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Abstract: A proper charge in an electric vehicle (EV) battery allows it to have a longer useful life
and lower maintenance costs. For this purpose, the voltage and current supplied to the battery must
be precisely regulated. In this article, the model of a phase-shifted full-bridge (PSFB) converter is
obtained. Moreover, a dual control loop was designed to regulate the state of charge of a lithium
ferrofosfate (LiFePO4) battery. The autoregressive exogenous (ARX) model is used to model the
system. Once the plant model is obtained, it is controlled using a classical controller. A couple of
cases are evaluated where the control parameters are modified, and the best approach is selected.
From the obtained model, the controller is designed for the proposed cases. The theoretical controller
response is compared with the experimental response. The results show a 94% accuracy of the model.
In the same way, the result obtained from the controller is accurate in a 96% by comparing it with a
simulation. Both the modeling and the control obtained experimentally resemble the results obtained
theoretically. The controller manages to respond as expected in all proposed cases.

Keywords: battery charger; classical control; ARX model; DC-DC converter; PSFB

1. Introduction

Currently, environmental care is of great relevance for humankind. Several alternatives
have been developed in the face of those factors that lead to its deterioration. EVs are an
alternative to pollution generated by the transport sector and are beginning to become more
popular [1]. This sector is responsible for up to 29% of the energy consumed worldwide
and up to 65% of oil consumption [2].

As energy source, EVs use lithium-ion batteries, mainly due to their high energy
density. It is essential to properly charge the battery so that it can fulfill its useful life. The
state of charge of a battery will depend on the material from which it is made. Lithium
batteries offer a higher voltage and energy density compared to batteries of different
materials [3]. It also has good structural and chemical stability, allowing the battery to have
more charge cycles and a longer lifetime.

There has been a dramatic increase in research and commercialization of lithium-ion
batteries for energy storage in EVs and plug-in hybrid electric vehicles (PHEVs) in recent
years. Challenges remain in manufacturing low-cost, high-performance, and high-safety
lithium-ion batteries for vehicle applications.

The most common materials for EV batteries are lithium–nickel–cobalt–aluminum
(NCA), lithium–cobalt oxide (LiCoO2), lithium–nickel–manganese–cobalt (LiNMC), lithium–
manganese oxide (LMO), lithium titanate (LTO), and lithium ferrophosphate (LiFePO4).
Each material has different characteristics, so it is difficult to select the best battery, since
each technology has its advantages and disadvantages. However, LiFePO4 batteries have
started to become popular mainly because of their low cost and long lifespan [4].

Different studies of topologies used for EV charging, conversion stages, and power
levels have been presented [5–8] as well as projects to obtain a higher efficiency from batter-
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ies [9]. These studies have made it possible to clarify the topologies that can be useful for
battery charging and the advantages and disadvantages of each one. Furthermore, topolo-
gies of full-bridge isolated converters have been proposed [10–12]. In these architectures,
the efficiency increases, and the cost is reduced using a proper switching strategy.

From this research, various EV battery charger designs have been made. A high
efficient non-isolated single-stage on-board battery charger (OBC) has been designed
and implemented for EV [13]. A detailed theoretical analysis, operational strategy, and
experimental results have been presented.

An isolated Level 2 OBC has also been introduced using silicon carbide (SiC) power
devices to achieve high density and high efficiency for application in EV and PHEV.
This charger has a two-stage architecture in which the first stage is a bridgeless AC-DC
converter, and the second stage is a PSFB isolated DC-DC converter. The operation of both
topologies is presented, and the specific advantages obtained by using SiC power devices
are discussed [14]. Similarly, studies have been introduced where harmonic distortion
and switching losses in converters are studied. Such is the case of [15], where a new
bidirectional buck-boost three-phase DC-AC topology is presented, where it is possible to
reduce both the harmonic distortion in the mains currents and the switching losses.

The design of a controller for a converter can vary widely depending on the electrical
needs and the load. In [16], a model predictive control is proposed to control the power flow
between the high voltage and low voltage DC buses of a bidirectional isolated full-bridge
DC-DC converter. For this article, a classical controller is proposed, which is enough for
this application.

