Energies 2014, 7, 3823-3839; doi:10.3390/en7063823

[ ]
energies
ISSN 1996-1073
www.mdpi.com/journal/energies

Article

Optimum Peak Current Hysteresis Control for Energy
Recovering Converter in CDI Desalination

Alberto M. Pernia *, Francisco J. Alvarez-Gonzalez, Juan Diaz, Pedro J. Villegas and
Fernando Nuiio

Area de Tecnologia Electronica, Universidad de Oviedo,

Edificio Departamental No. 3. Campus Universitario, 33203 Gijon, Spain;
E-Mails: skitarna@gmail.com (F.J.A.-G.); jdiazg@uniovi.es (J.D.);
pedroj@uniovi.es (P.J.V.); fnuno@uniovi.es (F.N.)

* Author to whom correspondence should be addressed; E-Mail: amartinp@uniovi.es;
Tel.: +34-985-18-2566; Fax: +34-985-18-2138.

Received: 28 April 2014; in revised form: 9 June 2014 / Accepted: 11 June 2014 /
Published: 18 June 2014

Abstract: Capacitive De-lonization (CDI) is becoming a suitable alternative for desalination.
The low cost of the materials required and its reduced energy consumption can be critical
factors for developing this technique. CDI technology does not require a high-pressure
system and the energy storage capability of CDI cells allows it to be reused in other CDI
cells, thus minimizing consumption. The goal of the power stage responsible of the energy
recovery is transferring the stored energy from one cell to another with the maximum possible
efficiency, thus allowing the desalination process to continue. Assuming hysteresis current
control is implemented at the DC/DC (direct current) converter, this paper aims to
determine the optimum peak current through the inductor in each switching period with a
view to maximizing overall efficiency. The geometrical parameters of the desalination cell
and the NaCl concentration modify the cell electrical properties. The peak current control
of the power stage should be adapted to the cell characteristics so that the efficiency
behavior of the whole CDI system can be improved. The mathematical model defined in
this paper allows the CDI plant automation using the peak inductor current as control
variable, adapting its value to the salt concentration during the desalination process.

Keywords: desalination; Capacitive De-lonization; DC/DC (direct current) converter;
nanoporous carbon
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1. Introduction

Water availability is not guaranteed for large regions of the world due to current issues such as
population increase, pollution or global warming. Desalination of sea water could be a possible
solution to this problem, but it is not widely used yet because of the high power consumption required
to make water drinkable. Cost-effective and efficient methods are demanded due to the rising cost of
energy. There are already several processes being used in this field such as reverse osmosis, distillation
or electrodialysis. Reverse osmosis is a widely-used process for large water production; it involves
energy consumption around 4 kWh/m® [1,2]. Other technologies involve high diesel consumption with
higher energy requirements and CO, emissions. However, Capacitive De-lonization (CDI) presents an
important potential of development compared to other technologies. Furthermore, CDI has lower
energy requirements and membranes can be avoided. It is estimated that the energy required when
using CDI + energy recovery control systems can be reduced up to one fourth that required by reverse
osmosis [3,4]. The aim of this work is to take advantage of the energy stored in the desalination
modules and to re-use it with high efficiency by means of a buck-boost converter.

As already mentioned, CDI is a low-pressure desalination process. The ions are removed from
water by making the water flow between the plates of an electric capacitor. As can be seen in Figure 1,
when the plates are polarized, they attract the ions present in salt water with an opposite sign, thus
creating an electrical double layer and eliminating the ions from the water. When the plates are
saturated with ions, the water flow is stopped, the plates are depolarized and a brine stream is used to
remove the adsorbed ions. During this cleaning process a second module is polarized using the
depolarization energy stored in the first module, thus continuing with the water desalination. This
means that the primary energy source, which could be renewable energy such as wind power, must
only provide the energy to compensate the losses produced when energy is transferred from one
module to the next one.

Figure 1. Ion adsorption during polarization of the plates.
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The electrodes of each module must be able to adsorb as many ions as possible. In addition, they
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should have a good conductivity. In the prototype developed they were made with graphite covered
with a 100-pm active carbon layer that has high specific surface area. These electrodes are connected
to create an electrical equivalent circuit similar to that of a supercapacitor, as represented in Figure 2.
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Figure 2. Piling of substrates with screen printed active carbon.
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The carbon substances which are used in the electrodes must have good conductivity, high surface
area and a suitable pore size distribution [5-9]. The National Coal Institute (INCAR), located in Spain,
has developed nanoporous carbon materials with high surface areas that show high electrochemical
activity as electrodes when used in supercapacitors [10,11]. In this system, the energy storage is based
on the accumulation of ions on the electrode surface. These materials have been used in the
development of a laboratory prototype. The main advantage of CDI is its capacity to harness energy.
There are two main stages in the operation of the supercapacitor: purification and purge.

