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ABSTRACT The inclusion of solar systems in rural microgrids is becoming increasingly important to supply
energy for irrigation, electric motors, lighting and other. This paper presents the implementation of an exact
linearization technique for the modeling and control of a DC/DC converter for use in a microgrid based
on a photovoltaic (PV) generation system where non-linear converters are used. The basic advantage of
this technique is in linearizing the converter model, thus allowing different operating points to be considered
under different conditions. This paper presents a general description of the implemented microgrid topology.
The exact linearization theory adapted for power converters is applied to both a Single-Ended Primary-
Inductor converter (SEPIC) to extract energy from PV modules and to a Boost converter to increase the

voltage. Experimental results are also presented to validate the effectiveness of the proposed control.

INDEX TERMS DC/AC, DC/DC, micro-inverter, renewable energy, rural-microgrid.

I. INTRODUCTION

A microgrid is a system that allows the interconnection
of a variety of loads and different electrical sources such
as PV, wind and biodiesel. Microgrids can operate either
connected to the main electrical grid or isolated. In their
operation, robustness must be guaranteed. Considering the
nonlinearities of many loads and power converters, they
must work under different operating conditions. In this
context, the rural-microgrid concept implies the electri-
fication of places where there is no existing access to
electricity [1].

There are several control strategies for voltage source con-
verters (VSCs) that may be used in microgrids. The tradi-
tional approach is known as voltage-oriented control (VOC)
which mainly consists of linear control loops. This gives
simple and analytical control synthesis and well-known
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performance quantification of the control strategy applied.
Among those linear control strategies for the inner con-
trol of a VSC in a microgrid, PI controllers and hystere-
sis control may be included [2]. In general, these linear
control strategies for VSCs in microgrids have practical
limitations. For example the tuning of control parameters
are valid only for certain operating points, affecting the
microgrid stability under large-signal external disturbances,
[3]-[5]. Model-based control strategies appear to be an option
to address the previously mentioned limitations. One example
of these strategies is predictive control, but these model-based
control schemes also have their disadvantages such as the
need of knowing the system parameters [6]. Based on this
challenge, this work proposes an exact linearization tech-
nique [7]-[10] for the control of the power electronic convert-
ers used for energy conversion in a microgrid. The benefits
of the exact linearization technique are easy implementation,
robustness and control stability across with a wide operating
range.
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FIGURE 1. Microgrid topology.

The energy source used in this work is solar PV, which
implies the use of DC/DC converters to raise or lower the
input voltage depending on the case. There are different
power converter topologies used in the conversion of PV
energy, which can be divided into non-isolated and isolated
converters. In the first group there are converters such as
Buck, Boost, Cuk, Sepic and Zeta [11]. In the case of isolated
converters, the Flyback, Forward, Push Pull, Half-Bridge and
Full-Bridge converter [12] can be highlighted. A non-isolated
converters use a smaller number of components than isolated
converters, which makes them more economical. However,
they have a larger size compared to isolated converters [13].
In terms of control, the most important objectives in PV
converters are the current and voltage control, maximum
power point tracking (MPPT), synchronization with the elec-
trical network, power quality, anti-islanded protection, energy
storage and monitoring of PV modules [14]. Regarding the
control techniques of the fundamental electrical variables
(voltag current), works such as [15]-[18] present the strate-
gies that allow meeting the objective of control and maxi-
mization of the use of photovoltaic energy. In this context,
works such as [19] describe the use of a voltage-current
cascade loop to control the energy extracted and injected
into the electrical grid. Reference [20] compares the most
used maximum power point tracking algorithms, concluding
that the classical methods are more reliable under uniform
irradiance conditions, while the intelligent algorithms present
a better performance under different irradiance conditions
thanks to the increased speed of tracking, sensing and data
storage.

