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Abstract: The problem of the output voltage regulation in a DC-DC boost converter feeding a DC mi-
crogrid is addressed in this research via the passivity-based control theory with a proportional-integral
action (PI-PBC). Two external input estimators were implemented in conjunction with the proposed
controller to make it sensorless and adaptive. The first estimator corresponds to the immersion &
invariance (I&I) approach applied to calculate the expected value of the DC load, which is modeled as
an unknown DC current. The second estimator is based on the disturbance—-observer (DO) approach,
which reaches the value of the voltage input. The main advantage of both estimators is that these
ensure exponential convergence under steady-state operating conditions, and their parametrization
only requires the definition of an integral gain. A comparative analysis with simulations demon-
strates that the proposed PI-PBC approach is effective in regulating/controlling the voltage profile in
unknown DC loads as compared to the adaptive sliding mode controller. Experimental validations
have demonstrated that the proposed PI-PBC approach, in conjunction with the I&I and the DO
estimators, allowed regulation of the voltage output profile in the terminals of the DC load with
asymptotic stability properties and fast convergence times (1.87 ms) and acceptably overshoots (6.1%)
when the voltage input varies its magnitude (from 10 to 12 V and from 10 to 8 V) considering that the
DC load changed with a square waveform between 1 and 2 A with 100 Hz.

Keywords: passivity-based control with PI action; adaptive and sensorless control design; asymptotic
stability convergence; unknown DC load

1. Introduction

Electrical power networks have been rapidly transformed from the classical vertical
structures composed of generation, transmission, distribution, and commercialization
stages that are connected in a common vertical structure [1] into complex networks that,
at any voltage level, can integrate distributed energy resources and active users [2]. The
main trigger for this change corresponds to the advance in power electronic conversion
technologies [3,4]. These electronic devices have made possible the usage of DC energy
storage technologies (batteries, supercapacitors, and superconductors) in conventional
power grids [5,6], such as the integration of different renewable energy resources with
different operating frequencies as wind turbines composed of induction or synchronous
machines [4,7] or the integration of DC sources as photovoltaic generation systems in
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distribution grids [8], as well as voltage output regulation in nonlinear loads [9]. In
addition, power electronic converters have made possible the hybridization of classical AC
networks by introducing DC transmission and distribution lines and also DC distribution
networks and microgrids [10,11]. Nevertheless, of the power electronic converter selected
and its application, the main challenge when these devices are used corresponds to the
design of an efficient and reliable control technique that reaches the desired reference values
with zero steady-state errors and fast convergence times [12].

Due to the rapid growth and acceptance of the industry and academy of DC systems
and their applications (as seen in Figure 1), our research is interested in a particular
application regarding the output voltage regulation in DC microgrids fed by a boost
converter. This conversion topology can integrate general loads composed of constant
resistances, powers, and load currents that model DC nonlinear consumptions connected
to its terminals.
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Figure 1. Some classical converters employed to interface distributed energy resources and loads in
DC networks.