To properly charge the battery, it is necessary to regulate both the voltage and the
current supplied. The most used charging algorithms for batteries focus on having a
constant voltage, constant current, and trickle charge [17].

This article analyzes the procedure to obtain the modeling of the PSFB converter to
obtain the transfer function of the converter and perform a constant voltage control. The
results show that the model presents an accuracy of 94%. Moreover, the result obtained
from the controller is accurate in a 96% by comparing it with a simulation.

In Section 2, the operating principle of the selected converter is discussed. Section 3
describes the methodology used in this work. Finally, in Section 4, the conclusions are
presented.

2. Theoretical Background

This section presents, compares, and classifies the most used DC-DC converters.

2.1. DC-DC Converters

DC-DC converters have the main characteristic of operating at high frequencies and
being more efficient. Metal–oxide–semiconductor field-effect transistors (MOSFETs) are
most often used as switches because they can work at the required frequency as it is
suggested in [18]. Working at high frequency allows the converters to be reduced in size.

Converter topologies must also be considered, as they do not all serve the same
purpose. A DC-DC converter is generally responsible for converting an input voltage
into an output voltage of different magnitude and sometimes of opposite polarity or
with galvanic isolation between the input and output. However, there are converter
topologies that, for example, raise the input voltage while others lower it. Based on the
presence of galvanic isolation between input and output, DC-DC converters can be divided
into two classes: non-isolated and isolated. The most common non-isolated DC-DC
converters are the buck converter, the boost converter, and the single-ended primary-
inductor converter (SEPIC). Isolated DC-DC converters are derived from non-isolated
DC-DC converters by incorporating transformers and rectifier circuits at the output. Some
articles have proposed isolated converters different from the conventional ones, improving
specific electrical characteristics. Some examples of isolated converters can be found
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in [19–21], where the presented design allows a larger voltage conversion ratio compared
to conventional topologies.

For the battery charging application, the isolated DC-DC converters derived from the
buck converter are considered. These include the forward, push–pull, half-bridge, and
full-bridge converters. Table 1 presents a comparison of the most widely used step-down
DC-DC isolated converters and their parameters.

Table 1. Comparison of isolated converters [22].

Converter Voltage Stress
of Switches

Current Stress
of Switches Switches Frequency

Simple forward 2Vin Io/n 1 fs
Double forward Vin Io/n 2 fs
Push–pull 2Vin Io/(2n) 2 2 fs
Half bridge Vin Io/n 2 2 fs
PSFB Vin Io/(2n) 4 2 fs
Where Io is the output current, n is the transformer winding turns ratio, fs is the switching frequency.

The PSFB converter can withstand a higher amount of voltage and current without
increasing the size of its components since it has four switches, which help reduce the
stress between them.

2.2. PSFB Converter

A PSFB shown in Figure 1 is selected for this application. The amount of phase shift
between the switch control signals determines the amount of energy transferred.

Figure 1. PSFB DC-DC Converter.

This converter comprises an inverter, a transformer, a rectifier, and an output filter.
The converter has an inverter because when working with alternating current, the electrical
components are smaller in size compared to working with direct current. The transformer
is responsible for reducing the amplitude of the AC signal. Finally, a rectifier is needed to
convert the AC signal of the grid into direct current.

2.3. Principle of Operation

In the PSFB converter, the duty cycle is set at 50% and the power transfer is determined
by the phase shift between the pair of switches Q1 and Q2 and the pair Q3 and Q4. This
explanation can be seen in Figure 2. The overlapping pairs of switches generate an AC
signal. AC voltage is applied to the primary side of the transformer, allowing the MOSFETs
to switch without additional circuitry. The transformer located between the full-bridge
converter and the rectifier transfers the electrical energy. Finally, the voltage from the
secondary winding of the transformer passes through the rectifier and the filtering section
and is converted back to direct current.
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Figure 2. Switching control signals.

The voltage applied to the output inductor Lo is expressed by the following equation:

VL = nVin −Vout (1)

where n is the turns ratio of the transformer, Vin is the input voltage and Vout is the
output voltage.

The transfer of the converter voltage is expressed as:

VL · DTs = n(Vin −Vout) · DTs = Vout

(
Ts

2
− DTs

)
(2)

where D is the phase shift present in the PSFB converter and Ts is the sampling period.