During the purification stage, a voltage is applied to the plates in order to remove the salt ions,
which are attracted by the carbon electrodes due to the electric field. It must be taken into account that,
even if the desalination module is made with several plates (Figure 2), it is necessary to keep a
limitation on the voltage between two plates (<1.5 V) in order to avoid hydrogen generation. Then, the
ions are removed off the plates during the purge stage when no voltage is applied. The charge and
discharge of the supercapacitor during these processes is the key to energy saving [12-21]. Similar
situations can be found in vehicle applications where the supercapacitors are used as energy storage
devices [22-25]. It is interesting to point out the ultracapacitor promising future [20] alone and
combined with batteries as a storage element, which improves the dynamic behavior of the mentioned
storage system.

In this paper, a CDI method with energy recovery control system is proposed. Buck-boost topology
has been used for the energy transfer in order to achieve high efficiency. The current control proposed
improves the efficiency with low salt concentration, which is the situation involving large series
resistance in the equivalent circuit and higher conduction losses. Therefore it is possible to keep the
efficiency of the CDI system very close to 80% regardless of the salt concentration. This technology is
able to make relevant improvements in desalination processes according to simulation results and
experimental data from laboratory.

2. CDI Module Characterization

The electrical characterization of the CDI-module allows the desalination system to be simulated.
Each CDI stage can be modeled just like a supercapacitor: with a series resistance Rs, a parallel
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resistance Rp, and the capacitance value C (Figure 3). These parameters take different values depending
on the geometrical configuration of the CDI stage and the salt molar concentration, M. In order to
measure these parameters, a DC source was used to charge the CDI module. Figure 4 shows the
evolution of the input CDI voltage (V) during the charging and discharging process. Initially the CDI
module is discharged and at # = 0, 1 A DC current is applied at its input. Therefore, since the
equivalent capacitor C is initially discharged, the value of the voltage measured V¢ (¢t = 0+), will
represent the value of Rg expressed in €.

Figure 3. Electric circuit used for the parasitic determination.
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Figure 4. Electric charge/discharge test used for the parasitic determination. Top: Current
source used, /; Bottom: Voltage across the capacitor, Vc.
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The capacitance C of the CDI module can be obtained from the linear charging process, during
which the parallel resistance Rp can be neglected:

€= e (1)
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Finally, when the current source is turned off, voltage V- experiences a voltage drop corresponding
to that across the series resistance Rg, and an exponential evolution of V¢ defined by the values of C
and Rp follows that can be approximated by the expression:

Vop e me @)

i Cmax

where Vemax 1S the maximum voltage across the CDI module once current / turns to 0 A. The only
unknown in the previous equation is the parallel resistance Rp. Using this parameter extraction method,
the values of Rp, Rs and C were obtained as a function of the NaCl molar concentration (M) and of
geometrical parameters: distance between electrodes d, and number of electrodes n (Table 1).
The values obtained in Table 1 can be extended to other electrode surfaces assuming a linear effect of
the surface in these parameters. Therefore the influence of the electrode surface could be taken into
account by considering that Rp doubles and the capacitance is reduced to half its value when the
surface is also halved. The value of Rs would be slightly different due to the constant term introduced
by the contacts.

Table 1. CDI cell parameters for different geometrical configurations.

2 Electrodes 3 Electrodes 4 Electrodes
d (mm) d (mm) d (mm)
085 135 185 085 135 1.8 085 135 1.85
M Capacitance—(F)

0.06 339 364 360 157 177 175 123 13.1 13.1
0.1 416 394 37,5 192 197 19.1 141 147 1438
03 444 431 418 216 219 215 165 168 16.1
0.6 469 451 448 228 231 226 181 178 172
M Series Resistance—((2)

0.06 0.047 0.073 0.093 0.099 0.113 0.168 0.121 0.163 0.248
0.1 0.038 0.050 0.079 0.064 0.081 0.114 0.081 0.114 0.171
0,3 0.024 0.029 0.038 0.035 0.047 0.057 0.046 0.052 0.078
0.6 0.019 0.024 0.028 0.028 0.028 0.041 0.030 0.039 0.047
M Parallel Resistance—((2)