Several investigations into the control of the boost converter have been proposed in
the specialized literature. In [13], a sliding mode control (SMC) was designed to regulate
the output voltage of a boost converter that fed a constant power load. In this reference, a
switching surface for the SMC approach was presented that decreases the inrush current
of the boost converter. Additionally, an observer of external disturbances was included to
maintain the output voltage of the boost converter at the desired value. In [14], a stability
analysis of a boost converter supplying a nonlinear load that behaves as a constant power
load (CPL) was explained. This analysis was performed without battery energy storage.
The authors of [15] designed an SCM approach using pulse-width modulation (PWM)
to relieve the possible instabilities in DC microgrids generated by nonlinear loads, such
as CPL. In [16], the author showed an adaptive controller based on a backstepping SCM
approach to stabilize the output voltage of a boost converter connected to a nonlinear
load. Refs. [17,18] presented an incremental model for the boost converter to implement
a passivity-based control (PBC) that controlled the output voltage of a boost converter
considering time-varying disturbances. Furthermore, they included a proportional-integral
(PI) observer to refuse the disturbance in the system. A type-1I fuzzy approach employing
PWM was discussed in [19] to regulate the output voltage of a boost converter feeding
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a CPL. In [20], a nonlinear controller was designed to stabilize the output voltage of a
boost converter connected to a nonlinear load. The nonlinear controller comprises an SMC
approach and a finite-time parameter observer, making it a robust controller. A nonlinear
control for a boost-type DC-DC converter was described in [21]. This controller used
a PBC strategy, including the concept of the interconnection and damping assignment
(IDA), which forms the controller in the IDA-PBC approach. This controller can design a
control law that guarantees the system’s stability in a closed loop and preserve the passive
feature of the system. In [22], a nonlinear controller for regulating the output voltage of a
DC-DC boost converter was presented. The nonlinear controller was based on an adaptive
output feedback control that showed good performance under the proposed scenarios,
which included a reduced-order state observer to estimate the converter’s inductor current
and load conductance. Lastly, a PI-PBC method to regulate the output voltage of a boost
converter was studied in [23]. The PI-PBC approach used a parameter estimation-based
observer to estimate the converter inductor current. Although these investigations present
good results, some present problems when implementing them, and others present a large
number of parameters to refine. Furthermore, other investigations only consider one type
of load, which does not allow them to be implemented at any point in a microgrid. Lastly,
none estimates the input voltage, which requires one more sensor.

Based on the aforementioned revision of the state of the art, this paper contributes the
following aspects:

i.  Theapplication of the PI-PBC design to regulate the output voltage in a boost converter
feeding an unknown DC load that represents the possible consumption in a DC
microgrid with constant current, resistance, and power loads, which is modeled as a
DC load current.

ii.  The integration of two external input estimators to the PI-PBC design, both with expo-
nential convergence, allows one to find the expected values for the DC load current
(immersion & invariance (I1&I) method) and the voltage input (disturbance—-observer
(DO) approach), which makes our proposed control approach an adaptive- and
sensorless-based design.

It is worth mentioning that, in the scope of this contribution, parametric variations
in the boost converter parameters, i.e., the inductor and capacitor parameters, are not
considered. In addition, the converter is modeled as an ideal conversion device, which
implies that the parasitic effects in energy storage devices and semiconductor devices
are neglected.

On the other hand, the main advantage of the proposed PI-PBC design is that it is
necessary to tune only the two control gains associated with proportional and integral
actions since the integral gains associated with the DO and 1&I estimators are easy to
set (as these are selected to reach the desired speed response). These are set during the
experimental validation (online setting).

The remainder of this paper is structured as follows: Section 2 presents the general
dynamical modeling of the boost converter feeding a DC microgrid and the general chal-
lenges associated with controlling the voltage output in terminals of the DC load. Section 3
shows the general aspects of the PBC theory and the general application of the PI-PBC
approach to the boost converter model. Section 4 describes the general aspects of the 1&I
and DO estimators with their corresponding demonstrations. Section 5 reveals all of the
experimental validations of the proposed PI-PBC approach, including the input voltage
and the DC load current estimators, and their analysis and discussions are performed.
Finally, Section 6 lists the main concluding remarks obtained from this work and some
possible work for future research.

2. Mathematical Modeling and Problem Formulation

This section uses the averaging modeling theory to describe the general mathematical
modeling of the boost converter feeding a constant power load. It presents the equilibrium
point for this system, which is essential in the design of any control approach. In addition,
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the control problem formulation and the requirements for the voltage regulation of the
studied converter are defined.

2.1. Dynamical Modeling and Equilibrium Point

The DC-DC converter is a power electronic converter from the family of second-order
converters that boosts the voltage output as compared to the voltage input [24]. It comprises
two energy storage devices, i.e., an inductor L and a capacitor C, and two semiconductor
devices, one of which is a forced commuted switch based on IGBT technology and a diode.
The boost converter’s structure is depicted in Figure 2. Note that i,v, and E € R are the
inductor current, output voltage, and input voltage, respectively. P, R, and I € R are the
constant power, constant resistance, and constant currents that compose the general DC
load, which is modeled as ipc.