2.4. Plant Modeling

The identification of dynamic processes can be based on different models that describe
several stochastic environments. Equation error models represent a beneficial category of
models because of their broad applicability in prediction and control.

Some works, shown in Table 2, have used identification methods to facilitate calcula-
tions when building the mathematical model of converters.

Table 2. Previous work on identifying DC-DC converters.

Identification Method System to Be Modeled Verification Method Reference

Proposed dynamic model PSFB Converter Experimental [23]
ARX model Buck converter Residual autocorrelation [24]
ARX, ARMAX, OE model Two level boost converter Simulation [25]

The autoregressive exogenous (ARX) model is a way to represent a dynamic process
driven by input and noise. This model describes the observed output of the process as the
sum of a regression on previous input and output observations.
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In this model, both the input and the output are known, but the noise in practice is
unknown and can occur in various ways. Considering this element allows the analysis to
be closer to reality.

The linear model of the system is written as follows:

y(k) =
n

∑
j=1

ajy(k− j) +
n

∑
j=0

bju(k− j) + e(k) (3)

The noise of the model, e(k), will be white noise, that is, the mean of its values will be
equal to zero.

E{e(k)} = 0 (4)

Regarding the variance, it can be expressed as follows:

E{e2(k)} = σ2 (5)

Since the statistical properties of e(k) have been defined, the model can be rewritten as:

y(k) = ŷ(k) + e(k) (6)

and starting from the linear model of the system, it can be observed that:

ŷ(k) =
n

∑
j=1

ajy(k− j) +
n

∑
j=0

bju(k− j) (7)

If the Z transform is applied to these sums, they can be expressed as follows:

A(z) = a1z−1 + a2z−2 + · · ·+ anz−n (8)

B(z) = b0 + b1z−1 + b2z−2 + · · ·+ bnz−n (9)

Considering then the previous terms and the ARX model, it can be written as follows:

Y(z) =
B(z)

1− A(z)
U(z) + V(z) (10)

V(z) represents the white noise that is introduced at the plant output, which can be
expressed as:

V(z) =
1

1− A(z)
E(z) (11)

If the inverse Z transform is applied to Equation (11) and Equation (8) is considered,
v(k) can be expressed as:

v(k) =
n

∑
i=1

aiv(k− i) + e(k) (12)

For the ARX model to be implemented in recursive identification algorithms, it has to
be given a different form. The summations of Equation (3) are rewritten as vectors and the
parameters and measurements are separated. The parameter vector is as follows:

PT = [b0, a1, b1, . . . , an, bn] (13)

and the measurement vector:

zT(k) = [u(k), y(k− 1), u(k− 1), . . . , y(k− n), u(k− n)] (14)



Electronics 2021, 10, 2568 6 of 16

Both PT and zT(k) have a dimension of 1× (2n+ 1). These two vectors are substituted
in Equation (3) to be as follows:

y(k) = PTz(k) + e(k) (15)

This model can be modified so that the value k is now the number of observations t
with respect to the inputs and outputs. When making the change, it remains:

YT(t) = PTZT(t) + ET(t) (16)

This means that multivariable systems are considered, so YT(t) is:

YT(t) = [y(1), y(2), . . . , y(t)] (17)

The error has a similar change:

ET(t) = [e(0), e(1), . . . , e(t)] (18)

Finally, ZT(t) is an array of dimension (2n + 1)× t and looks like this:

ZT(t) =



u(1) u(2) . . . u(t)
y(0) y(1) . . . y(t− 1)
u(0) u(1) . . . u(t− 1)

...
...

y(1− n) y(2− n) . . . y(t− n)
u(1− n) u(2− n) . . . u(t− n)


(19)

With this form of the ARX model, it can begin to be implemented in a recursive
identification algorithm.

2.5. Least Squares Method for Estimating Parameters of the ARX Model

As seen in the structure of the ARX model, there is a disturbance in the form of white
noise, so the output YT(t) in Equation (16) has statistical properties like the error where
the mean of the output is:

E{YT(t)} = PTZT(t) (20)

and the covariance of the output is:

cov{Y(t)} = cov{E(t)} = σ2 I (21)

where I is defined by the identity matrix.
Now it is necessary to minimize the quadratic form depending on the estimation of

the parameters contained in P. This is done with the method of least squares.