The SEPIC and Boost converters can be controlled by
the exact linearization technique. The idea behind exact lin-
earization is to redefine the power converter’s input as a func-
tion of variables and parameters to find a linear relationship
between a new input and the output. In this method is not
required to consider the dynamics of other variables except
those of interest, therefore no reduced model is needed.
The linearization can be found by two main ways: input
states linearization and input-output linearization. The result
obtained with the exact linearization is a transfer function
that allows the use of a linear controller such as a simple
PI controller, highly simplifying the task of controlling the
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nonlinear DC/DC converter. In this context, papers such as [7]
validate the implementation of the exact linearization tech-
nique applied to the control of a Buck-Boost converter. The
exact linearization is applicable to PV systems (and other
energy sources) [21], where an algorithms is used to track
the maximum power point, such as Perturb and Observe
(P&O) [22] or Incremental Conductance (IC) [23], [24].
In this implementation, the P&O algorithm is used with a
modification, which consists of providing the current as a
reference to be followed by the control, instead of the PV
module. The novelty of this work is in the application of the
exact linearization technique for a SEPIC and Boost converter
in a simple and systematic way, obtaining the same models
thanks to the generality of the method. Together with the
exact linearization, the use of a power balance technique
is proposed, with the aim that the converters can operate
with different types of loads into the entire power converter’s
operating region. The final result is reflected in the versatility
and robustness of the algorithm for microgrids.

The motivation for the work presented in this paper is
to include renewable energy in rural microgrids, where the
energy may be required in AC or DC form at different volt-
age levels (12/24 'V and 110/220 V). In the proposed topol-
ogy indicates that the SEPIC converter charges the battery,
tracks the maximum power point (MPP) and supplies the
Boost converter. The Boost converter is required increase
the voltage to the needed AC level, Figure 1. Additionally,
once the DC link voltage is well regulated by the Boost
converter, the inverter can be used to supply AC loads. All
of the power converters used in this paper are nonlinear, and
therefore the control is not necessarily an easy task. Thus,
the exact linearization-based control is proposed to be able to
manipulate and control the variables in the entire operating
region avoiding the intrinsic nonlinearities of these power
converters. This paper is organized as follows: Section II pro-
vides a general description of the system; Section III details
the SEPIC converter model with the linearization process;
Section IV presents the boost converter, its linearization,
internal and external loop models; Section V details the sys-
tem stability analysis; Section VI introduces the experimen-
tal results; Section VII presents the comparison and finally
section VIII concludes this work.
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Il. SYSTEM DESCRIPTION
A. DESCRIPTION OF THE TOPOLOGY
The general topology is shown in Figure 1, and consists of
a SEPIC converter responsible for extracting the energy and
storing it in a battery bank. Then, a Boost converter is used
to rais the voltage from 12/24 V to a reference voltage for the
DC link. Thus, this topology allows the connection of both,
DC and AC loads. Finally, by using a full-bridge inverter, the
conversion is made to supply AC energy. The inverter [25]
output is connected to an LCL [26] filter to obtain a sinusoidal
waveform with a lower total harmonic distortion (THD) [27].
The configuration includes two different voltage levels,
a low voltage to include typical batteries of 12/24 V, and
a higher voltage to be used in the AC voltage 110 V. The
proposed control technique is applied to these two power
converters (SEPIC and Boost). In both converters similar
transfer functions are obtained for the design of the current
control loops.

B. INVERTER AND LCL FILTER

An inverter with an LCL filter [28] (Figure 2) was imple-
mented in order to generate the sinusoidal alternating voltage
to power single-phase AC loads. Sinusoidal Pulse Width
Modulation (SPWM) is used with a switching frequency of
5 kHz, and with a maximum modulation index equal to 1 [29].
In the proposed topology, the Boost converter output voltage
is regulated and controlled, for the DC link. The inverter can
also be controlled, although it has not been included in this
paper [30]-[33]. The switching frequency can be increased
to reduce the filter size. However the results given in [34] are
adopted and the parameters listed in Table 1 are employed for
the AC filter design.

Ly, Lya

= Cy I Load

FIGURE 2. Inverter and LCL filter.

IIl. SEPIC CONVERTER AND MPPT
Figure 3 shows the SEPIC converter topology [35], which is
analyzed in this paper. The Single-Ended Primary-Inductor
converter has the following characteristics that make it a good
choice for extracting energy from PV modules:
o The output voltage can be higher or lower than the input
voltage.
o The input current is constant, with slow dynamics related
to the weather conditions.
o The capacitor C; isolates the input from the output,
providing some protection against short circuits in the
load.
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FIGURE 3. SEPIC converter.