IS ! ine |
[ g i
| | |
| — 1 |
E—" MJ'}:Ql C—F 4 R@I:
| [ |
| i :
L [ I

Figure 2. Scheme of a DC-DC boost converter supplying a CPL.

To obtain the dynamical model, the averaging modeling theory is applied to the
converter. The first Kirchhoff’s law is applied to the node at which the capacitor, inductor,
and loads are connected, while the second Kirchhoff’s law is applied to the closed loop
that contains the inductor, source, diode, and capacitor. The following set of ordinary
differential equations is found:

Co=(1—u)i———— — 1, @

For the sake of simplicity, we define x; := i, x» := v, which yields to the following
representation using state variables, where y =1 — u.

Lxy =—puxy+E,

. . @)
Cxy =pux; —ipc.
Remark 1. Note the assignable equilibrium point for the boost converter model in (2) since it is
a DC-DC converter (x3,x3), where x3 is the expected voltage output in the terminals of the load,
which implies that:

*2 3)
Xy = El’Dc.
1= F

2.2. General Control Problem Definition

The main challenges that need to be addressed in supporting the output voltage in a
DC load composed of multiple possible consumers are the following:

i.  To obtain a general feedback control law that allows for stabilizing of the output
voltage x; to its desired reference x;, thereby ensuring closed-loop stability and fast
convergence.
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ii. To determine the expected value of the load current ipc using an estimator with
exponential convergence. The values of the constant resistance, power, and current
that compose the loads are unknown, and these are impossible to calculate or estimate
since they depend on the DC microgrid connected to the boost converter. The estimator
of the load current will make the proposed controller work under a sensorless concept.

iii. To apply a disturbance—observer estimator to determine the expected value of the voltage
source E with exponential convergence that permits one to obtain a sensorless-based
controller approach.

It is worth mentioning that the analysis of the boost converter that supplies the constant
voltage profile to a DC microgrid is a complex task due to three main aspects: (i) the usage
of estimators to reduce the number of sensors in the physical implementation stage; (ii) the
nonlinearities of the boost converter model associated with the products between state
variables and the control input; and (iii) the requirement to find a simple control input that
ensures asymptotic stability convergence during closed-loop operation.

Note that to ensure efficient output voltage regulation in the terminals of the DC load,
a PI-PBC approach is proposed in this research with the main advantage that the final
control input does not depend on the converter parameters, as will be demonstrated in the
next sections.

3. Passivity-Based Control Theory

Passivity-based control theory is a strong and well-supported nonlinear control theory
that deals with a subclass of nonlinear systems that can be represented using a port-
Hamiltonian (pH) representation [25]. This representation has the main advantage that it is
possible to find a general feedback control law ensuring asymptotic stability in the sense
of Lyapunov. At the same time, the passive properties of the pH model of the open-loop
model are preserved in closed-loop operation [26]. In the current literature, multiple PBC
control designs applicable to pH systems exist; some of these include the standard PBC
design [27]; the energy-shaping PBC approach [28]; the interconnection and damping
assignation (IDA-PBC) approach [29]; the IDA-PBC approach with integral action; and
the PBC with integral action [30]. The selection of each of these methods will depend
on the open-loop structure of the dynamical model associated with the physical system
under analysis.