J = (Y(t)− Z(t)P(t))TW(Y(t)− Z(t)P(t)) (22)

In this equation, W is called a weight matrix. This matrix can be defined in different
ways, however, for this case, W = I is considered. With this consideration, Equation (22)
remains as:

J = YT(t)Y(t)− 2YT(t)Z(t)P(t) + PT(t)ZT(t)Z(t)P(t) (23)

It is derived with respect to P(t) to find the least squares estimator and thus apply the
least squares method. The derivative is:

∂J
∂P(t)

= −2ZT(t)Y(t) + 2ZT(t)Z(t)P(t) = 0 (24)
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Solving for the least squares estimator:

P̂T(t) = (ZT(t)Z(t))−1ZT(t)Y(t) (25)

3. Methodology

The first step is to obtain the samples from the test bench in order to to apply the
method previously described. The test bench is shown in Figure 3 and is conformed by the
components shown in Table 3.

Figure 3. Test bench used for experimentation.

Table 3. Components of test bench.

Component Type

Microcontroller B-G474E-DPOW1
Output inductor 100 µH
Output capacitor 3000 µF
Ferrite core ETD49
MOSFET STP36N55M5
Diode RHRP3060

3.1. Converter Efficiency

In this section, the computation of the losses of the components is done to determine
the efficiency of the converter.

3.1.1. Transformer

The secondary current is obtained by the following equation:

IS =
√

I2
S1 + I2

S2 + I2
S3 =

√
1.22 + 0.552 + 0.22 = 1.31 [A] (26)

where:
IS1 = Secondary current when energy delivered to secondary;
IS2 = Secondary current when diode pair is conducting;
IS3 = Secondary current caused during freewheeling period.

The primary current is obtained by the following equation:

IP =
√

I2
P1 + I2

P2 =
√

0.72 + 0.42 = 0.81 [A] (27)
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where:
IP1 = Primary current when energy delivered to secondary;
IP2 = Primary current caused during freewheeling period.

The estimated transformer losses are obtained considering copper losses and core losses.

PT ≈ I2
P × DCRP + I2

S × DCRS + Pcore ≈ 0.812 × 0.12 + 1.312 × 0.25 + 5.2 ≈ 5.7 [W] (28)

where:
PT = Transformer losses;
IP = Primary current;
DCRP = Primary DC resistance;
IS = Secondary current;
DCRS = Secondary DC resistance;
Pcore = Core losses.

3.1.2. MOSFETs

Switching losses occur when the MOSFET changes from an on state to an off state and
vice versa. Frequency plays a vital role since the MOSFET will change state depending on
how fast the control signal changes. The PSFB Application Report of Texas Instruments [26]
was followed to obtain the losses from the MOSFETs.

PQ ≈ I2
P × Rds(on) + 2×QAg ×Vgs ×

fs

2
(29)

PQ ≈ 0.812 × 0.08 + 2× (62× 10−9)× 12× (100× 103)

2
≈ 0.06 [W] (30)

where:
PQ = MOSFET losses;
Rds(on) = Drain-source on-resistance;
QAg = Gate charge;
Vgs = Gate-source voltage.

3.1.3. Diodes

In this case, the equation to determine the diodes losses is the following:

PD ≈ 2×VD × ID ≈ 2× 0.6× 1.31 ≈ 1.57 [W] (31)

3.1.4. Inductor

To obtain the losses of the output inductor, the inductor ripple current needs to be
calculated. It is designed for 10% inductor ripple current.

∆ILout =
Pout × 0.1

Vout
=

125× 0.1
25

= 0.5 [A] (32)

where:
∆ILout = Inductor ripple current;
Pout = Output power;
Vout = Output voltage.

Calculating the output inductor current:

ILout =

√(
Pout

Vout

)2
+

(
∆ILout√

3

)2
= 5.01 [A] (33)
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Finally, the losses from the output inductor are obtained as an estimate of twice the
copper losses.

PLout = 2× I2
Lout × DCRLout ≈ 2× 5.012 × 0.033 ≈ 1.65 [W] (34)

where:
DCRLout = Output inductor DC resistance.

