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ABSTRACT 1In this paper, the quadratic buck converter (QBC) is proposed as competitive alternative to
implement a battery charger. Since QBC is a high order system, the required control is designed to follow
the conventional constant-current constant-voltage protocol by means of three loops. Namely, i) an inner-
loop operating in sliding mode to control the current of the closest inductor to the input port providing the
proper stability of the system, ii) a first outer loop designed to regulate the battery voltage providing the
reference of the inner loop, and finally iii) a second outer loop to regulate the battery current modifying the
reference of the voltage loop. Proportional Integral (PI) controllers are used in both outer loops, one of them
synthesized by means of the robust loop shaping M-constrained integral gain optimization (RLS-MIGO)
method, and the other designed using classical considerations for cascaded controllers. Both simulation
and experimental results are presented validating the theoretical study and confirming the feasibility of the
proposed control by means of analogue electronics.

INDEX TERMS Battery charger, quadratic buck converter, robust loop shaping, sliding-mode control.

. INTRODUCTION

ATTERY energy storage technology has been incor-
B porated during many years in stand-alone photovoltaic
applications, uninterruptible power supplies and low-power
portable devices. However, nowadays, in additional to tradi-
tional applications, that technology plays a key role boosting
the modern smart and sustainable electrical systems [1], [2].
The adoption of these systems follows to main patterns. The
first on is related to dynamic exchanging of energy involving
applications such as utility-scale batteries, behind-the-meter
energy storage and micro-grids, while the second one cor-
responds to rechargeable systems operating without connec-
tion to a main source and having certain temporary energy
autonomy such as cell phones, drones and electric vehicles
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(EVs). Considering the amount of power demanded by the
latter applications, the advances in battery energy storage are
crucial for the electrification of the transportation sector [3]-
[6]. For EVs, for instance, the batteries can be recharged
using battery chargers that are either in-home installed or
portable by users, or can be available in charging stations
as a part of an electric energy distributed infrastructure [7]-
[8]. The main function of these chargers is to provide the
necessary energy to recover the state of charge of the batteries
while maintaining their good performance to increase their
lifetime. The voltage and power levels of the chargers depend
on the application and are defined by the size of the battery
array and the expected charging time. For example, battery
chargers for electric vehicles can provide between 200 and
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1000 V with an output power of up to 350 kW. Depending on
the relation between the battery capacity and the transferred
power, the charging time varies from minutes to several
hours [6]- [9]. The advances in semiconductors have in-
creased the maximum output power of the chargers allowing
charging times for an EV in less than fifteen minutes. The
associated power electronics technology enables the so called
fast-charging and ultrafast-charging, which are related with
the use of lithium based batteries [10]-[12].

The energy processed by a battery charger is transferred
from a primary power source to the battery following a
charging method. Most of the methods perform the charge in
a sequence of stages in which the charger applies a constant
DC current or a constant DC voltage. The classical method
consist in applying a constant current to the battery until it
reaches a predefined voltage level (constant current phase)
and then apply that voltage until the battery is completely
charged (constant voltage phase). This method is well known
as the constant current — constant voltage (CC-CV) proto-
col [13]. Other methods can use multiple phases of constant
current with an increasing reference using steps like in the
case of [14] and [15]. The sequence of phases is usually car-
ried out by switching between the controllers related to each
phase, which can produce an undesired transient behavior.
For that reason, it makes sense to explore a mechanism of
soft transition in the CC-CV protocol when commuting the
action of the current controller in CC phase to the voltage
controller in the CV phase.

Battery chargers can be classified in isolated or non-
isolated and can be powered by alternating current (AC
chargers) or direct current (DC chargers). The AC chargers
are normally composed of two power conversion stages, one
performing rectification ensuring a unitary power factor and
the other performing regulation of the DC output voltage
and current. Instead, the DC chargers can be implemented
using a single stage of DC-DC conversion which is fed by a
primary system providing a regulated DC output [5], [6].
The selection of the adequate DC-DC power converter in
both cases (output stage) depends on the constraints of the
application mainly related with the input and output voltage
ranges, the rated power and the requirement of galvanic
isolation [16]. Among the well-known candidates, we can
cite the LLC resonant converter, the phase-shifted full-bridge
converter, the interleaved buck converter and the dual active
bridge (DAB).