In the case of power electronic converters, two main approaches are proposed in the
current literature due to the bilinear structure of the converters’ models. The first approach
is based on the IDA-PBC theory that allows finding a closed-loop controller by solving
a set of partial differential equations regarding the Hamiltonian function and the state
variables [26] or also by solving a set of algebraic equations by defining the structure of the
Hamiltonian function and the interconnection and damping matrices [31]. In addition, it
is possible to add an integral gain to the IDA-PBC approach as a function of the system’s
intrinsic passive output to improve the controller’s numerical performance regarding the
elimination of possible steady-state errors [30]. The IDA-PBC is the preferred method for
power electronic converters when the model contains nonlinear constant power terminals
since it deals with these nonlinearities without important complications [9]. The second
preferred approach for power converters with a pure bilinear structure, i.e., without the
presence of constant power terminals, corresponds to the PI-PBC approach, which exploits
the form of the interconnection matrix to relate the state variables with the control inputs to
reach a PI-based controller that preserves the passive form of the open-loop model during
closed-loop operation with the main advantage that its design ensures global tracking and
asymptotic convergence properties [30]. In addition, no partial differential equations are
solved, and the PI-PBC approach exploits the well-known benefits of the PI controllers, i.e.,
robustness, simplicity, and easily adjustable characteristics. In this research, we propose
the application of the PI-PBC design for the boost converter to support the voltage profile
into an unknown DC load that models the current consumption in a DC microgrid [32].
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3.1. PI-PBC Design

The PI-PBC design is a well-known control method for power electronic converters
since it exploits the bilinear structure of the converter model to obtain a PI feedback
controller [33].

Let us consider a general bilinear system with the structure defined in Equation (4):

Dx=[J(u) —R]x+1, 4

where D € R"*" is defined as the energy storage matrix, which is positive definite and
contains in its diagonal all of the parameters related to energy storage devices, i.e., inductors
and capacitors in the case of power converters. J (1) € R"*" is a skew-symmetric matrix
known as the interconnection matrix, which is responsible for the bilinear structure of the
pH model (4), and R € R"*" is a positive semidefinite matrix that contains all of the energy
dissipation effects in the pH model, i.e., it is also known as the damping matrix. x € R"*!
is the vector of the state variables, and u € R™*! (m < n) is the vector of the control inputs.
1 € R™*! represents the vector of the external inputs. Note that 7 is the number of state
variables, and m is the number of control inputs.

Definition 1. The pH system (4) has an admissible controllable trajectory x*, which fulfills that:
D" =[J(p") = Rlx" +1, ®)
for a soft and bounded control input u*.

Now, if we define two auxiliary sets of variables, i.e., z = x — x*, and w = y — p*, and
Equations (4) and (5) are combined, they, the general model known as the dynamics of the
error, are found as presented in (6):

Dz = [T (u) = Rlz+ [T (1) = T (#)lx", ©)

which can be simplified if the following properties of the skew-symmetric matrix 7 (4 )x*
are applied, i.e.,, J (u)x* = J (x*)u, which transforms (6) into (7).

Dz =[J () = Rlz + T (x")w. @)

Lemma 1. The dynamical model (7) can be asymptotically stabilized at the operation point (z = 0),
with the PI control law defined in (8) and (9):

w = —kpy — k;v, (8)
0=y, )

where ky, and k; are positive constants associated with the proportional and integral gains, y is the
passive output of the system, and v is an auxiliary variable. Note that v represents the effect of the
integral action associated with the passive output y. However, this variable can be eliminated from
Equation (9), changing it to Equation (8). Then, the proposed controller will take the following
PI structure:

t
w = —kpy — ki/ y(T)dT.
fo

Proof. To ensure the asymptotic stability of the system (7), let us define the following
candidate Lyapunov function:

V(z,0) = %ZT’DZ + %kaiv, (10)
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which is positive definite for all (z,v) # 0, and zero only in the equilibrium point, i.e.,
(z,v) = 0. If we take the temporal derivative of (10), it yields the following result:

V(z,0) =z Dz + 0 kv, (11)

where, if the dynamical system (7) and the proposed controller design in (8) and (9) are
substituted, then the following result is reached:

V(z,0) =z ([T (1) = Rlz + T (x*) (~kpy — kiv)) + 0 kyy, (12)

where is possible to note that:

i.  Due to the skew-symmetric properties of the interconnection matrix, i.e., J(y) =
—J (), then, the component z" 7 (4)z is zero;

ii. Taking into account that 7 (x*) = Jx* for bilinear systems, and defining the passive
outputasy' =z Jx*, then, (12) can be simplified as follows:

V(z,0) = —z' Rz — kapy —y' ko4 ky, (13)
where it is observed that, if k; is an scalar or diagonal matrix, then y kv = v k;y, i.e.,
V(z,v) = —z Rz —y kpy <0, (14)

which ensures that the dynamical system (7) with the PI controller (8) and (9) has an
asymptotic stable behavior around the equilibrium point z = 0, i.e.,, x = x*, which
completes the proof. O

3.2. Application to the Boost Converter

The general PI-PBC design presented in the previous subsection can be applied to the
boost converter by defining its general bilinear structure as follows:

o B SR a

1
the system, i.e., y, can be defined as follows:

which shows that R = 0242, and J = [ 01] , which implies that the passive output of

* T - * * O 1 Z * *
y=(x¥) Iz [xl xz] {_1 0] [zﬂ = XxJZp — X321, (16)

where, when substituted into Equations (8) and (9), it is possible to find the general PI-PBC
controller defined in (17):

t
w = —kp(i(x2 = 33) =53 (r1 =) — ki || (xilx2 =) —xi(r —x))dT. (19)

Now, remember that y = w + p*. Then, it is necessary to determine the control input
in the equilibrium point, i.e., solving (5) with x = 0, which allows us to find that:

E
*
= — 1
Iz X3 (18)
« _ iDC
= —_ 1
x1 .XZ E ( 9)

Finally, with the PI controller in (17) and the control input in the operating point
(18), the general control law for the boost converter feeding an unknown DC load is
u=1—w-—u*ie,
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E

2

t
£y e = x3) = a3y = xD) i [ (2 = x3) = x3 o - 5] ). 20)

uzl—(
X

4. Sensorless Adaptive Design

One of the main challenges in the physical implementation of controllers in engineer-
ing science applications corresponds to the availability of the measures regarding state
variables and external inputs since these imply an increase in the number of sensors and
also introduce non-expected noises into the general control design [23]. For the voltage reg-
ulation challenge presented in this research for a boost converter feeding an unknown DC
load, we can implement two estimators that can reduce the number of sensors required to
implement the control input (20). Each one of these estimators is presented in detail below.

4.1. Estimation of the DC Load Current: Adaptive Control Design

During this stage, to make the proposed controller independent of a sensor that
determines the amount of current demanded by the DC microgrid, we present the imple-
mentation of the classical immersion & invariance (I1&I) estimation approach [34].

Lemma 2. The I&] estimator allows for the determination of the expected load current (ipc) in a
boost converter by ensuring exponential convergence. The 1&1 estimator takes the following form:

Ipc =7 — {x2, (21)

b= Sy -0+ qlon) @)

where { > 0 is a positive constant gain of the 1&I estimator, and g1(x,u) is defined as a soft
nonlinear function that depends on the state variables and the control input.

Proof. Consider that the estimation error is defined by ipc = ipc — ipc, where, if ipc is a

constant value, then ipc = f pc- The following equality is obtained after considering the
definition of the estimator given in (21).

ipc = Ipc = ¥ — (2. (23)

If it is substituted, and the second equation is associated with the boost converter
presented in (2), in conjunction with Equations (21) and (22) combining into (23), then, the
next set of equalities yield:

iLDCIé('Ysz+81(xr”))@(1(:”961iDCC)r (24)
=St - Saew - S0 w1 L2 @5)
= —g(ch —ipc) - g(gl(x,u) +(1—u)x), (26)

where it is easy to note that the nonlinear function g1 (x, u) is defined as (4 —1)x;. In
addition, the expected estimation error takes the form presented in (27).

ipc = —%(ch —ipc) = _E{DCI (27)

that allows observing that its solution will tend to zero as defined in (28).

- ~ 4 o .
ipc(t) = ipc(0)e ¢! — lim ipc = ipc, (28)
—»00
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which demonstrates that the proposed 1&I estimator converges with an exponential form to
the expected value of the demanded current. In other words, it permits defining the value
of the current load without using a current sensor. [J

4.2. Voltage Input Estimation

One contribution to the minimization of the number of measurement elements (sen-
sors) required during the physical implementation of the proposed controller’s approach
to regulating the output voltage via the boost converter feeding a DC load is to implement
a voltage input estimator via the disturbance-observer (DO) method [35]. As in the case
of the I&I method, the DO approach ensures the estimation of the voltage input under
steady-state operating conditions with exponential convergence [17].