The SEPIC converter can reduce or increase the voltage,
which allows different voltage levels at the maximum power
point of the PV panels. It is therefore possible to connect a
high power panel (for example 300 Wp) which has a V,,;,,
over 30 V, or also connect a low power panel (for exam-
ple 35 Wp) with a V,,,, around 17 V.

A. SEPIC CONVERTER MODEL

The SEPIC converter switching states [36] are defined con-
sidering both when the switch is closed Sw; = 1 and when the
switch is open Swg; = 0. Therefore, the equation that models
the current in the inductor for both switch states is:

dij |
dr

where d; is the unifying variable in the SEPIC converter
model.

L = vads —vo(1 —dy). (D

B. SEPIC EXACT LINEARIZATION
Once the equation of the average model for the SEPIC con-
verter has been found, the linearization of the system can
proceed. The exact linearization method requires definition of
the new inputs variables, in this case the new input variables
as u? and u? for the SEPIC and Boost converter, respectively.
Between the new inputs and the desired output, the power
converter behavior will be linear, as shown in equations
(5)and (11).

Considering (1) and defining a new control input for the
SEPIC converter, u;. as:

dis
U, 1 (2
so:
uy. = vpudy — vo(l — dy). 3)

Solving for d;, the expression of the linearization is
obtained.
ul + v,

dy = .
Vpy + Vo

“

Applying the Laplace transformation to the equation (2),
the following equation can be obtained:

iil 1
H(G)===—.
us sy

&)

This transfer function represents a simple integrator, thus
allowing a PI controller to properly follow the reference.
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C. CONTROL BLOCK DIAGRAM

As seen above, a linear equivalent plant for the converter
can be formed. The general control scheme for the inductor
Ly current is shown in Figure 4(a). Figure 4(b) shows the con-
trol block in detail; this is the block that is implemented by the
digital controller (STM32), linearizing the current control and
generating the trigger signal. u. is the signal that comes from
the PI controller and the modulating signal ds, is obtained
from (4). This is compared with the high frequency carrier
signal, generating the MOSFETS’ control signal in the SEPIC
converter.

15 .
Ll,re 1 S
el o ; V> PI | <1 Fiia

5 s
Llyref U, u§+vo ds SIUS s
> PI ds = vitvo SEPIC fgs"
b)

FIGURE 4. Exact linearization, a) simplified-equivalent control block,
b) detailed control block.

The linearization process ensures a linear behavior
between the new input and the output for every control loop.
Small errors on the filter parameter values and sensed vari-
ables may lead to minor errors in the controller behavior.
Therefore, it is preferred to include an integrator in the con-
troller to ensure zero steady state error and deal with any
nonlinear feedback errors. The PI controllers (such as the
one chosen in this work) requirements are very low; does
not represent a significant cost for the digital processor and
includes a integrator which helps to bear these minors errors.

The internal loop corresponds to the current control loop,
and must be complement the external one to extract the
maximum power from the PV module. To do this, the P&O
algorithm is used, which is in charge of delivering the current
reference. The implementation of the external loop to track
the MPP is detailed below.

D. MPPT AND EXACT LINEARIZATION
In this work, the P&O algorithm is used to track the MPP in
the PV curve [22]. The operation principle of the algorithm
consists of applying a perturbation to the PV voltage and
assessing whether the extracted power of the PV module is
higher or lower than the power in the previous sampling time.
If it is higher, the algorithm has to track the same path as the
power curve; otherwise, it has to change direction. Finally,
when the previous power is equal to zero or lower than a
small delta of established power, the algorithm has identified
the MPP, therefore, P&O will be oscillating around this point
until there is a variation in the power curve of the PV module.
The control scheme to extract the energy from the PV
modules is shown in Figure 6. The P&O algorithm determines
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the iy 1,regf CUrTent that must be perturbed to evaluate the
power drawn from the PV module. This is possible since the
iy 1, ref CUTTENL is proportional to the current of the PV module,
as shown in Figure 3. The currents according to Kirchhoff’s
current law are related according to:

ipv = icis + izl’rgf‘ (6)

In steady-state under ideal conditions when no current
flows to the capacitor, the currents of the PV module, iy, and
the current iil,ref’ ar.e equal, .ipv = iil’ref. This JuStlfl.eS the
proposed P&O algorithm, which generates the current zSL]’ref
as a reference for the control.

