated, for this
reason it is only possible to control two state variables at the same
time [25]. In this case v, and ig are selected as interest variables for
the proposed control strategy.

3.1. Active and reactive power behavior
Active and reactive power behavior in dq reference frame can be
decoupled as given in (9) [30].

Pac = edidt (9)
Qac = —€dlq-

A classical phase-locked loop (PLL) is used to measure the
electrical frequency in the main grid [44]. From (9) it is clear that

active power can be controlled selecting an adequate reference
for iy and reactive power can be controlled through iy. Notice that it
is not possible to control v,4. and iy at the same time because there
is a strong dependence between these two variables as can be seen
in (3).

3.2. Steps to design the linear controller

To obtain the control expressions for the dynamical model
presented from (5) to (7) the following procedure is applied:

e From (6) uq is used to eliminate the dependence of i; current on
the other state variables, then it is included a damping coefficient
that allows to carry ig current to its reference.

e From (7) is obtained the reference value for iy current through
elimination of nonlinearities and including a damping coefficient
that permits to improve the reference value for z.

e In (5) ug is used to eliminate the dependence of iy current on the
other state variables, then it is added a damping coefficient that
allows to carry iy current to the reference defined in the previous
step.

After applying this procedure, the control inputs ug, ug and ifff
are defined as (10)-(12).

Ug = Rrig + wlriq +eq — Ry (id —id ) (10)
Ug = Rrig — wlriq +eq — Ry (iq , i{r;f), (11)
i — e, (pDG — eqig + R, (z - zr"f)), (12)

where z'¢ is the reference of the z state variable and corresponds to
the square reference of the dc voltage in the supercapacitor.
Additionally, the PLL system guarantees that e; never goes to zero
under normal operating conditions, which implies that (12) never
goes to infinity.

3.3. Closed-loop stable analysis

The control inputs are supposed as general nonlinear functions
of the state variables mg = ar(x) and mg = B(x), such that closed-loop
dynamical system takes the passivity form analyzed in (A.1) of
Appendix A.

By substituting control inputs defined by (10) and (11), and ifff
presented in (12) in the linear dynamical model (see Egs. (5)-(7))
and rearrange some terms (13) is obtained.

d. .
LT%ld =—Ry (ld - l;ef),
]Lrac;q =Ry <1q — iy’ ), (13)
CC g — _RP (7 _ gef
2Cdcdtz_ Rdc(z Z )

In (13), by defining four new stable variables and considering
the reference values as constant values, it is easy to transform this
set of equations into (14).

d
LT&Y] = —Ry¥1,
d
LT&YZ = —Rgy, (14)

1 d
icdc ay3 = 7Rgcy3~
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Notice that rearranging some terms in (14) is possible to obtain
a Hamiltonian formulation in closed-loop for the nonlinear system
as function of y variables, as given in (15) [45].

Yl Lfle 0 0 Y1
V2]=-| 0 L/'Ry O Y2 |- (15)
V3 0 0 2GR | \Y3

Global asymptotically stability conditions are guaranteed if ®
is positive definite and #7,(y) fulfill Lyapunov conditions as it will
be explained in A. In this case #,(y) is a positive hyperboloid
function in fourth dimension with vertex at the origin of the
coordinates. For this reason, it is only necessary to guarantee that
R, be positive definite, which is totally evident in (15).

The solution space to guarantee globally asymptotically stability
in closed-loop in the sense of Lyapunov is presented below:

S {Rd7Rq7RZC} €R". (16)

3.4. Supercapacitor energy storage application

The proposed linear control can be applied to control SCES
systems easily [46]. In case of this application it is not possible to
control active and reactive power interchange and, at the same
time, control the voltage in the supercapacitor device [15,47]. For
this reason, the control strategy on a SCES system requires the
following steps:

e Use control inputs (10) and (11), in order to control active and
reactive power independently (refers to (9)) via direct and
quadrature currents, respectively. The reference for the direct
and quadrature axis current are defined as follows:

i =e;'ped, (17)

ig) = —eg'qi?. (18)

e To control active power interchange, the desired direct current
reference is defined as (17) taking into account that the energy
storage variable (v4.«+/z) is limited by maximum and minimum
values as is presented in Fig. 3.

In Fig. 3 is depicted the dynamical behavior of the energy stored
in a supercapacitor device. In this picture there exist three critical
points called A, B and C, respectively. The point A shows the
minimum voltage value permissible for the supercapacitor
terminals (vg}i“) that origins the admissible minimum energy
stored value (Eni,); this voltage value corresponds to the lower

E = 1Ca(ac)?