0.06 396 448 479 574 694 826 644 729 81.8
0.1 345 438 556 497 590 738 568 720 69.7
0.3 319 38.7 527 425 439 527 456 435 431
0.6 330 37.1 442 385 373 395 369 335 360

The information shown in Table 1 has been obtained from a prototype with 250 x 250 mm? graphite
electrodes. The thickness of the nanoporous carbon layer is 100 pm. A photograph of the prototype can
be seen in Figure 5. The high-salt-concentration water goes into the cell at the top and, after the salt
retention process, the water flows out of the bottom end. In order to be able to transfer the energy
stored in the desalination cell to another one, it is necessary to include a DC/DC converter in the
system. This element will allow the desalination process to be continued by charging a new CDI
module and sending the previous processed water to this new module.
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Figure 5. Capacitive De-Ionization (CDI) module prototype.

According to Figure 6, the buck-boost converter will have the module-1 voltage (V) at the input
and the stage-2 voltage (Vc,) at the output. The primary source provides the energy to compensate the
losses produced when energy is transferred from one module to the next one.

Figure 6. Desalination block diagram with a buck-boost converter for recovering energy process.
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During the energy transfer from module-1 to module-2 the power losses in the whole system will
depend on the electrical parameters (Rs, Rp, C) and on the current handled by the converter.
The electrical parameters (Rs, Rp, C) also depend on the geometric configuration of the CDI cell and
the molar concentration, M, of the salt. Therefore, these parameters will change all through the
desalination process and this variation will be reflected in the overall efficiency of the system.

3. Buck-Boost DC/DC Converter

For the sake of simplicity, a system consisting of only two CDI modules connected through an
up-down converter (Figure 6) will be considered. Actual systems would have several desalination
modules connected in series, with the first module receiving the water with a higher salt concentration,
and the last one receiving the water with the lowest salt concentration. As already mentioned, the
behaviour of the CDI modules will depend on geometrical parameters and salt concentration. The
electric model of the CDI modules must be defined as a function of their geometry and of the salt
molar concentration: Rs (d,n,M), Rp (d,n,M) and C (d,n,M). These values are changing during the
desalination process, therefore if we aim to obtain the maximum possible efficiency, the up/down
converter must be adapted during the process. The control variables that can be used in the DC/DC
converter in order to modify the efficiency of the desalination system are /imax and /imin. Both currents
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define the hysteresis control, making the switching frequency change as the input voltage decreases
while the output voltage increases.

Figure 7 represents two CDI modules. When module 1 is charged and the carbon electrodes are
saturated of NaCl, the energy stored in this stage must be transferred to module 2, which will continue
with the desalination process. Once module 1 is discharged, a brine water stream will clean the carbon
electrodes so that the module is ready for a new desalination process.

Figure 7. Proposed System.
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Since both desalination modules are supposed to operate alike, it does not matter which module
works as input or output module. The reference block is used to define the reference values, the
maximum and minimum inductor current (/i max, /Lmin), in order to adapt the converter to the optimum
operation, i.e., maximum efficiency, during the energy transfer.

The electric model of the module determines the optimum converter control, and this control should
be adapted depending on the parasitic element evolution (Rp, Rs, C) with the geometry and the
NaCl concentration.

The correct selection of the reference currents /pmax, Iimin for each electric model configuration
(Table 1) will determine the efficiency of the converter in each one and, hence, the efficiency of the
energy recovery carried out at the CDI modules. The maximum voltage between two electrodes must
be lower than 1.5 V in order to avoid water decomposition into H, and O,. In all the tests performed,
1 V was used between electrodes in order to avoid equalization problems in the process.

3.1. Topology

The proposed system utilizes a DC/DC buck-boost converter with variable frequency (Figure 7).
This is a well-known topology that uses two MOSFET transistors (metal-oxide—semiconductor
field-effect transistor) and an inductor [8]. In addition, a control system based on hysteresis has been
included that sets the limits of the inductor current (/rmax, lLmin).- The efficiency of the whole CDI
system will be conditioned by these two values. The aim will be to define the value of both /. and
I min in order to maximize the efficiency during each switching period.