The MPPT algorithm is in charge of finding the exact
point of maximum power, i.e., it finds the values of v,, and
ipy that maximize the power extraction. However, the MPPT
algorithm does not control the SEPIC converter, but only
gives the reference to reach the MPP. Therefore, the SEPIC
nonlinear based control is in charge of reaching the current
reference by manipulating the switching pattern Sw, whose
algorithm must deal with the dynamics and nonlinearities of
the SEPIC converter. Thus, the MPPT algorithm is decoupled
with respect the SEPIC nonlinear control, where both of them
are required for proper operation.

IV. BOOST CONVERTER

The topology shown in Figure 5 is the non-synchronous Boost
converter [37] used in this work. The reason for this choice
this topology to raise the voltage is based on demonstrating
that the linearization technique can be applied on different
converters, the linearization technique makes it easy to use a
SEPIC or a Boost converter in the voltage-Boost stage.

-b -b
17, [
nm Py
L Dy

dO g lkE o

Ir
<
Qo o
AN
=

FIGURE 5. Boost converter topology.

A. INTERNAL LOOP TRANSFER FUNCTION
As with the SEPIC converter, the unification equation for the
Boost converter is for both states:
dip _ b
dt !
where dj is the unifying variable in the Boost converter
model.
Considering (7) and defining uf as:

V(1 — dp). (M

dib
b L
=[-L 8
ul="L— ®
where:
ub =0 b1 —dy) 9)
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FIGURE 6. SEPIC working with P&O.
then solving for dp: The input power is equal to the input voltage (considered
b constant for simplicity) multiplied by the input current, which
dy =1+ e _b Vi (10) is equal to the current in the inductor L:

o

Applying Laplace transforms to (8), the following be
obtained:
1

H(s) = i . (11)
u’c’ sL

Equation (10) allows a function for dj, to be obtained,
which is compared to the triangular signal, as presented in the
control block shown in Figure 8 (a) and (b). A cascade control
is shown, with the internal block in charge of controlling the
current ilL’, while the external block is in charge of controlling
the output voltage of the Boost converter. This external block
generates the reference signal for controlling the current ilz.
The inner loop is the fast loop and the external loop is slower,
by at least a factor of 10.

In this analysis, the modeling of the general system in order
to control the output voltage of the Boost converter was been
shown. It should be remembered that the output voltage of
the Boost converter is the voltage of the DC link, as shown
in Figure 1. So the input-output energy balance be used to
find a transfer function that allows tuning voltage control in
the Boost converter. In real scenarios power converters have
an efficiency of less than 100 %. However it is well known
that power converter efficiency is high, normally over 96 %.
Therefore, the power balancing approximation is not far from
reality. Despite the difference between the model and the
real implementation being low, PI controllers were employed
to ensure proper operation. Finally, to demonstrate that the
assumptions are adequate, several experimental tests were
performed to validate the systems, as described in section VI.

B. EXTERNAL LOOP TRANSFER FUNCTION
To find the transfer function that represents the Boost con-
verter, the input-output energy balance technique is used.
With this transfer function the PI for the external loop of the
cascade control can be tuned. The inner loop is the fast loop,
which allows the system to establish the equality If* = iz
(the reference current is equal to the inductor current L) in
steady state.

The fundamental equation of the power balance is pre-
sented in Eq. (12):
Pb.

P! =P, (12)
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P =vhi (13)
and the output power is:
1 dub b
PP=_Cc—24 2 14
° 2 dt + R (14)
where:
uy = 05y (15)
making equivalent the equations (13) and (14):
1 _dub ub
Vi = _—c—2 4 2, 16
=50 TR (16)

Applying Laplace transformers to (16), the following can
be obtained:

1 Ul
VIIL(s) = 5CsULs) + ‘;;S).

7)

The previous expression allows finding of the transfer
function that relates current iz to voltage vﬁ ref:

b b
Ubs) RV, as)

e s+

C. EXTERNAL LINEARIZED PI CONTROL LOOP

Equation (18) shows the transfer function for a fixed resis-
tance. If a load change occurs the control may show inap-
propriate behavior for extreme impacts. However, the tests in
this work were carried out with a model without linearizing
(shown in Figure 7) the power balance equation, obtaining
correct results for the R = 200  with which the plant
was tuned and also showing good result with similar load
values. To solve this problem the linearization of (16) is
implemented, in this way an equivalent plant is obtained equal
to:

Vi) 1
1%(s)  sC’

19)

Then, considering that the Boost converter output power is
equal to:
b :b
P, i (20)

56929



IEEE Access

R. Aliaga et al.: Implementation of Exact Linearization Technique for Modeling and Control of DC/DC Converters

bx Tbx
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b
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L2 2)
b
bx v
U ibx b o
2 P | —L > = ub—vt [db -
dy =1+ =5~ BOOST| 14
b
uO
[X] 1
=S
b)
FIGURE 7. Boost converter control block, with internal loop linearized. a) equivalent, b) detailed.
1 b
3C Yo
bx bk b
u u’ e b.b 7 Yo
o ch | bk Uy +2V, 1) L u wb b db
—=>| 1] = <52 —> = o i
Pl L 20 PL—>dy =1+ = BOOST| it
ug

]

b)

FIGURE 8. Boost converter control block, external and internal loop linearized: a) equivalent, b) detailed.

and solving the derivative of the Eq. (16):

dub

c=¢=2 (Vi”iﬁ - v’;iﬁ) 1)
defining u{,, as:
; dub
replacing:
uty =2 (vhig —vhit) (23)
solving for i% :
ué, + 20
f=Tcb_Too (24)

The block for the control of the voltage base in the energy
balance and the exact linearization is shown in Figure 8.

V. STABILITY ANALYSIS

With the selected k[l,’i and kibi parameters (Table 1), it is
possible to address a stability analysis of the proposed lin-
earized system. The direct loop transfer function (25) allows
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calculation stability margins, as shown in Figure 9.

bi
bi k;
kp + =

Gy(s) = L

(25)

It can be seen that the proposed controller has an infinite
gain margin, which ensures the stability regardless of any
change in the transfer function gain. Due to the finite value of
the phase margin, the convergence of the system will only be
compromised if more poles or delays are incorporated into
the closed loop. This analysis shows similar results for the
SEPIC converter, considering the similarity in the transfer
functions obtained after linearization. It is important to note
that the aforementioned behavior is valid while the range of
the system variables remain within the converter operating
region. This is achieved when the duty cycles of both SEPIC
and Boost converters are less than one. In order to determine
the valid operating range, it is necessary to evaluate the steady
state equations of both converters, from where (26) and (27)
can be obtained for SEPIC and Boost, respectively.
Vo

dg = (26)

Vpy + Vo

VOLUME 10, 2022
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FIGURE 11. Boost converter operating range.

TABLE 1. Setup parameters.

Frequency (rad/s)

FIGURE 9. Phase margin analysis for the control of the current if.

0.8
ds 0.6 [
04
0.2 L L L L
0 10 20 30 40 50
Upy [V]
FIGURE 10. SEPIC converter operating range.
vﬁ - vf-’
dy = *—+. 27)
1%
o

Both equations are plotted for different operating values
and the curves shown in Figure 10 and Figure 11 can be
obtained. It is possible to observe that the only restriction
is that the output of the Boost converter must be greater
than the battery voltage, which can be ensured with a proper
reference. As vy, will always be between zero and the open
circuit voltage, the SEPIC converter cannot reach the over
modulation region, ensuring linear behavior.

VI. EXPERIMENTAL RESULTS

A. PROTOTYPE IMPLEMENTATION

The experimental setup of the overall microgrid system with
the proposed linearization controllers is shown Figure 12.
Table 1 shows the system parameters adopted in the
implementation. The control is implemented in a STM32
F103C8T6 microcontroller; the frequency of the control
interrupt is 10 kHz in the control of the SEPIC and Boost
converter, while the switching frequency in both converters
is equal to 100 kHz (it is possible to design a smaller filter).
Regarding the power involved, there are three PV modules
of 300 Wp under STC, one PV module of 35 Wp under
STC and three batteries of 12 V / 50 A, to carry out the
different tests of the system. The DC bus voltage between

