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Abstract

This paper presents the design, simulation, and implementation of an off-board charger of medium and low capacity batteries that
incorporates a power factor corrector, reaches a low THD current with the advantage of providing higher robustness against network
frequency variations, and allows the implementation of three different charging strategies. On the one hand, this charger consists of a
galvanic isolation stage, followed by a bridge rectifier connected to a Boost converter, which regulates the power factor and THD. On the
other hand, a Buck converter cascaded with the Boost serves as a current or voltage source, depending on the operating charging strategy.
Subsequently, results obtained in the testing phase are presented, placing great emphasis on obtaining a power factor of 0.978 and a THD
of 5.7%, which are compared to standard IEC 61000-3-2. Finally, the efficiency of the prototype, which reaches a maximum of 91.1%, is
evaluated; conclusions are therefore presented.

Keywords: battery charger; DC-DC converter; electromagnetic compatibility; power factor corrector; total harmonic distortion.

Desarrollo de un cargador de baterias de alto desemperio con bajo
THD, alto factor de potencia y alta eficiencia

Resumen

Este articulo presenta el disefio, simulacion e implementacion de un cargador off-board de baterias de mediana y baja capacidad que
incorpora un corrector de factor de potencia, alcanza una baja distorsion arménica (THD) en corriente y permite la implementacion de tres
diferentes estrategias de carga. Este cargador esta compuesto de una etapa de aislamiento galvanico, seguida por un puente rectificador el
cual es conectado a un convertidor Boost quien regula el factor de potencia y el THD. Por otro lado, un convertidor Buck es conectado a
la salida del convertidor Boost, actuando como una fuente de corriente o tensién, dependiendo de la estrategia de carga que se implemente.
Posteriormente, se presentan los resultados haciendo énfasis en el valor de 0.978 para el factor de potencia y el de 5.7% para el THD, el
cual es comparado con el estandar IEC 61000-3-2. Finalmente, se evalua la eficiencia del prototipo encontrando un valor maximo de 91.1%
y luego se presentan las conclusiones.

Palabras clave: cargador de baterias; convertidor DC-DC; compatibilidad electromagnética; corrector de factor de potencia; distorsion
armonica total.

1. Introduction other hand, electric vehicles are seen as an important alternative

to face problems caused by pollution [2]; they also help alleviate

Considering the large number of batteries currently in the current oil crisis. However, such technology still poses some

existence and their potential exploitation for second activities that ~ difficulties, especially in the energy storage system [3], this being

may make them have a greater presence in the energy sector [1], the main reason why chargers are once again an essential part in
their chargers have become a device of great importance. Onthe  the use of batteries.
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Currently, a large number of chargers can be found in the
market, but many of them do not include features of great
importance for the consumer. Four of these characteristics can be
efficiency, power factor (PF), total harmonic distortion (THD) of
current, and implemented charging strategies. The first of such
features requires a good use of energy drawn from the grid,
something that has a strong impact on both the consumer and the
environment. The second and third features are related to the first
one, but in addition to this, they are required to meet the present
need to improve the quality of energy taken from the grid as well
as the electromagnetic compatibility [4]. This is because the
quality of power supply emerges as an important factor in its
distribution, since the performance of devices connected to the
grid largely depends on this; as shown in [5], the increase of
temperature in the low voltage cables, due to stationary
disturbance, can reduce the lifetime and the isolation of conductor,
an increases of nearly 5 °C can reduce its lifetime in 50%.
Moreover, the connection of different loads to the grid, such as
electric vehicles in order to recharge their batteries, can cause
voltage drops and injection of harmonic currents to the grid, if the
control strategies are not adequate [6].

Considering that the current harmonics also depend on the
magnitude of the grid voltage harmonics and its angles, and
in most cases these relations are nonlinear [7], another
drawbacks would be mentioned, such as problems related to
synchronization, energy meter setbacks, malfunctioning of
protection systems, interference with communication lines,
and deterioration in the service life of a transformer [8].

This paper presents the design, simulation, and
implementation of a battery charger with different capacities that
also incorporates the four aforementioned features. Section 2
shows the design of a Buck and a Boost converter, whereas the
third section presents the modelling of such converters using state
variables. In section 4, a strategy control and its corresponding
controllers are developed, taking into consideration the
modelling produced in section 3. Section 5 shows the charger
simulation with the aim of validating the power stage and
controller design, which also includes a simple battery model.
Finally, experiment results performed on the prototype, such as
efficiency, load profile, PF, THD, and its comparison with
standard IEC 61000-3-2 are shown.