The quadratic buck converter (QBC) has been introduced
by D. Maksimovic and S. Cuk [17] and subsequently studied
by the research group of E. Carbajal-Gutiérrez et al. ex-
ploring modelling and feasible control techniques based on
pulse width modulation (PWM) and resistive type load [18]-
[20]. More recently, the QBC has been studied operating
at variable switching frequency with a controller based on
sliding mode which has the ability to face constant power
loads CPLs [21]. This is a fourth order converter with a
single controlled switch that allows a higher reduction in the
voltage gain and therefore an increase in the current gain
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in comparison with the classical buck converter without the
need of transformers. The QBC may be a suitable candidate
in applications where: a) the DC input voltage is various
times higher than the battery array voltage; b) galvanic iso-
lation is not mandatory because it is provided by a previous
conversion stage; and c¢) the required output current is high.
An alternative based on the cascade connection of two buck
converters is also feasible at the expense of adding com-
plexity; i.e., two controlled switches and the corresponding
drivers, but without guarantee of a higher efficiency [22].

Sliding Mode Control (SMC) has been used to control
power converters proving to be a superior alternative in
terms of simplicity of implementation, speed of response
and robustness with respect to linear controllers [23]-[25].
All these aspects are more significant in the regulation of
a high-order system, such as the QBC. Once the dynamic
behavior of the QBC is explored using SMC with the re-
spective switching surface, the global control can be applied
using nested loops (multi-loop control) in which an inner
loop ensures operation in a sliding mode while an outer
loop impose regulation or tracking in a variable of interest
[26]-[28]. Depending of the requirements of a particular
application, the control can involve more than one inner loop
and more than one outer loop like the system studied in [29].
A key aspect in the multi-loop implementation is the choice
of the variables involved in the sliding surface of the inner
loop since the stability depends on it. As it can be verified
in [30], [31] and [32], despite the complexity of the power
converter, the use of a single inductor current in the sliding
surface is a simple and effective choice. An exception is the
QBC itself as demonstrated in [21], where the use of the
current of an inductor in the sliding surface does not allow
a direct stabilization of the converter with a constant power
load, but facilitates the subsequent stabilization by an outer
loop. Conventionally, the outer loop of the control system is
configured using a proportional-integral (PI) controller which
offers the solution with the best cost-benefit trade-off.

By definition, robust control is a theoretical approach in
which the controller is designed to deal with uncertainty and
disturbances. Among the known robust control techniques
are the following: H-infinity, quantitative feedback theory
(QFT), passivity-based control, Lyapunov-based control and
the above-mentioned sliding mode control. One interesting
approach developed by K. J. Astrom and H. Panagopou-
los is the robust loop shaping M-constrained integral gain
optimization method (RLS-MIGO) which has been intro-
duced in the literature at the end of the 1990s [33]-[35].
Considering a PI compensator, the method is based in a
geometric development that uses both the Nyquist diagram
and the space formed by the controller parameters which is
a plane in the case of a conventional PI controller. Despite
the favorable features of this technique, its application in the
power electronics field has taken more than ten years and
has been done in a multi-loop system regulating the output
voltage of the quadratic boost converter [30]. Shortly after,
the same method has been also applied in the control of
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a pulse width modulated (PWM) inverter [36], and similar
approaches using loop-shaping have been implemented in a
buck converter [37] and in an islanded microgrid [38]. In
the context of battery charging, it makes sense to consider
this robust technique because of the intrinsic uncertainty of
the battery parameters since they change during the device
lifetime and also during the charging process.