Lemma 3. The voltage input that feeds the boost converter can be estimated using the DO method
via the estimator with an integral gain defined in (29):

A

E=ua+px, (29)
& = fg(oc+/3x1 + go(x,u)), (30)

where B is a constant positive definite parameter associated with the integral gain of the DO
estimator, and o (x,u) is defined as a nonlinear soft function that depends on the control input and
the state variables.

Proof. Let us define the estimation error in the DO approach as E = E — E, where E
is the voltage input that is assumed to be a constant value in steady-state conditions,
which implies that E = E, which causes the following equality constraint considering the
definition of the DO approach in (29):

E=E=d+pBi. (31)

Note that if we substitute the first equation of the studied dynamic system, defined by
(2), in conjunction with the DO equations (29) and (30), into (31), then the following set of
equalities is found:

EZ—%(!X‘F,BXl +g2(x,u))+ﬁ<f—1zux2>, (32)
= —%(w +pay) — %82(%”) - %(1 —u)x +ﬁ§/ (33)
=Pe—p) - Llon +a-um), (34)

where it is easy to note that the nonlinear function g(x,u) is defined as (# —1)xy. In
addition, the expected estimation error takes the form presented in (35).

. Bia oo Ba
E=-T(E-E)=—T7E (35)

which allows for the observation that its solution will tend to zero, as defined in (36),

E(t) = E(0)e ' — lim £ = E, (36)

t—o0

which clearly shows that the DO estimation approach effectively allows exponential con-
vergence. In other words, the estimation of the voltage input reached exactly the value of
the voltage input feeding the converter, and the proof is complete. [

Figure 3 illustrates the proposed controller plus the estimators.
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Figure 3. The scheme of the sensorless adaptive PI-PBC approach.

5. Analysis and Experimental Results

This section studies and analyzes the performance of the global tracking sensorless
adaptive PI-PBC control to regulate the output voltage regulation in a boost converter
feeding a DC microgrid. First, the proposed controller is compared to an SMC approach,
which has the following design:

gia(x1+#)/C— Exa/L— As — Qls|
(x1 4 p)x1/C—x3/L ' (37)
s = x1X0 — X3X7 + p(x2 — x3),

u=1

where A = 5000, Q = 3, and y = 25 are gains of the SMC approach. In addition, it also has
estimators to make the comparison fairer.

Second, the experimental results are implemented to assess the proposed controller’s
application to the boost converter. The adaptive proposed controller was run in the RT-Bos
of Plexim with a time sample of 10 uS. The boost converter prototype and the devices used
in its implementation are depicted in Figure 4, and their values are shown in Table 1. The
gains of the adaptive PI-PBC controller were tuned online via the RT-box of Plexim. These
gains are: k, = 0.2,k; =04, =0.1,and { = 2.
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Figure 4. Experimental setup: (a) oscilloscope, (b) DC electronic device in CPL mode, (c) RT-Box with
analog and digital breakout boards, (d) current probe power supply, (e) MOSFET driver power supply,
(f) DC-DC boost converter, (g) current probes, (h) input voltage power supply, and (i) differential
voltage probe.

Table 1. Description of the boost converter’s components.