2. DC-DC Converter design

As mentioned above, such charger consists of a stage of
galvanic isolation, a rectifier, a PFC (Power Factor
Corrector), and a buck converter, as shown in Fig. 1. This
section presents the design of the Buck-Boost PFC converter
using the small ripple approximation, in which the value of
every element is determined according to the operating
characteristics given in each converter.
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Figure 1 Schematic of battery charger
Source: The authors

2.1. Boost converter

The topology chosen for the PFC is Boost-type as it has a coil
in its input; this makes it much easier to control the line current.
Once the operating values of the converter have been established,
it is necessary to begin with the input voltage, which is calculated
as the nominal peak value of grid 170 V, divided by the
transformation ratio, being 6 in this particular case; this results in
28.33 V. The next parameter to define is the Boost output voltage
which, according to previous studies of efficiency conducted, is
set at 50 V so as to obtain a duty cycle close to 0.43 and operate
at maximum efficiency. Considering this output voltage,
equation (1) is applied to solve for the duty cycle value, which
yields a result of D = 0.4848.

V; (1)

v, =
° 1-D

On the other hand, it is established that the device will
handle a maximum power of about 150 W that, when
conduction losses are ignored, represents a load resistance
equal to 20.16 Q, which in turn yields a load current equal to
5.29 A. Inductance value, as noted in Table 1, is determined
by using equation (2) and establishing a ripple of 5 % for the
output current of the PFC, along with the above parameters.

D(1 - D)?R
_Dba-D)R @
2f

To find the output capacitance, a 5% ripple is set at the
output voltage (4Vo) and replaced in equation (3); its result
is shown in Table 1.

min

_ DTVo

= ?3)
RAVo

2.2. Buck converter

With the aim of regulating the current or voltage delivered to
the battery, and taking into consideration the operating charging
strateqy, a Buck-type converter is connected. For its design, the
range of duty cycle in which it will operate using equation (4) is
defined, starting with minimum and maximum voltage values
given at the Boost converter output.

Vo = DVi ©)

By performing a similar procedure of the Boost design,
the Buck converter is designed. The inductance (L) and
capacitance (C) values are found and set forth in Table 1,
together with the element values found for the boost and
parameters such as duty cycle (D) and switching frequency

(fs).

Table 1
Values of converter elements
C[uF] L[uH] D S[kHz]
Boost 2,200 865 0.48 30
Buck 467 370 0.28 30

Source: The authors
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3. Converter modelling

The AC modelling of the converters is performed in this
section. In order to do this, the procedure described in [9] is
carried out, in which voltages across the coils and capacitor
currents are disturbed and linearized, ignoring second order
terms.

3.1. Boost converter

For this converter, the modelling was done taking into
account coil losses (R, ). switch losses (Ron.) and the diode
forward voltage (V)), obtaining equation (5). In this
equation, V. and I, are the linear terms of C1 voltage and
L1 current, respectively.

dVout
(Cl 0) dt
0 L1/\ dI,
=% 1 Voue (£)
1 —R, —RypDy/ \ 1L®
L ont1 R
(v vp-rt)* (0, 2, 21)(,)
V VD - ROTLIL D1 D1 - 1 [7D

3.2. Buck converter

For this analysis, conduction loss in the coil L2 and in the
switch, denoted as R; and R,,, respectively, are also
included. The result of such analysis is equation (6). In this
equation, D is the stationary value of the duty cycle and d is
the duty cycle variation around the equilibrium point.

av 1 .
(cz 0) at :< - 1-D, ><V(t)>+
0 L2 % D,—1 =R, —R,,D,/ \I(t)

t

Ne (0 =1\~

(1)V5+<V —Ronl>d O

4. Control loop design

This section presents the corresponding block diagrams
for each of the converters. Transfer functions of the specific
blocks are obtained by means of the modelling performed in
the previous section; in this way, the resultant controllers are
therefore designed.