VOLUME 10, 2022

Parameter Value
kyp* (SEPIC converter ky, internal loop) 19
k:* (SEPIC converter k;, internal loop) 52000
k;’)i (Boost converter kp, internal loop) 19
kf’ (Boost converter k;, internal loop) 52000
kge (Boost converter kj, external loop) 0.000347
k?e (Boost converter k;, external loop) 0.020
Ly (LCL filter input inductance) 2 mH
C'y (LCL capacitor) 1 uF
L o (LCL filter, output inductance) 1 mH
Maximum power point 300 Wp
Voe (OpenCircuit voltage) 4517V
Isc (Short-Circuit current) 8.74 A
Vinpp (Max.Power Voltage) 36.72V
Impp (Max.Power Current) 8.17 A
C;,s (Input capacitor SEPIC converter) 10000 uF
L1 (SEPIC converter Inductor) 1 mH
L2 (SEPIC converter Inductor) 1 mH
C's (SEPIC converter Capacitor ) 4.7 uF
Co,s (SEPIC converter, output capacitor ) 470 puF
L (Boost converter inductor) 2 mH
C' (Boost converter capacitor) 470 uF

the SEPIC converter and the Boost converter is a function
of the battery charge level, and therefore the regulation is
due to the battery capacity. Once the battery is fully charged,
the SEPIC converter stops sending power to the batteries,
protecting them from overcharge.

In the case of the inverter and LCL filter, the technique
used to control the semiconductors of the full bridge is not
controlled in a closed loop, being the application of a fixed
modulator. The Boost converter is in charge of the control
of the vg DC voltage, and therefore, the inverter is fed with
a regulated voltage and the AC voltage can be defined as
VZC = Gacmvi’). Nevertheless, a simple controller can be
added to regulate the AC voltage more accurately under
different conditions.

All power converters have a limited operating region,
which does not always allow overmodulation. Nonlinear
based control allows control of the power converter in the
entire operating region with a linear behavior, and therefore
the natural response of the power converters is improved by
this control technique. The proposed system can work prop-
erly under any event so long as the power converter remains
in the operating region. Naturally, if the event takes the power

56931



IEEE Access

R. Aliaga et al.: Implementation of Exact Linearization Technique for Modeling and Control of DC/DC Converters

FIGURE 12. Implemented topology: 1) SEPIC, 2) Boost, 3) inverter, 4) LCL
filter, 5) battery bank.

converter out of the valid region, there is not sufficient control
capable to manage the currents and/or voltages variables to
track their respective references. Thus, the proposed control
is suitable in the event that the microgrid may fall, as far as the
power converter remains in the operating region. Regarding
the operating range, this is only limited by conditions of max-
imum voltage, maximum current, and therefore maximum
input power, which are: 50 V, 20 A and 1000 W respec-
tively. The maximum output voltage of the Boost converter
was 200 V. It should be mentioned that the control guarantees
stability in the full operating range.

The minimum working power of the system is 15 W,
therefore, if less than that power is generated, the system
trips out, (below that power level, no tests were carried out).
In addition, the passive filter and the switching frequency
were designed to avoid non-CCM. The main purpose of this
work is to evaluate the control technique, it is for this reason
that the efficiency of the converters is not evaluated.

The filter parameters can be designed as a function of
the transferred power, the switching frequency and the rip-
ple specification on currents and voltages [35], [38]. There
are other works that have worked on the filter designed
[26], [34] where reference can be made for more details of
the approximate selection of the filter components.
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B. SEPIC AND MPPT EXPERIMENTAL RESULTS

The implementation of the P&O algorithm was performed
with a frequency of 2 Hz, to achieve non-fluctuating dynam-
ics considering the limitations of the P&O algorithm, such as
the case presented in [39].

The current disturbance generated by the MPPT algorithm
was set equal to 0.2 A for the 300 Wp PV module and 0.05 A
for the 35 Wp PV module. The power ripple and the voltage
ripple are less than 3%.

1) CASE 1: MPPT TEST

In this case, the P&O algorithm extracts 240 Wp of power
from the PV panel. The PV voltage v, oscillates around 34 V
and the current around 8 A values, as it can be seen in
Figure 13a. The perturbation of the current is equal to 0.2 A.
The time taken to reach the maximum power point is equal
to 20 s, considering that the MPPT starts with an extracted
power of 150 W.