3.1.5. Capacitor

To obtain the losses from the output capacitor, its current must to be calculated.

ICout =
∆ILout√

3
= 0.28 [A] (35)

where:
ICout = Output capacitor current.

The output capacitor losses are then obtained from the following equation:

PCout ≈ (ICout)
2 × ESRCout ≈ 0.282 × (73× 10−3) ≈ 0.01 [W] (36)

where:
ESRCout = Effective output capacitance.

3.1.6. Total Losses

To obtain the total losses, a sum of all the previous component losses is performed.
The result is the following:

Ploss ≈ PT + 4× PQ + PD + PLout + PCout ≈ 9.17 [W] (37)

Considering the following equation to determine efficiency:

η =

Pout
Ploss

1 + Pout
Ploss

=
125
9.17

1 + 125
9.17

= 0.931 (38)

3.2. Model Implementation

The method is tested, and 9000 values are taken with a sampling time of 40 µs. This
sampling time is selected to obtain a more detailed signal.

To select the proper order, three possibilities were considered. Figure 4 shows the
modeled response of the system considering a second, third and fourth order. There
is a small difference between the second and third order, and even a smaller difference
between the third and fourth order. To accurately depict the converter without increasing
the complexity of the system more than necessary, the third order model is selected.

The parameter vector obtained is the following:

PT = [0, −0.38132, 0.004, −0.31958, 0.00247, −0.29436, −0.00181] (39)

The transfer function of a discrete third-order system is described as:

G(z) =
b0z3 + b1z2 + b2z + b3

z3 + a1z2 + a2z + a3
(40)

Equation (40) is then substituted with the parameter vector from Equation (39). The
model is then obtained, resulting in the following transfer function:

G(z) =
0.004z2 + 0.00247z− 0.00181

z3 − 0.38132z2 − 0.31958z− 0.29436
(41)
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The error percentage is obtained with the following equation:

error =
(

modeled− real
real

)
∗ 100 (42)

This model is compared with the actual response of the plant. The comparison is
made considering a step input. In Figure 5a the resemblance of the model obtained with
the real one is observed. Despite the signals not being exact, the method of least squares
gives a close approximation to reality. In Figure 5b the error percentage is displayed. The
percentage shown demonstrates an error of no more than 6%, meaning an accuracy of the
model of 94%.

Figure 4. ARX model obtained on second, third, and fourth order.
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Figure 5. Plant response to step input. (a) Comparison between real and modeled response. (b) Error
obtained by comparing the real response and the modeled response.

The model is now compared to the prototype to verify that both behave in the same
way in terms of the frequency response. In this case, a bode diagram of the modeled system
is compared with the prototype response. The prototype is tested up to 103 rad/s, this is
because the frequency in which the battery will be charged will not exceed this parameter.
The bode diagram can be seen in Figure 6.
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Figure 6. Comparison between protype and obtained model regarding frequency response.

3.3. Voltage Control

For this plant, a classic controller is used to adjust the converter voltage. Being a
discrete control, the transfer function of the controller can be expressed in different ways in
the integral and derivative part.

The integral term can be expressed in the following ways:

KiTS
z− 1

Forward Euler (43)

KiTSz
z− 1

Backward Euler (44)

KiTS
2

z + 1
z− 1

Trapezoidal (45)

The forward Euler form is considered and the controller proposed for this application
is a PI controller.

The transfer function of the controller would be as follows:

GC(z) =
Kp(z− 1) + KiTS

z− 1
(46)

The diagram where the model and the controller are contemplated is shown in Figure 7.
The load is the battery in the graph, and the controller regulates the voltage supplied to the
battery. However, to tune the controller, a resistor is used to observe the voltage variation
across the system and the response time of the controller.

The response of the system is determined by the values that are assigned to Kp and Ki.
Two possible control approaches are considered. The first test is carried out considering a
rise time of 20 ms, which is shown in Figure 8. MATLAB’s PID Tuner was used to determine
the values for Kp and Ki. The tuner is shown in Figure 9. The obtained values are:

Kp = 0.011945 Ki = 238.83 (47)

The expected response and the one obtained are quite similar, which is an indicator
that the modeling was carried out correctly.