4.1. Boost circuit controller

In the design of the Boost circuit controller that serves as
PFC, the block diagram in Fig. 2 is presented, showing the input
current loop (internal), which is responsible for maintaining the
sinusoidal input current in phase with the line voltage waveform.
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Figure 2 Block diagram of PFC
Source: The authors

On the other hand, the voltage loop (external), which regulates
voltage output of the PFC, is built under the control scheme of
average current [10]. The two previous loops consist of GiL Vrec,
Gild, GviL, and GVsVrec, which are the current transfer
functions in the current depended voltage source, duty cycle
dependent current source, output voltage-dependent current
source, and output voltage-dependent line voltage source,
respectively. H1, H2, and H3 are the transfer functions of the
corresponding filters. The compensator of current loop is Pl type,
whereas a fuzzy controller based on Boolean relations (FIS BBR)
[11] was implemented due to the complexity of the voltage loop
and the temporal variations of some of its parameters.

To facilitate the control task, the gains of direct path are
intended to be significantly greater than the loop, so that
disturbances can be ignored, as shown in Fig. 2. Bearing in
mind the above, a frequency-based Pl compensator is
designed, whose necessary parameters for its implementation
are described in Table 2.

The fuzzy voltage control loop takes that losses in the
Boost can be ignored, making the PFC power input (Pi,) and
output equal, which allows it to solve for the constant of
proportionality K between the voltage (Vims) and line current,
therefore obtaining equation (7), where Ss and Sr are the
voltage and current sensors, respectively.

Pin S
K =i . s
Vrms®™ Sr

Q)

Taking into account the range of variation of Pi, (from 0

W to 180 W), an operating range of K between 0 and 0.58 is

presented. On the other hand, equation (8), in which V¢,

Kapc, and Kc represent the rated voltage on the capacitor,

amplification of ADC (gain) and sensor gain, respectively, is

obtained; this equation yields a result of 3,078.8 for the
antecedent variable (Vxp).

Vxp = Ve1KapcKec 8

Therefore, for the sake of simplicity, three membership

functions for the antecedent variable as well as three virtual

actuators are set; equation (9) is obtained as the output
controller.



Séanchez-Choachi et al / Revista DYNA, 85(205), pp. 76-82, June, 2018.

¥ 1Y Vi = 0.1Y; + 0.3Y, + 0.5Y; ©)

4.2. Buck circuit controller

Since at this stage the charger will act as a source of
current or voltage, depending on the charging strategy
adopted, it is necessary to develop two control loops which
can operate independently and regulate the output voltage
and current of the charger. The block diagram in Fig. 3 (top)
shows the Buck converter operating in the constant current
mode, while Fig. 3 (bottom) presents the block diagram when
operating in constant voltage mode. Once again, this seeks to
ensure that the gains of direct path are large enough to ignore
disturbances coming from external agents.

Finally, using the modelling performed in section 3,
transfer functions for current and voltage of the Boost
converter are obtained and shown in equations (10, 11).

LI

1-—————s5
V-V, DI(Vg-V)
— g g

Gya = —, T L o2IC (10)

SpiZR TS D2
D 1

Gig = =5, 1T 2T (11)

SpiZR D2

The transfer current and voltage transfer functions of the
Buck converter are shown in equations (12, 13).

D’(Vg—V)_S
— LI
Gra = T+s—2—ts2C (12)
DIZR"° DI2
1
Gig = T (13)
DrZR Di2° "8

Additionally, an analysis in frequency is conducted. The result
is Pl controllers, whose gains (P and 1) for a discrete
implementation are described in Table 2, which includes the
corresponding bandwidths (B), phase margin (PM), and gain
margin (GM).
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Figure 3 Block diagram of Buck converter when operating in constant
current mode (top). Block diagram of Buck converter when operating in
constant voltage mode (bottom)

Source: The authors
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Table 2
Parameters of discrete time PI controllers
Controller P | MF MG(dB)  B(kHz)
I loop- 0.89 1,054 57° 25 3
Boost
I loop- 0.134 50.11 60° 37 5
Buck
V loop- 1.8742 3,280 60° 44 35
Buck

Source: The authors

5. Simulations

To check the task of converters and controllers design, this
section presents the simulation of the charger. However, it is
first of all necessary to choose a reliable detection method for
the state of charge (SOC). To this end, models are based on
neural networks [12,13], fuzzy logic [14], and Adaptive
Unscented Kalman Filter and support vector machine [15].
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Figure 4(a) PFC output voltage (top), voltage (dashed line), and current
(continuous line) line (down); (b) SOC (top), battery voltage (middle), and
battery current (down)

Source: The authors
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Figure 5 PFC battery charger prototype
Source: The authors

When analyzing these different methods, the one
suggested in [16] is chosen because of simplicity and
effectiveness. The upper part of Fig. 4(a) shows the PFC
output, indicating a stable behavior close to the value at
which it was designed (50 V). On the other hand, the lower
part of Fig. 4(a) shows the line voltage (dashed line) and
current (grid), in which the sinusoidal behavior as well as its
input voltage phase can be seen, implying a THD equal to 4.3
% and a PF of 0.998.