A

Eoor Fresissnssinasussansssnmnssasaanssnans :

B

o7 v p(-)

p#) i

- > Vdc
min

i ymax
Ve vdc

dc

Fig. 3. Energy stored behavior in the supercapacitor device.

bound in the SCES operation to guarantee controllability of the
closed loop system. On the other hand, point C corresponds to the
upper bound of the energy storage variable, which yields the
maximum energy stored permissible in the supercapacitor device
(Vi «—Emax). While point B represents some operating point
between A and C.

Notice that point B allows to have positive or negative active
power reference. In case p takes positive values, the energy stored
decreases carrying point B to point A. In case p takes negative
values, the energy stored increases carrying point B to point C. It is
important to mention that in case of point A, the active power
reference only can take negative (or zero) values to increase (or
hold) the total energy stored in the supercapacitor; while in the
case of point C the active power reference only can take positive (or
zero) values to decrease (or hold) the total energy stored in the
supercapacitor device.

Bus 1 Bus 2
Filter 1

Phot. Syst.

Cri J: ﬁDLI
HEL ¥
Bus S Bus 3
Equiv. Syst.
Utility |
Cpa DL2
12 ||
Bus 5 Bus 4
Filter 2
sces” VsC I
Cy3 I DL3
Fig. 4. Test system configuration.
Table 1
Electrical parameters of the microgrid.

Parameter Value Unit
DC voltage at the Phot. Syst. 800 \%
DC voltage at the SCES Syst. 1500 \%
Capacitance at the Phot. Syst. 0.5 F
Capacitance at the SCES Syst. 1 F
Capacitance at the bus 1 200 WF
Capacitance at the bus 2 150 WF
Capacitance at the bus 3 200 WF
Filter 1 inductance 800 wH
Filter 2 inductance 800 wH
Filter 1 resistance 50 m{)
Filter 2 resistance 50 m{)
Grid voltage, line to line, rms 380 \%
Grid fundamental frequency 50 Hz
Line 1 inductance 100 wH
Line 2 inductance 120 wH
Line 1 resistance 50 m{)
Line 2 resistance 60 m{)
Equiv. Syst. inductance 200 wH
Equiv. Syst. resistance 20 m{)
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Fig. 5. Active and reactive power consumed/generated in the dynamic loads and
photovoltaic generation: (a) available power generation in the photovoltaic
generation system, (b) active power consumption in the dynamic loads and (c)
reactive power consumption in the dynamic loads.
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4. Test system and simulation cases

This section presents the general information related to the test
system and simulation cases.

4.1. Test system

As test system a low voltage microgrid is employed, its
configuration is depicted in Fig. 4. All parameters of this system
are presented in Table 1. These values have been taken from [14].

The information related to total active power available in the
photovoltaic system is presented in Fig. 5a; while active and
reactive power behavior of dynamic loads are depicted in Fig. 5b
and c, respectively.

Notice that for DL3 there are balanced and unbalanced loads,
which produces oscillations in the normal operation of the
microgrid.

4.2. Simulation cases

To evaluate the performance and capacity of the linear
proposed controller two simulation cases are employed as follows:

e Case 1: In the photovoltaic system, the generic converter is
controlled to transfer all active power available in the dc side at
the same time that supports all reactive power required by the
dynamic load 1.

e Case 2: The SCES system is employed to support all reactive
power requirements in the dynamic load 3. This SCES is also used
to reduce active power oscillations caused by unbalance load
conditions in this load.

MICROGRID
PHOT. SYST.

T|_< g

Filter 1
4
Jﬂ} A a A
B b-'mHAM-B T ]
B c C C
4l
VSC Bus 1 Bus 2 <o o
< o o fBusLl DU
CF1 L ]
© O O Line 1
= Z
= T
A A a

oA

C

c

.|F._£
9

SCES

g

Bus S Equiv. Syst.

C |=—3

Bus 3 l
<

l!._I

T e

a
P e
L : (o c

l_J.

VSC Bus 5

MATLAB/SIMULINK

< m o] [ oo
CF2 J*T Line 2 . bL2
© O o © o
a4
_l_
A T |
i VWC Il
Filter 2 1 Bus 4 l
< mQ < o O
CF3 L DL3
© O O
=+

Fig. 6. MATLAB/SIMULINK implementation of the microgrid presented in Fig. 4.
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5. Computational implementation and results

To evaluate the proportional feedback linearization controller
proposed in this paper simulation results are presented. All
simulation scenarios are conducted in MATLAB/SIMULINK using
the SimPowerSystem library. Fig. 6 shows the system used in the
simulation tests.

Notice that in Fig. 6, the photovoltaic system has been modeled
as controlled current source. The control input is igp = Pgp/Vg4c as
presented in Fig. 2, where Pgp corresponds to the active power
available in the dc side. The power curve has been selected
arbitrarily to demonstrate the robustness of the methodology
proposed.