3.2. Operation

Firstly, MOSFET M1 is switched on while MOSFET M2 remains turned off. In this situation, the
inductor current reaches the maximum limit (/max). During this time (z,,), supercapacitor C1 is being
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discharged. Then, MOSFET M1 is turned off during toe time and MOSFET M2 is turned on by means
of the driver. Now, the current charges supercapacitor C2 until the inductor current reaches the
minimum limit (/L min). This cycle is repeated until supercapacitor C1 is completely discharged. The 7.,
and 7. parameters will change every switching cycle because input and output voltages are also
changing during the process.

Given the operation described above, and assuming the modules of the CDI system have been
geometrically defined to minimize the effect of their series and parallel resistance, and therefore their
losses, it is necessary now to analyze the control strategy of the converter. When defining this control
strategy, it is relevant to aim for high efficiency in the conversion in order to achieve a high energy
recovery balance.

Initially /rmin = 0 was selected in order to obtain ZCS (Zero Current Switching) during the #,
switching. On the other hand /1.« 1s going to be defined every switching period in order to obtain the
highest efficiency in that period. That means the value of /1.« Will change during the energy transfer
in each switching period.

3.3. Equations

To perform an analysis of the converter operation, a mathematical model of the proposed converter
has been developed and tested [9]. This enables the possibility of determining the voltage evolution of
the desalination stage with a simple model. Assuming ideal components, #,, time is obtained by
assuming linear current evolution in the inductor current and constant voltage in C1 during each
switching cycle. This inductor current evolution involves an energy transfer from the input capacitor to
the inductor, which results in the voltage across the capacitor decreasing. To calculate the capacitor
voltage reduction in each switching period, it can be assumed that the input capacitor is discharged by
an average current source obtained from the actual inductor current evolution:

I +1 .
_ L L
UC ;) =UC;y — = - “Longiot) 3)

2-C
Similarly, supercapacitor C2 increases its voltage in each switching cycle:

I +1

Lmax

-
e 4)

UCy ;) =UCy;y t 2.C

In order to estimate the losses in the system during each switching period, it is necessary to
calculate the root-mean-square of the current during the two stages defined by times #,, and 7o Due to
the fact that the converter operates at variable frequency, these values change every cycle:

ton(i 2

. 1 e ILmax(i) - ]Lmin(i)

lrmsct,, = ’ J 't+ILmin(i) -dt (5)
ton(i) + toff(i) 0 !

on(i)

+ tuff(i) lon () toff(i)

Lofr(iy 2
. 1 ILmin(i) _ILmax(i)
IRvscz,, = \/t ) J. ( '(t_ton(i))+1Lmax(i) dt (6)
on(i)

Converter conduction losses during the total transfer time “7” can be obtained considering the
overall series resistance: the inductor series resistance, Rsr, and the switch on-resistance, Rson:
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Z(iéMSCl(i) + ir2<Mscz(i) ) : (ton(i) + toff(i) ) . (RSL + RSon)
Pccmd(i) = T (7)

In addition to conduction losses, switching losses must be taken into account. They could be
relevant when the operation frequency is high, which depends on the inductor selected. These
switching losses [24] can be calculated as shown below by considering the rise and fall time of the
transistors (“¢,” and “#¢”):

1
) : (tr +1 )Z(]Lmin(i) : (ucl(i) FUCy) ) + ILmax(i) : (”cl(z‘+1) +uc,, )) ®)

Pswitch(i) = T

In order to obtain ZVS (Zero Voltage Switching) in both switches a capacitor snubber can be added
in parallel with each switch and a negative /i ming) current can be allowed to charge/discharge the
snubber during turn-on to eliminate the switching losses. /I max Will be used as the control variable
during the energy transfer. According to the equations above, it can be seen that, depending on the
values assigned to this current limit, power losses can change dramatically. Therefore, this parameter
will also determine the efficiency of the system.

Once the power losses in the DC/DC converter have been modelled, the losses in the whole
desalination system can be determined by calculating the losses in the CDI cells during each switching
period. Using the RMS current at the input (irmsci;) and at the output (irmsc2)) of the converter,
which depend on /imax), the energy lost in the CDI series resistance, Rs, during #,, and # can be
calculated as:

ERSon(i) (d,n,M)=Ry(d,n,M)x (iRMSCI(,.) ) *x lon 9)
ERSoff(i) (d,n,M)=Rs(d,n,M)x (iRMSCZ(‘.) ) *x Logs (10)
ERs(i) (da I’l,M) = ERSon(j) (da I’l,M) +ERsoff(i)(d7 naM) (1 1)