The operation of charger is now simulated, intended to
recharge a battery of 12 V in the constant current-voltage
mode. In order to do this, constant current is used until the
battery reaches 15 V, time at which it is necessary to make
the transition to constant voltage, ending the process
completely until a state of charge (SOC) equal to 95 % is
reached. Fig. 4(b) shows the result of this operation

6. Experiment results

The prototype shown in Fig. 5 was obtained as a result of
the proposed charger implementation, along with tests
performed when recharging a battery of 12 V and 26 AH so
as to obtain the SOC. Voltage and current in the ba ttery
during the entire charging process are shown and presented
in Fig. 6. In this latter figure, it is important to highlight the
good behavior of these variables during the process and the
smooth transition between the two operating modes.

To evaluate the THD and the PF, current waveforms and
line voltage in Fig. 7 are firstly shown, which indicates a
sinusoidal current behavior; it implies a low THD. However,
it also demonstrates that it is approximately proportional to
the phase voltage, which means a PF close to the unit.

Fig. 8 compares the amplitude of each harmonic
regarding standard IEC 61000-3-2 with the line current
waveform of the charger. In addition, the measurement of
THD of voltage and line current during the charging process
is presented in zoom-in waveforms of the same figure, made
with a properly calibrated 824 PQA. The figure highlights an
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average value of THD of 5.7% in current during the constant
current mode, which increases to a maximum of 10.3% for
the end of the process. However, it is worth noting that the
grid voltage also presents an inherent THD of 2.3% on
average, affecting the input current behavior. As discussed in
the design, the PFC is synchronized with the grid; this is an
advantage over other strategies, such as resonant and
repetitive control that have been proposed in recent works
and where their performance is affected by changes in grid
frequency. Other works such as [17] proposes odd-harmonic
high order repetitive control, which yields better results; its
drawback, however, is that only removes the odd harmonic.

In addition to the good quality of sinusoidal input current,
this also presents a very small gap with respect to the line
voltage, which implies a PF close to the unit as can be seen
in Fig.9 (top); it shows the cosine of the phase angle between
line voltage and current as well as the PF of the charger, each
reaching an average value for the constant current mode of
0.977 and 0.976, respectively. However, these values
decrease to a minimum of 0.912 and 0.892 at the end of the
charging process. Similarly, the low value of THD and the
PF close to the unit make the losses in the various elements
of the charger diminish, thereby contributing significantly to
the efficiency of the device. According to Fig. 9(b), it reaches
a maximum value of 91.1 % for the constant current mode
until reaching a value of 60% at the end of the loading
process. At this stage, the power consumption is 18 W, which
can be compared to the inherent losses in the charger.

As can be seen in many of the results presented above, the
benefits of the charger decrease in the constant voltage mode
since, at this stage, the power consumption considerably
decreases, distancing the charger from the operating nominal
conditions for which it was designed.
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Figure.9 (a). FP and cosine of the phase angle between current and voltage
line; (b) charger’s efficiency during recharging process
Source: The authors

Conclusions

A battery charger with dual power converter topology
was designed and implemented, capable of operating three
separate loading strategies: constant voltage, constant
current, and constant current-voltage. Unlike chargers
currently found in the market, the developed prototype
includes a power factor corrector which establishes a PF unit
and a control strategy that allows it to generate a semi-
sinusoidal input current and in turn makes it attain THD
values in current close to 5.7 %, this in compliance with the
standard IEC 61000-3-2. In addition to that, it also reduces
losses in the device. Another important feature of the
developed prototype is that it can be programmed for
charging batteries for a wide range of capacities.
Nevertheless, it is recommended that this should be between
10 AH and 80 AH, so that the THD and PF can be kept in
satisfactory values.
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