This paper proposes a multi-loop control method based
on sliding mode to control the QBC as a battery charger.
The proposal involves an inner loop of sliding mode control
and two nested outer regulation loops to perform the above
mentioned CC-CV charging protocol. The sliding surface of
the inner loop involves only the inductor current closest to
the input port of the converter. The first outer loop imple-
mented using a PI controller regulates the output voltage at
a reference value which is fixed for the CV phase. During
the CC phase, the outermost loop, which is also implemented
using a PI controller, modifies the voltage reference in order
to impose the charging current limitation. The nonlinear
nature of the QBC loaded by a battery implies that the
dynamic behavior changes depending on the operation point
and introduces uncertainty in its parameters. For that reason,
it makes sense, despite the inherent robustness of the sliding
mode control implemented in the inner loop, to ensure the
robustness also in the outer loops to cope with the uncertainty
of the change and improve the performance of the system. In
this paper, this aspect has been taken into account and the
PI of the voltage regulation loop is synthesized by applying
the RLS-MIGO method. Considering that the closed loop
of voltage regulation is robust and the contribution of the
outermost controller modifies the reference very slowly, the
synthesis of the current controller is performed by using the
root locus method and considering the basic fundamentals for
the design of cascaded controllers.

The main contributions of this paper are:

1) A complete theoretical analysis of the proposed multi-
loop control based on a SMC approach, ensuring
robutness and an easy implementation in a high-order
system.

2) the application of the proposed multi-loop controller
ensuring the charging of a battery system for elec-
tromobility applications, extending the work reported
in [32].

3) the application of a robust control method to synthesize
the PI controller of the voltage regulation loop ensur-
ing the proper operation despite uncertainties in the
parameters or the inherent evolution of the operation
conditions.

4) the complete description of the numerical methods
employed for the synthesis of the controllers and the
experimental validation, extending the work presented
in [39].

The rest of the paper is organized as follows: Section II
presents the circuit analysis used to derive the model of the
quadratic buck converter. Section III introduces the theo-
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retical analysis of the inner current control loop developed
using sliding mode control. Section IV covers the battery
charging system and develops the synthesis of the outer loops
to impose the desired CC-CV battery charging protocol.
Section V describes the numerical evaluation of the applied
methods to design the controllers and the simulation results.
Finally, experimental results are presented in Section VI and
conclusions are summarized in Section VII.

Il. SWITCHED-MODEL OF THE QBC
The electrical circuit of the QBC proposed for battery charg-
ing is shown in Figure 1. As it can be noted, the circuit
is composed by the inductors L; and Lo, the capacitors
(1 and Cs, the diodes D1, Do and Ds, and the controlled
switch S which is governed by the control signal u(t). As
stated, this circuit provides a wider conversion ratio than the
conventional buck converter, since the dc gain between the
output voltage and the input voltage is a quadratic function,
described by

Ve, 2

v, D 1)
where Vi, and V, are the average values of the output
and input voltage, and D is the duty cycle of the converter
which is defined as the average value of the control signal
u(t). As can be observed, the converter is also connected
to a battery modeled as the controlled voltage source vpq;
connected in series with the resistance Rp,:. Although the
resistance Ry, slightly varies during the charging process,
in the subsequent analysis it is considered constant. The QBC
has only one active switch to perform the voltage conversion
and its operation is equivalent to have two cascaded buck
converters sharing the same control signal. Thus, through the
control signal u(t) = {0, 1} two configurations are obtained
for operation in continuous conduction mode (CCM). Figure
2a shows the ON—state configuration associated to u(t) = 1,
and Figure 2b the OFF—state configuration, corresponding to
u(t) = 0. The state vector of the converter is given in (2). In
CCM, the dynamics of the QBC can be modelled by means
of the bilinear system equation (3).