On the other hand, in Fig. 7 are given the controller diagrams as
well as the references calculation for the PV and SCES systems,
respectively. Notice that, in case of the PV system, the direct and
quadrature current references are calculated as given in (10) and
(17). In case of SCES system the quadrature current reference is
calculated in the same form used in the PV case, this is, by using
(17); nevertheless, in case of the direct current reference to
guarantee the maximum and minimum state of charges allowed in
the operation of the supercapacitor, a system with logic gates is
used, as defined by Fig. 3.

In the parametrization of the controllers for the PV and SCES
systems, we use the following values: Ry=R;=R4=1 x10%;
additionally, the switching frequency employed for PWM was
fixed in 10 kHz.

5.1. Case 1

This simulation scenario evaluates the possibility that the VSC
holds the dc voltage in the capacitor in a constant value, in order to
transfer all active power available in the photovoltaic system to ac
grid. Besides, the converter is used to support all reactive power
demanded by DL1. In Fig. 8 are presented the active power
transferred from the photovoltaic system to the ac side as well as
the steady state error, the dc-link voltage and the power factor in
the dynamic load before and after the compensation.

5.2. Case 2

In this simulation scenario is evaluated the capacity to use a
SCES system to compensate the power oscillations caused by the
unbalance behavior in the DL3. The possibility of compensating all
reactive power demanded by DL3 is also evaluated. Fig. 9 shows the
active and reactive power in DL3 after compensation as well as the
voltage behavior in the supercapacitor.

The SCES system guarantees the unity power factor in dynamic
load 3 at the same time that its active power oscillations are
reduced considering an average consumption in this load around
30 kw.

5.3. Results analysis

After evaluating the dynamic performance of the proposed
controller, it is possible to affirm:

e The tracking error, between the total active power available in
the photovoltaic system (dc link) and the active power in the ac
side of the converter is 2% of averaged value with oscillations of
the 2%, caused mainly by the unbalanced loads as can be seen in
Fig. 8b. Additionally, there appear commutation losses in the
converter and the resistance of the filter, which are not
quantified. This power loss affects the tracking reference process,
reducing the electrical efficiency of the system.

—)udg

ref 1
Iy 4 Quadrature-axis control input :
Vi ©
1 iO X +
Z =] aF ref
i - Px i
ref —H — . d
te X 1
o = - E
Pg 1
: ed 1
re ref
[ T>—fx  —i
i References of the PV system ed
d
ref e
Gac % NN l; ef
= ed —o -
ref )
T —Pac S
. X
Vde —)| €d
: in = Y
de —)
— s = | JF
X o % i
i — €d — + ab
1 vmax
tde —
¢ Ve Z
] ;
X
Te.
: +g§cL> A
: References of the SCES system .

Fig. 7. PV and SCES control diagrams: (a) direct-axis control input (10), (b)
quadrature-axis control input (11), (c) PV current references (12) and (18), and (d)
SCES current references (17) and (18).

e The dclink voltage during simulation time always remains in this
nominal value as shown in Fig. 8c, which implies that the
controller fulfills the control task, delivering all active power
available in the photovoltaic system holding the dc voltage as
constant as possible.

e It is possible to use the VSC to support the reactive power
consumed by the dynamic load as presented in Fig. 8d. Note that
for all simulation time, the active power factor observed by the
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Fig. 8. Dynamical behavior in the photovoltaic and DL1 systems: (a) active power
transfered from the photovoltaic system to ac system through VSC1, (b) steady state
error between dc and ac power in the VSC1, (c) dc link voltage and (d) power factor
in DL1 before and after compensation.

electric grid in the point of connection of DL1 is unitary as well as
in DL3.

e Fig. 9c evidences that the dynamical behavior of the voltage
profile in the supercapacitor device depends exclusively of the
active power delivered or consumed to or from the ac grid. In this
context, when the active power is positive, the supercapacitor is
comporting as power generator, which implies its discharging
(reduction in this voltage value), in contrast, if the active power is
negative, the supercapacitor is comporting as load (increasing
the voltage magnitude). This behavior is easy to observe by
comparing Fig. 9b and c.

5.4. Complementary analysis

In Fig. 10 the three-phase ac voltage at the point of common
coupling of the converters and the ac currents through the filters
are depicted, respectively. Notice that in case of voltage profiles
(see Fig. 10a and b), they have high oscillations in the first part of
the simulation, but these correspond to transitory phenomena
caused by the initialization of the whole electrical system. When
this transitory behavior disappears, the voltage profiles have a high
quality sinusoidal performance with total harmonic distortion
(THD) less that 0.5%.