Component Description Type/Value
Q1 Power MOSFET IRFB4110
Dy Schottky Power Diode RURG8060
L Inductor Wurth Elektronik 74435584700, 47 uH
C Multilayer Ceramic Capacitor TDK C5750X7S52A106M230KB, 10 x 10 uF

5.1. Simulation Results

Figure 5 compares a simulation of the boost converter using the proposed controller
and the SMC approach. The igq varies between 1.5 A and 3 A with a 100 Hz square
waveform (duty cycle of 0.5), and the input voltage E varies instantly, regulating the output
voltage to 15 V. Figure 5a shows that the controller’s performance during input voltage
is constant. In this figure, it is possible to observe that the proposed controller has less
overshoot in the voltage and a faster settling time than the SMC approach. Figure 5b,c
illustrates the controller’s performance during the changes in the input voltage from 10 V
to 12 V and from 10 V to 8 V, respectively. These figures show that the proposed controller
continues to present a better performance than the SMC approach, which has a more
straightforward design and ensures closed-loop stability.
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Figure 5. Simulated comparison between the PI-PBC and SMC approaches: (a) simulation results for
the boost converter when the DC load is a 100 Hz square waveform that varies between 2 and 4 A
with a 100 Hz square waveform and a duty cycle of 0.5; (b) input voltage changes from 10 to 12 V;
(c) Input voltage changes from 10 to 8 V.

5.2. Effect of the Estimate E

This part shows the performance of the effect of the estimate E. The aim is to stabilize
the output voltage of the boost converter to x, = 15 V while the DC current of the
microgrid changes between 1.5 A and 3 A with a 100 Hz square waveform. The dynamical
response of the proposed controller implemented in the boost converter is presented in
Figure 6. Figure 6a shows the response of the proposed controller when the input voltage
E is measured. In contrast, Figure 6b illustrates the same scenario when the estimator of
the input voltage £ is implemented.
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Figure 6. Dynamical response of the proposed controller with and without the estimate £ when the
ipc varies in a 100 Hz square waveform between 1 A and 2 A: (a) the proposed controller measures the
input voltage, and (b) the proposed controller uses the estimate E. CH1: (3 V/div), CH2: (2 A/div),
CHS3: u (1 /div), and CH4: ipc (1 A/div).

Analyzing Figure 6a,b, one can see that the estimation of the input voltage E is correct
since the performance of the proposed controller continues to be equal, thereby maintaining
the output voltage at the desired value when the DC current of the microgrid changes
between 1 A and 2 A with a 100 Hz square waveform. This indicates that the input voltage
observer’s design responds appropriately.

Now, in Figure 7, the performance of the estimate E is studied under changes in the
input voltage E when the DC current of the microgrid is at a constant value (ipc = 11 A) by
regulating the output voltage at x, = 15 V. Figure 7a shows the response of the estimate £
when the input voltage varies from 10 V to 12 V while Figure 7a shows the response of the
estimate £ when the input voltage decreases from 10 V to 8 V.

Figure 7a,b properly show the estimation of the input voltage £’s response since the
estimate E (blue line) can reach the input voltage E, measured (yellow line) with a small
error during the transition.
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Figure 7. Dynamical response of the estimate E: (a) input voltage changes between 10 and 12 V;
(b) input voltage changes between 10 and 8 V. CH1: (1 V/div); CH3: (1 V/div).

5.3. Performance of the Adaptive Proposed Controller

This part analyzes the performance of the global tracking PI-PBC control during the
output voltage regulation in a boost converter feeding an unknown DC microgrid when it
includes both estimators. This part considers that the input voltage E and the DC current
of the microgrid change simultaneously. The control objective continues to stabilize the
output voltage to xp, = 15 V. Figure 8a presents the output voltage x; (yellow line), the
inductor current x; (green line), the control signal u (blue line), and the estimate ipc (purple
line) when the DC current of the microgrid changes between 1 A and 2 A with a 100 Hz
square waveform, and the input voltage increases from 10 V to 12 V. Figure 8b shows the
input voltage E (yellow line) and its estimate E (blue line).