2(t) = [ in,(8) wve,(t) in() ve,t) T @)

diLl _ ’Ucl ’L}g

@ = T, tnu
dvoy _ iy g,

dt Cq Ch

(3

diL2 _ vey e

dt Lo Lo
d”L)C2 o 74L_2 . ('UCQ_'Ubat)

dt — Co RpatCo

lll. SLIDING-MODE CONTROL
The switching surface considered in this application is de-
fined as S(x) = ir, — k(t), where k(t) is provided by
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! Taking into account the equations (4), (5), and (6), the ideal

sliding dynamics can be linearized as:

Dy

i
(a) ON-state. 05 - ~ ~
c ~ : ~ dk
dtl = a11Vc, + a2, + a13v¢c, + bllk + Cll%
diy, ~ ~ ~ ~ ks
i = Q22U¢, tag1iL, + a23vc, + bark + co1f
Rpar t t
dve, ~ ~ ~ T d’];
i~ = G330, + a32iL, + asszvc, + batk +ca1 gy
Uhat (7
The parameters a;j, b;j, ¢ij, (4, j € {1,2,3}) are defined as:

=

(b) OFF-state. ay] = SR S g = — 2 [ Yoat
11 C, %qubat 12 C1 Vg

FIGURE 2: Quadratic buck circuit configurations.

a13 = 0
an outer control loop. Introducing the invariance conditions by = & =L
aS00 o i e . ; nTa IV AT
S(x) = 0and =5~ = 0 in (4) results in the equivalent
control .4 (x) bounded as follows: 2 IV
az1 = 7o/ aze =0
L%+ oe .
0 < |Ueg(x) = —%—L1 <1 ) 1
Vy a3 = — 7
Now, substituting « by ueq(x) in (3) results in the following L Vi
i idi Tog ba1 =0 C21 = oA/ V.
ideal sliding dynamics: 2 9
dvcy k Ly Ly dk iLy vy az; =0 azs = o
e e el —— g C
dt Ci T Ciog dt  Cr vy 91(x) 2
diLQ _ L1 YCy dk Uél VCy _ _ 1
dt EK% Lov,  La = 92 <X> o) 433 = TRy s
dl}02 o iL2 VCy _'Ubat3 o
dt = Ca  RpaCo =93 X) b31 =0 c31 =0
The coordinates of the equilibrium point are given by:
4 VOLUME 4, 2016
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FIGURE 3: Proposed battery charger control architecture.

By applying the Laplace transform to (7), the transfer
function given by (8) is obtained:

(s) _ Bas? + Bis + fo ®)

_ Vo,
(s) 83 + 82 + a5 +

Go(s) = Z

where

52 = a32C21
Bo = as2biiaz
a1 = (a11a33 — ag3a32 — a12a21)
ao = (a11023032 + a12a21033)

51 = a3z (0111121 - a11621)
Qg = —a11 — a33

IV. BATTERY CHARGING CONTROL
A. CONTROL ARCHITECTURE AND CHARGING
METHOD

The control scheme depicted in Figure 3 is proposed to apply
the CC-CV charging protocol. This is achieved by using an
inner loop of current control based on sliding mode and two
nested outer loops regulating the voltage and current of the
battery. Specifically, the sliding mode controller acts on the
inductor current ¢z, stabilizing the operation of the converter.
The reference of this control loop, k(t), is given by a first
outer loop, which is composed of a PI compensator that acts
minimizing the output voltage error. The reference of this
loop is obtained as the sum of the desired voltage for the
CV phase denoted as V;..y and the contribution of the most
outer loop regulating the current of the battery and denoted
as Veomyp. Since this current is a function of the output voltage
and the instantaneous static impedance of the battery, the
current limitation during the CC phase can be provided by
another PI compensator acting on the battery current error
and tracking the reference I,.y. As can be observed in the
scheme of Figure 3, the contribution of this last control loop
is saturated at zero, thus, v.om, takes only negative values
reducing the battery voltage during the CC phase. The PI
controllers of the first and second outer loops follow the form:

Kys+ K;
Gen(s) = ——— ©)
S
where n = {v,i} indicates the voltage or current loop,

respectively. A detailed description of the methods used to
synthesize the controllers is provided hereinafter.
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B. BATTERY VOLTAGE CONTROL LOOP

In order to design the PI controller of the voltage regulation
loop, the RLS-MIGO method is employed. First of all, we
introduce some definitions. The loop function of the voltage
regulation loop is L(jw) = Gy (jw)Gyk(jw), the sensitivity
function is given by S(jw) = m and the comple-
mentary sensitivity function can be expressed by T'(jw) =

1-S(jw) = 155(?1)- By defining that M, = sup |S(jw)|
and M; = sup|T(jw)|, three different circular robustness

regions can be obtained as listed in table I.

TABLE 1: Centers and radius of the circular robustness
regions for constant sensitivity

Contour Center c Radius r
M - Mj\tgt— 1 Mj\gt— 1
M = Ms = M 23/[1\;(_1\31]1[31 21\31](\/[1\4_—11)

The closed loop will be asymptotically stable if the
Nyquist curve of the loop function L(s) is outside of one
the circles depending of the selected contour. While the
circles defined for M, and M, ensure a good response to
disturbances and set-point changes respectively, the use of
the combined sensitivity defined by M enforces a good
performance in both responses and faces the uncertainty in
the converter parameters. The transfer function G, in (8)
can be expressed in terms of its magnitude (p(w)) and phase
(¢(w)) as it is defined by expression (10).

Gur(jw) = p(w)[cos(p(w)) + jsin(p(w))]  (10)

Then, the restriction to ensure the robustness is then de-
fined as:

2 . 2
1 2
(KP+ 008(¢(w))c> b1 (Ki+ sm(¢(w))wc> .
p(w) w p(w) p
e8Y)
The synthesis of the voltage controller is performed by
means of the following step-by-step procedure:

1) Select a value for M (generally 1.4 < M < 2) and
compute the corresponding center ¢ and radius r of the
circular robustness region.

2) Define a discrete range for w (R,,).

3) Define a discrete range for K, (Rx,,).
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4) For each value of w (w, € R,):

o Compute p(w,) and ¢(w,).
o Compute K; sweeping K, into R, generating an
ellipse in the K, — K plane.

5) Determine the envelope produced as the limit of the
region of intersection of the ellipses.

6) Among the obtained solutions, retain the coordinate
that maximizes K; in the envelope.

7) Repeat the procedure for critical points into the set of
operational conditions.

8) Among the obtained solutions, retain the coordinate
with the lower K; value.

The transfer function used for the design is G (s) (Ex-
pression (8)). Thus, the closed loop transfer function of the
voltage regulation loop is obtained as follows:

_ Gvk(S)ch(S)
1+ Gu(s)Gey(s)

Glbat () (12)

C. BATTERY CURRENT CONTROL LOOP

The output voltage of the converter is applied to the battery
producing a current which is dependent of the state of charge
(SoC). Considering the most basic model of a battery involv-
ing a voltage source in series with a resistance, the dynamic
model for the battery current can be derived as:

UCQ — Vbat

(13)
Rbat

Lhat =

Then, from (12), the transfer function used for the design
is as follows:

Gvbat (3)

—_— (14)
Rbat

Gw(s) =

As it s evident, the value of the battery resistance has a
high influence in the loop gain which is relevant considering
that this parameter is one of those that introduces greater
uncertainty into the system. The closed loop transfer function
of the current regulation loop is obtained as follows:

Giv (S)Gci(s)

Gibat(s) = 1+ G (5)Gei(s)

15)

During the normal operation of the battery charger, the
reference of this loop is constant and the unique disturbance
is the increment in the internal voltage of the battery which is
produced very slowly. This consideration allows to apply the
conventional criteria for design of cascade control systems,
as for example, specifying a settling time ten times higher
the one of the voltage loop. By considering no overshoot in
the time response, the design of this controller can be easily
performed by applying the root locus method.
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V. NUMERICAL RESULTS

A. SYNTHESIS OF THE VOLTAGE CONTROLLER

The assessment of the correct operation of the proposed
control is performed considering a case study defined by the
constrains listed in table 2.