In case of ac current through the filters (see Fig. 10c and d), they
present the same transitory phenomena at the first part of the

Active power Reactive power

0 01 02 03 04 05 06 07 08 09 1
(@)
30 ‘
20
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DL3 after compesantion [kVA]

-10
-20
-30[ [ [ - - -
0 01 02 03 04 05 06 07 08 09 1
(b)
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Reactive power | |

P/Q power SCES [kVA]
<

_Ls02 T T T T T T
£
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g
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=
~
£ 1,499 —
S

1,498 | | | | | |

0 01 02 03 04 05 06 07 08 09 1
©
Time [s]

Fig. 9. Dynamical behavior in the SCES system: (a) active and reactive power
consumed in DL3 after compensation, (b) active and reactive power behavior in the
SCES system and (c) dc voltage in the supercapacitor device.

simulation. Notice that in case of photovoltaic system, its ac
current has a better sinusoidal performance, than the case of SCES
system. This behavior is caused because in the photovoltaic system
the magnitude of the ac current is grater than in the SCES system,
since the photovoltaic system extracts the total active power
available in the panel system at the same time that compensates all
reactive power demanded in DL1, while the SCES system
compensates all reactive power consumed by DL3, but only
compensates the oscillating part in this load.

In this sense, the THD in the ac current of the photovoltaic
system is around 0.87%, while in the case of the SCES system it is
around of 3.46%. Although for both devices the THD fulfills the
standard related to the operation of power electronic converters.

To compare the voltage behavior between the main grid and the
points of common coupling of the PV and SCES systems their
average RMS variations are presented in Fig. 11. Notice that both
voltage profiles have deviations less than +5%, which is positive in
terms of regulatory polices, this is, in terms of service's quality.
Additionally, in case of the PV system, in some periods of time the
RMS voltage profile is greater that 1 p.u; and this occurs due to the
connection of the PV system operating as power generator with
variable power factor and reduced conditions in the dynamic load
1, gives the possibility to overpass the voltage profile in this point
since the power flows is directed from the PV system to the main
grid.

In order to compare the effectiveness and efficiency of the
proposed controller in Fig. 12 are presented the active power
output in the case of PV system for the methodology of control
proposed in this paper as well as the IDA-PBC approach [34] and
the classical PI control.

Notice that the proposed exact feedback linearization controller
has identical performance when it is compared to passivity-based
of classical PI approaches; nevertheless, comparing the PI and
proposed controller, it is clear that our proposed methodology
guarantees stability in the sense of Lyapunov, while it is not the
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case of the PI control. Additionally, the PBC approach corresponds
to the nonlinear version of the exact feedback linearization
proposed, for this reason they have the same dynamical behavior
(see Ref. [33]).

6. Conclusions and future work

This paper showed the linear controller design via feedback
linearization and passivity-based control theories to integrate
distributed energy resources in microgrids. The main characteristic
of the controller proposed is that it combines the main advantages
of linear controllers, such as: PI and feedback realizations with the
passivity based control theory without employing linearization
techniques on the dynamical model of the VSC; since only some
changes of variables are made to obtain its equivalent linear model.

The proposed controller allows to integrate multiple DERs in
MGs practically without changes in its basic structure, as was
evidenced in the case of the SCES application, which implies that it
would be easily scalable to other distributed energy technologies
based on VSC.

As future work, the electrical network could be analyzed as a
whole system, exploiting its passivity properties, in order to design
a unified controller to operate all devices interconnected with this
via passivity-based control theory and exact feedback linearization
analysis. This control approach can guarantee stable operating
conditions during different operating scenarios in the electrical
network.
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Appendix A. Stability analysis of a Hamiltonian system with
dissipation

Suppose that exist two vector control inputs ugz=o(x) and
uq = B(x) for the nonlinear and linear models, such that generate a
closed-loop desired dynamical behavior as defined in (A.1) [45,34].

X =[Jp — Ro]VHop(X), (A1)

where 7, is the antisymmetric interconnection desired matrix, ® ,
is the positive definite desired matrix and #/,(x) is the positive
definite Hamiltonian function with a global minimum in the
desired operative point x* [33,40].

Notice that 7/, (x) can be used as candidate Lyapunov because it
fulfill the first two conditions to prove stability around critical
point for autonomous dynamical systems [45]. In order to prove
that the dynamical systems is globally asymptotically stable in the
sense of Lyapunov is just necessary to prove that #,(x) is always
negative definite. Applying the time derivative for #,(x) (A.2) is
obtained.

d .

i) = [V p(X)]"%. (A.2)
After substituting (A.1) in (A.2) it carries to (A.3).

8 3t0(0) = (9900 75 ~ Rl [V (0] (A3)
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Since j,, is antisymmetric then (A.3) can be reduced as (A.4).

B 3t.0(0) = ~ (9500 [Ro) [V ()] (A4)

If ®,, is positive semidefinite, then the dynamical system is
stable in the sense of Lyapunov; nevertheless, if ®, is positive
definite, then the dynamical system is globally asymptotically
stable in the sense of Lyapunov [41-43,45].
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