Observe in Figure 8a that the adaptive proposed controller regulates the output voltage
of the boost converter under the variations of the DC current of the microgrid and input
voltage. The overshoot for the output voltage x is around 6.1%, and its settling time is
1.87 ms (see yellow line in Figure 8a). For the case of the inductor current xy, its overshoot
and settling time are around 2.65% and 0.96 ms, respectively (see green line in Figure 8a).
These results confirm that the proposed controller responds adequately under simultaneous
variations in the DC current and the input voltage. Furthermore, Figure 8a shows that the
inductor current x; (green line) decreases when the input voltage E changes from 10 V to
12 V.
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Figure 8. Dynamical response of the proposed controller when the input voltage varies from 10 to
12 V. (a) Experimental results for the boost converter when the DC load is a 100 Hz square waveform
that varies between 1 and 2 A, with a duty cycle of 0.5. CH1: x; (3 V/div), CH2: x; (2 A/div), CH3: u
(1/div), CH4: ipc (1 A/div), and time base of 5ms. (b) Input voltage changes from 10 V to 12 V. CH1:
(1V/div), CH3: (1 V/div), and time base of 10 ms.

Figure 9a displays the output voltage x; (yellow line), the inductor current x; (green
line), the control signal u (blue line), and the estimate ipc (purple line) when the DC current
of the microgrid changes between 1 A and 2 A with a 100 Hz square waveform, and the
input voltage increases from 10 V to 8 V. Figure 9b depicts the input voltage E (yellow line)
and its estimate E (blue line).

Note in Figure 9a that the adaptive PI-PBC can still stabilize the output voltage of
the boost converter at its desired value when the input voltage E and the DC current of
the microgrid change simultaneously. This is validated by analyzing the overshoot for the
output voltage x, and its settling time, which are around 6.1% ms and 1.87 ms, respectively.

All experimental results validate that the adaptive proposed control adequately reg-
ulates the output voltage for a boost converter supplying an unknown DC current in
a microgrid. Additionally, the proposed control does not require a voltage sensor, and
a current sensor makes it more robust. This is due to the two estimators used in this
study, which showed an exponential convergence to the exact value when their behaviors
remained constant.
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Figure 9. Dynamical response of the proposed controller when the input voltage varies from 10 to
8 V. (a) Experimental results for the boost converter when the DC load is a 100 Hz square waveform
that varies between 1 and 2 A, with a duty cycle of 0.5. CH1: x; (3 V/div), CH2: x; (2 A/div), CH3: u
(1/div), CH4: ipc (1 A/div), and time base of 5ms. (b) Input voltage changes from 10 V to 8 V. CHI:
(1V/div), CH3: (1 V/div), and time base of 10 ms.

6. Conclusions

The problem of the output voltage regulation in a boost converter feeding an unknown
DC load that models a DC microgrid connected at its terminals was addressed in this
research through the application of the PI-PBC theory. Two estimators were added to the
proposed controller making it an adaptive- and sensorless-based design. The first estimator
was the 1&I method, which allows for the determination of the expected value of the
demanded current using an integral-based estimator. The second estimator corresponded
to the DO method, which allowed for the determination of the expected value of the voltage
input. The main advantage of both estimators was the exponential convergence properties
of these to the desired values.

Experimental validations in the laboratory prototype demonstrated that: (i) the 1&I
and the DO estimators effectively reached the expected current and voltage values with
exponential convergence, and also they responded adequately to faster load variations
reaching the mean values of both variables; (ii) the voltage output in terminals of the
DC load presented an overshoot of about 6.1% with a settling time of 1.87 ms when the
demanded current experienced variations between 1 A and 2 A with a frequency of 100 Hz
in a square waveform, and the voltage input changes from 10 to 12 V, simultaneously; and
(iii) the voltage output in terminals of the DC load had the same values for the settling time
as the previous case in which the voltage input changed from 10 to 8 V, with the same load
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current variations, which confirmed the effectiveness of the proposed PI-PBC controller at
maintaining a stable voltage output in the boost converter in DC microgrid applications.

In future works, it will be possible to research the following: (i) to extend the pro-
posed PI-PBC approach to other DC-DC second-order topologies (buck, buck-boost, and
non-inverting buck-boost) feeding nonlinear loads; (ii) to formulate a passivity-based es-
timator to eliminate the sensor current used in the inductor of the converter; and (iii) to
explore the application of the PBC theory in bidirectional power converters with estimators
for external inputs and state variables.
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