TABLE 2: System specifications

Symbol Parameter Value
P Rated power 540 W
Vo Output voltage 42-48 V

Viat Battery voltage 40.5-48 V

Tpat Output current 10A
Vg Input voltage 380V

Rpat Battery resistance 100 m$2

To design the passive components of the converter, it is
considered that ripples in currents do not exceed 20 % of the
rated mean value of the corresponding current and ripples in
voltages do not exceed 5 % of the corresponding voltage. The
results are listed in table 3.

TABLE 3: Converter parameters

Symbol Parameter Value
L1 Input inductor 1.2 mH
Lo Output inductor 0.3 mH
Ch Input capacitor 0.3 mF
C output capacitor 0.1 mF

The RLS-MIGO method presented above has been applied
to synthesize the voltage controller. A value of M=2 has been
selected in the step 1. After that, a first execution of the al-
gorithm exploring the generation of the ellipses, allows us to
define the ranges R,, = {0, 10000} rad/s and Rk, = {0, 5}
for steps 2 and 3. Then, the algorithm produces multiple
superimposed ellipses in step 4 drawing the shadowed areas
in the graphics of Figure 4. These areas delineate an envelope
which is the limit between the clean area and the area covered
by the ellipses as defined in step 5. In each figure, the
point of coordinates K-K; maximizing the K; component
is indicated following the procedure defined in steps 6 and 7.
The procedure is repeated for three different operation points
of the charging protocol and for two different values of the
internal resistance of the battery. Among the obtained options
satisfying the robustness criteria for the whole operation
conditions set, the gains finally selected in the step 8 of the
procedure are K, = 0 and K, = 454 (Figure 4a). To verify
that this selection satisfy the design criteria, Figure 5 depicts
the Nyquist curves obtained for seven operation points along
the charging trajectory (42 V @ 10 A, 45V @ 10 A, 48V @
10A,48 V@9 A, 48V @8A,48V @7 A, 48V @5 A,
y 48 V @ 3 A) and for three different battery resistances (50
mS2, 100 m€, y 150 m£2). As it can be noted, all the curves
are outside of the robustness region while for higher values
of the battery resistance the curves are far of the robustness
region.

B. SYNTHESIS OF THE CURRENT CONTROLLER
Although the order of the resulting closed-loop dynamics of
the voltage loop is four, by assessing the response to step
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FIGURE 5: Nyquist diagram showing the robustness region and the curves for seven operation points considering different
values of the battery resistance: a) 50 mf2, b) 100 m£2, and c¢) 150 mS2.

changes in the reference for different operation points, it can
be concluded that its behavior is similar to that of a first order
system. This fact allows to apply the order reduction simpli-
fying the design avoiding unnecessary complexity. Figure 6
shows step responses of the closed-loop transfer function of
the voltage loop for different operation conditions and for the
two extreme values of the battery resistance. Also, Figure 6
shows the step response of the first order approximation that
has been used for the design of the current controller whose
time constant is 7 = 9 ms obtaining a settling time of around
40 ms.
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Considering the above result for the voltage loop, the
specifications for the current loop are a settling time of 400
ms and no overshoot. The synthesis of the controller has
been assisted by the Control Systems Designer of MATLAB®
by using the root locus method. The resulting gains are
K,; = 0.01 and K;; = 1.5. Figure 7 shows step response
of the closed-loop transfer function of the current loop for
different points among the operation conditions and the two
extreme values of the battery resistance. It is possible to
observe that the settling time of the loop is obtained between
100 ms and 400 ms, which exceeds the needs of such a
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FIGURE 6: Step response of the voltage regulation loop
for different operation conditions and the selected first order
approximation.

slow control loop. As expected, the response for values of
battery resistance between the extreme values will be inside
the range between the obtained limits of settling time.
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FIGURE 7: Step response of the current regulation loop for
different operation conditions.