However, by proposing a faster system response, the integral part does not allow the
plant to sustain a constant voltage. For this reason, it is considered a slower response, since
in this application a response of 20 ms is not critical, because the battery voltage does not
change faster than the response of the system.
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Figure 7. System diagram, considering the model obtained and the voltage controller.
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Figure 8. Case 1 with Ts = 0.02. (a) Controller response. (b) Error obtained by comparing the
simulated controller and the experimental controller.

Figure 9. Controller tuning via PID Tuner from MATLAB.
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A second test is performed, but this time considering a rise time of 50 ms. In this case
the values of the proportional and integral terms are:

Kp = 0.0049 Ki = 99.73 (48)

The controller behaves as shown in Figure 10. In this case, the voltage becomes
adjusted with a lower error range, and the theoretical response becomes quite close to the
real one. Although the response of the controller is slower, it does not affect the application
in question since the battery voltage also changes slowly.

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

0

1

2

3

4

5

6

7

8

(a) (b)

–5

–10

Figure 10. Case 2 with Ts = 0.05. (a) Controller response. (b) Error obtained by comparing the
simulated controller and the experimental controller.

Therefore, it can be concluded that the controller must consider a rise and settling
time of more than 50 ms to avoid having a large margin of error.

Next, it is necessary to test the dynamic response of the system to verify the regulation
capability of the controller. The first test is to change the setpoint to a random step signal,
and the second one is to change the setpoint to a sawtooth signal.

By changing the setpoint to a random step signal, the following results are obtained:
The controller behaves in the same way as when a step signal is input to it. The

difference in this test is that the controller must constantly adjust to different setpoints.
The controller manages to adjust to the different variations correctly. For a more accurate
comparison, the PI controller is compared to a PID controller. In this case, the PID controller
is designed to have the same rising time as the PI controller. A random step signal is used
as well to analyze the behavior of the controller. The responses are shown in Figure 11a.

Figure 11. Response to random step signal. (a) Controller response, PI and PID case. (b) Error
obtained by comparing the simulated controllers and the experimental controllers.
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When looking at the PID controller, a little distortion is observed in the output voltage.
This is mainly because the derivative part has been incorporated into the controller, intro-
ducing noise to the signal. This is why the PI controller is considered to be more suitable
for this application.

Now, the setpoint is changed to a sawtooth signal as shown in Figure 12. In this
particular case, it is more difficult for the PI controller to adjust to the reference when it
changes drastically. A different tuning or a more complex controller might be needed to be
able to adjust to these abrupt changes.

Figure 12. PI controller response to sawtooth signal.

Finally a test is done by charging a two-cell LiFePO4 battery. In this case the constant-
voltage constant-current (CV-CC) method is used to charge the battery. The same controller
is used to control the PSFB current and a condition is set in the microcontroller to switch
between voltage control and current control. Results can be seen in Figure 13.

Figure 13. LiFePO4 battery charged via CV-CC.

4. Conclusions

This research presents the modeling and control of a PSFB converter using the ARX
model and a classical controller. The modeling and control meet the charging requirements
of a LiFePO4 battery. The modeling gets to describe the plant with a precision of 94%.
Therefore, the designed controller resembles the one obtained in experimental results in
the two proposed cases. The controller behaves precisely, reaching an accuracy of 96% and
controlling the output voltage as expected.

The ARX model was tested by comparing the expected and the actual response with a
step input. A comparison was also made in relation to frequency between the real and the
modeled response, where both behave the same way. The controller was put to the test by
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considering different reference points, achieving the expected results when a step signal, a
random signal and a sawtooth signal were introduced. This allows the obtained model to
be experimentally demonstrated.

The integral part of the controller can govern the response time of the system. How-
ever, reducing the rise time prevents the voltage from being regulated correctly. Using
the ARX model facilitates the implementation of the controller in any embedded system
since the equations used are in discrete time. LiFePO4 cell charging verifies the correct
operation of the controller by properly regulating both voltage and current. The selected
charging method allows the same model to be used to regulate both the converter voltage
and current. Future work intends to implement a fuzzy controller to observe the impact of
this controller on the application.
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