2) CASE 2: MPPT TEST IN A LOW POWER PV PANEL

In case 2, a low PV power is connected, whose maximum
power is 35 Wp under STC. In this case the output voltage
is greater than the input, as the result of the connection of
two 12 V batteries, adding a total of 24 V. The voltage vy,
at the point of maximum power is around 17 V, as shown
in Figure 13b, in this image, the current i,,, voltage of
the battery bank v, and the maximum power are detailed.
In Figure 13c a zoom of Figure 13b is shown, detailing the
disturbance steps in the current #; ; that are reflected in the
current of the PV module, which corresponds to 0.05 A;
the frequency of the MPPT as presented in Table 1, is equal
to 2 Hz.

3) CASE 3: ELECTRICAL VARIABLES IN BATTERY CHARGING
Figure 13d shows the voltage v,, = 15V, the current
ipy = 1.4 A and the power pp, = 21 W of the PV module.
Additionally, the battery voltage v, = 26 V and the current
injected into the battery i, = 0.75 A are shown. With these
values, the power injected to the battery is equal to 19.5 W
which implies, for this case, that the efficiency is equal
t0 92%.

4) CASE 4: CHANGE OF IRRADIANCE

In this case (Figure 14), a change on the irradiance is
applied from 1000 W/m? to 900 W/m2. A correct perfor-
mance is observed in following the maximum power point,
from 305 Wp to 275 Wp respectively. The frequency of the
P&O algorithm is equal to 10 Hz.

C. EXPERIMENTAL RESULTS FOR THE BOOST CONVERTER
The voltage boost is carried out using a Boost converter.
As presented in the analysis, through linearization an easy-
to-control plant is obtained in the form of a simple inte-
grator. Therefore, the implementation validates the control
strategy proposed in this paper for the voltage boost stage of
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FIGURE 14. Step-change in irradiance from 1000 W /m? to 900 W /m?.

the topology. The different control cases are detailed below,
either with a load connected to the output of the Boost con-
verter, as well as to the output of the LCL filter after being
converted into an AC signal through the full-bridge inverter.

1) CASE 1: CONTROL OF v2, 200 v

In this first case, (Figure 15), the voltage of the Boost con-
verter is controlled at a voltage of 200 V with a load of 200 €.
The inductor current iz, is observed in the graph; this current is
controlled by the internal control loop of the Boost converter
and the value of i, in steady state is equal to 5 A.

2) CASE 2: VOLTAGE STEP CHANGE 50V, 100 V, AND 150 V
In this case (Figure 16), step changes are made to the output
voltage of the Boost converter. The voltages are 50 V, 100 V,
and 150 V. The correct performance in the control of the
references is observed with a time equal to 300 ms for reach-
ing the steady-state value. In the dynamic and the stationary
part of operation, this is a great advantage in a microgrid
where loads may require different voltage levels for their
operation.
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3) CASE 3: AC SIGNAL

Figure 17 shows the output signal of the LCL inverter, with a
peak voltage value of 100 V. Figure 18 shows a zoom of the
signal, where it can be seen that the control responds properly,
independently and very similarly in its response, either if the
load is connected to the output of the Boost converter or to the
output of the LCL filter. The THD of the AC voltage signal
is equal to 1.9 % which represents a value lower than the 5 %
established by the IEEE 519-2014 standard.

4) CASE 4: STEP CHANGE AT AC SIGNAL

Finally, in Figure 19, there is a step change from 60 V to 120 V
at the output of the Boost converter, and, therefore, the AC
signal of the filter takes on these maximum magnitudes.

D. MICROGRID TESTS

The tests carried out are presented with all the power con-
verters working together. Figure 20 shows the voltage, cur-
rent and power waveforms of the PV module. After 1.6 s
the MPPT algorithm is activated, the full-bridge inverter is
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switched-on. It is observed that there are no deficiencies in
the general operation of the topology, with power drawn from
the PV module in this test of 240 W. Additionally, Figure 21,
shows a zoom to the signal presented in Figure 20, where the
oscillation of the MPPT (whose current disturbance was set
at 0.2 A) and the dynamics of the AC signal at the output of
the LCL filter can both be observed. Finally, Figure 22 shows
the control around a reference voltage of the Boost converter
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voltage equal to 150 V, next to the graphs of the variables of
the PV module.