C. SIMULATION RESULTS

The power converter circuit and battery models have been
simulated using PSIM® software according to the circuit
scheme described in Figure 1. The parameters of the con-
verter defined in Table 3 have been used as well as a hys-
teresis band of £ 1 A. First simulations have been performed
in order to verify the stable operation of the converter along
a charging cycle. Figure 8 shows the high frequency ripples
for a selected steady-state of the converter variables which
corresponds to the point of interface between the CC and

8
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the CV phase (48 V @ 10 A for a vy, of 47 V). Also, it
is possible to confirm that the mean values of the current and
voltages correspond to the equilibrium defined by expression

(6).

FE)

FIGURE 8: Steady-state waveforms of the converter vari-
ables when the system operates in the interface of the CC
and CV phases of the charging process.

After verifying that sliding mode is adequately enforced
for different conditions, the performance of the outer loops is
evaluated by means of the application of step type variations
in the different inputs of the system. Figure 9 shows the
response of the system to a step change from 42 to 42.5 V in
the voltage reference considering a constant battery voltage
of 41.5 V and a null contribution of the outer current loop. It
is possible to observe that the new reference is attained in a
settling time of around 40 ms without overshoot as expected
from the controller design specifications.

Figure 10 shows the response of the system to a step
change in the current reference from 5 to 10 A considering
a constant battery voltage of 42 V and a voltage reference
of 48 V. Considering these constrains, the starting and the
final points of the step change are in the set in which the
current outer loop contribute to define the applied voltage. As
it is observed, the proposed cascade control system operates
as it was specified during the design process showing no
overshoot and a settling time around 350 ms.

To further evaluate the performance of the proposed con-
trol system, we have applied sudden increasing and decreas-
ing changes in the battery resistance between 50 m) to
150 mS2 for a constant value of the inner battery voltage
of 44 V. The results are depicted in Figure 11. As it can
be observed, the increasing change is rejected in less than
200 ms while the decreasing change is rejected in less than
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FIGURE 9: Simulated step response of the voltage regulation
loop.

FIGURE 10: Simulated step response of the current regula-
tion loop.

400 ms. Although this type of change rarely occurs in the
actual battery charging application, it is very challenging
from the theoretical point of view to prove the robustness of
the proposed control.

VI. EXPERIMENTAL RESULTS
A prototype of the proposed battery charging system com-
posed of a power stage and a control circuit has been im-
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FIGURE 11: Simulated step response of the whole control
system to step changes in the battery resistance within the
design limits.

plemented in the laboratory. The power stage consists of
two inductors (Lj, Ls) built in the laboratory, two capac-
itors C; (VISHAY 1848C MKP) and C; (KEMET R60
MKT), three diodes (STTH60RQO6W), and one MOSFET
(IXFX52N100X). The inductor current ¢z, and the battery
current ¢, are measured using Hall-effect current sensors
(LAH25-NP) with gains 0.6 and 0.2 respectively, while the
output voltage is sensed using a differential operational am-
plifier (AD629ANZ) having a gain of 0.1. A power sup-
ply SPS 800 x 13 is used as input voltage source for the
QBC (380 V). The references for the voltage and current
loops have been provided by an external precision voltage
source. The experimental results have been taken by an
oscilloscope TEKTRONIX (MDO3024) using a differential
voltage probe (THDP0200) for measuring the output voltage
and two current probes (TCP0020) for measuring the battery
current and the inductor current 4z, . The photography of the
experimental set-up and the prototype is depicted in Figure
11.

The sliding mode control loop has been implemented by
means of an hysteresis comparator composed of one flip-flop
(CD4027BE) and two comparators (LM319N). Equally than
in the simulation model, the hysteresis band has been defined
as £ 1 A limiting the maximum switching frequency below
80 kHz. The linear controllers and mathematical operations
have been implemented using standard operational amplifiers
(MC33078P). The complete scheme of the control circuit is
illustrated in Figure 12.

To test the system, the first step consists in obtaining the
converter waveforms in key operation points of the charging
process. An electronic load REGATRON GS5.RSS has been
used working as a battery, with inner voltage varying between

9
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FIGURE 13: Schematic diagram of the implemented control
circuit.

42 and 48 V and an internal resistance of 100 mS2. Figure
13 shows the oscilloscope capture of the inductor current, the
output voltage and the output current for one point at the start
of the charging process during the constant-current phase (42
V @ 10 A), one point in the interface between the CC phase
and the CV phase (48 V @ 10 A), and one point during the
CV phase (48 V, 2 A).

After verifying that sliding mode is adequately enforced
in the inner current control loop, the performance of the
voltage and current loops is evaluated by applying step type
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FIGURE 14: Experimental waveforms of the steady-state of
the converter variables.

variations in their references. Figure 14 shows the response
of the system to a step change in the voltage reference from
42 to 42.5 V considering a constant battery voltage of 41.5
V and disconnecting the outer current loop. It is possible to
observe that the new reference is attained in a settling time
of around 40 ms as expected from the simulation results.
Figure 15 shows the step response of the current loop to a
step change in the reference from 5 to 10 A considering a
constant battery voltage of 42 V and a reference of 48 V
for the voltage loop. It is possible to observe that the new
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reference is attained in a settling time of around 350 ms as
expected from simulations.
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| il |

FIGURE 15: Experimental step response of the voltage reg-
ulation loop.
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FIGURE 16: Experimental step response of the current regu-
lation loop.

After verifying the correct operation of the system under
controlled conditions, a test using real batteries (20 cells
of 30 Ah - ELERIX Lithium Titanate Oxide) has been
developed. Figure 16 shows a photography of the battery
array used in the experiments and the acquisition system
developed in LabVIEW® to obtain the data. Figure 18 shows
the experimental results obtained from a complete cycle of
charge of the battery where the CC and CV phases can
be clearly differentiated. The figure depicts the current and
voltage measurements and the SoC computation, the latter
having been obtained by means of the ampere hour counting
method. The complete charging process at 0.33C rate takes
place in 16.000 s approximately, of which almost half of the
time corresponds to the CC phase and the rest to the CV
phase. The estimated initial SoC is 15%.

VIl. CONCLUSIONS

In this paper, the quadratic buck converter has been studied as
a suitable alternative for battery charging by obtaining a high
step-up current gain without the use of bulky transformers.
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FIGURE 17: Battery array and SCADA system for data
acquisition.

Besides, due to the higher-order of the QBC, a control
based on a SMC has been applied to achieve robustness and
faster response with respect to a linear control approach.
As a result, a multi-loop controller using three nested loops
has been implemented involving one sliding mode current
controller and two conventional PI controllers. The selected
sliding surface uses only the inductor current nearest to the
input port because the selection of any of the other variables
leads to an unstable behavior and the linear combination of
more than one variable adds complexity but does not improve
the performance of the inductor current control. Finally, the
robustness of the whole system has been introduced by means
of the RLS-MIGO method ensuring the better performance
of the PI controller regulating the output voltage. In addition,
the PI controller regulating the output current has been de-
signed following conventional rules of cascade controllers.
Simulated and experimental results show that the quadratic
buck converter operates properly following the conventional
CC-CV charging protocol by using the proposed control
scheme. Future work contemplates the association of QBCs
in paralleling [40] or in interleaving [41] to obtain battery
ultrafast charging, and comparison in terms of efficiency of
the quadratic buck topology with the cascade connection
of two buck stages sharing the same control signal both
operating in sliding-mode.
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