VIl. CONTROL AND TOPOLOGY COMPARISON

A SEPIC converter and a Boost converter have nonlinear
behavior, which implies that a linear controller (for example,
a PI controller) will have an adequate performance only in
the proximity of the operating point where the system was
linearized. However, at other values of reference, such a task
will not occur. Therefore, strategies that use linear control
are not practical for systems that require different operating
points, (unless linearized point by point within the operating
range, which is impractical). This becomes more impractical
in PV systems where the power curve is highly nonlinear.
For this reason, the proposed control in this work comes
to enhance the controllability of DC-DC converters, whose
intrinsic nature is nonlinear. From the point of view of control
simplicity, the advantage in the use of exact linearization
is clearly appreciated, allowing a simple integrator to be
obtained as an equivalent model, unlike the transfer function
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TABLE 2. Control strategies disadvantages.

Control
Predictive control [42]

Disadvantages

o Extremely dependent on the pa-
rameters of the converters.

o High computational cost.

o Steady state error.

Fuzzy control [43]
o High computational effort.

o There is no mathematical analysis
that guarantees that the use of a
fuzzy expert system has zero error
at steady state.

Hysteresis control [44]
o Variable frequency.
o Steady state error.

Neural networks [45]
o Need for a long time of training.

o Sensitivity to variables.

Sliding control [46]
o Chaterring

of a SEPIC converter [40] and Boost converter [41] linearized
around an operating point. In this way, the design process
of a controller that meets the operating requirements of the
converters is highly efficient.

In order to justify the superiority of the exact linearization
method, Table 2 shows the main disadvantages in other con-
trol strategies reported in the literature. In this context, the
following comparative points are detailed from Table 2. In the
exact linearization technique, there is no extreme dependence
on the system parameters, unlike other control strategies, and
it can be noted that in both converters in this work, the func-
tion of transfer only makes use of the value of the inductance.
Regarding the computational effort, only basic mathematical
operations are required. For steady state error, it has been
shown that this is zero in the exact linearization technique,
thanks to the integrator in the transfer function. The switching
frequency is fixed, product of comparing a modulating signal
with respect to a fixed-frequency triangular. Finally, it is
convenient to mention that linearization does not present the
disadvantages of fuzzy control, sliding and neural networks.

Regarding the selected topology, the use of a SEPIC con-
verter to extract PV energy has a great advantage over other
converters, within the group of non-isolated up and down
converters, highlighting that the output voltage is not inverted,
and the current input is constant. This last characteristic
being a fundamental requirement for the application of the
exact linearization technique in converters where the control
objective is the current [40].

The SEPIC converter works as a Buck-Boost, thus allow-
ing adequate battery charging independent of their voltage
or of the voltage in the PV modules (Figure 13a). In addi-
tion, [40] highlights the advantages and characteristics of the
SEPIC that make it suitable for charging batteries considering
the variable voltage of the PV modules. In this way, this work
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takes advantage of the research done in [40], immediately
using one of the converters that have greater advantages in
characteristics such as voltage polarity, input current, switch
driver and costs for this application.

In the case of the boost function, as it is only necessary
to raise the voltage to standard voltages, a simpler con-
verter such as the Boost converter can be used (Figure 16).
This choice allows demonstration that the exact linearization
technique is applicable to other topologies using the same
methodology for modeling and control.

VIil. CONCLUSION

In this paper, the implementation of an exact linearization
technique for control of SEPIC and Boost converters was
presented. Such converters are an essential part of a microgrid
when one of the energy sources is solar PV. It should be
noted that this technique can be applied in different energy
conversion systems, including wind and wave energy. The
simplification that comes with exact linearization allows the
development of simple controllers, with the ability to control
the desired variables over a wide range of values to verify the
proper performance of the linearization proposal, a prototype
was developed with the aforementioned converters, whose
objective is the extraction of energy from the PV panels,
storage of energy in the battery bank and DC/AC conversion
the P&O algorithm and the current control are used, and are
able to follow that the reference generated by the MPPT in a
proper manner using the current control with exact lineariza-
tion due to the ability of the SEPIC converter to Boost and
Buck the input voltage. It was possible to connect PV panels
with a voltage at the maximum power point lower and higher
than the battery voltage. The application of exact linearization
allows the Boost converter to be controlled even if the voltage
rise. DC-type loads, for example some electronic equipment,
can be fed directly from the DC link voltage, allowing the size
of the inverter operates to be reduced, along with a reduction
in losses, increasing the efficiency of the use of energy in a
rural-microgrid application.
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