The energy lost in the parallel resistance Erp can be easily derived if we assume that the capacitor
discharge is mainly due to the current handled by the converter. Then the equation to calculate the
energy losses in both input and output CDI modules, Erp, will be:

T
N
Ey,, (dnM)= | leewl (12)
o o R,(d,n,M)

With the power losses derived from the previous equations, the voltage at the input and output can
be recalculated in order to obtain the actual value of both parameters [9]. The following step is to
calculate the efficiency of the desalination system during switching period (i) for different values of
current /y max:

Epy(dm, M) = Ey (d,n,M)+Ey, (1, M)+ Py (d,1, M)XT + Py (dom, M)XT (13

Ey (d.n,M)+E, (d.,n,M)

| P
E'C'”C(i)

. M)=1-
Tl(l)(dan: ) (14)
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If the data shown in Table 1 is introduced in the previous equation system, the efficiency of the
desalination system can be derived for different types of CDI modules and different values of salt
concentration, M. Current /i max Will serve as control parameter for this efficiency value. Initially a
constant current /im.x = 2 A is considered. This value was selected in order to have the maximum
efficiency with constant /.« current when M = 0.06, d = 0.85 mm and n = 4. The calculation was
carried out by means of the mathematical model presented. A constant current /;m.x = 2 A was also
used to obtain the efficiency in all the cases shown in Table 2. This value avoids large conduction
losses and long transfer time. If this parameter is reduced to 1 A or increased to 3 A, the efficiency in
most of the cases is reduced more than 5%. Table 2 shows the results obtained in this case for a
250 x 250 mm” electrode system (Figure 5).

Table 2. Desalination system efficiency for several geometrical configurations with Iy max = 2 A.

n =2 Electrodes n =3 Electrodes n =4 Electrodes
d (mm) d (mm) d (mm)
0.85 1.35 1.85 0.85 1.35 1.85 0.85 1.35 1.85
M Efficiency (%)

0.06 76.8 70.5 654 703 706 639 662 656 584
0.1 77.8 76.7 70.0 739 737 70.8 68.8 704 64.1
03 812 817 81.8 758 745 759 674 66.6 632
0.6 83.1 82.9 832 748 741 733 639 59.6 614

It has been checked that using the proposed mathematical model to calculate the optimum value for
I max In every switching period (instead of considering a constant value for /1 max), the efficiencies obtained
will have an important increase. How /1 max should be modified depends on each calculating point.

Therefore the previous expressions were evaluated from /i, = 0 up to the maximum value
assigned to /pmax 1n order to determine the /1max;) set of values for the different switching periods that
provides the maximum efficiency in the entire system. This process is also achieved for each
geometrical configuration of the CDI modules defined by parameters d, n and M.

Assuming that the maximum efficiency in the energy transfer is obtained when each switching
period (7;) also exhibits minimum losses, a set of I max values can be obtained from the previous
information that defines the evolution of the maximum inductor current I max(?), during the total energy
transfer time for each geometric CDI module configuration:

ILmax(t)ZZ]Lmax(i) X[M(Z_ZXT;)_H(I_O_'_I)XT;)] (15)
wit—ixT)=1 t>ixT, (16)
wirt—ixT)=0 ¢<ixT, (17)

The following diagram (Figure 8) shows the calculation process for both /imax(i) and efficiency
during each switching interval. Initially, the set of values for Rs, Rp and C is obtained considering
different distance between electrodes, d, number of electrodes, », and salt concentration, M. The result
of this calculation provides a three dimensional matrix (the dimensions are defined by d, n, M,
see Table 1) for each electric parameter.
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Ry(n,d,M), Ry(n,d,M) and C(n,d,M). With this information, the core of the mathematical model is
based on a loop where the input voltage decreases due to the energy transfer until its value is only
0.1 V. The loop contains the set of expressions to derive all energy losses and the efficiency of the
desalination system during switching periods (7). An inner loop is used in order to obtain the optimum
solution (maximum efficiency) within a given switching period (7). This inner loop is used to sweep
the values of the maximum current /imax(f) from 0.1 A until the efficiency cannot be improved any
more (1; — M-1) < &. Where € represents the maximum error allowed.

Figure 8. I . calculation process during the energy transfer.
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With this calculation process (Figure 8) the efficiencies have been recalculated in all the configurations
described (Table 3). The new results show an important improvement in the desalination system
efficiency. This efficiency is determined by the correct adjustment of the converter operation to each
cell configuration in order to minimize the power losses. The screen printing technology allows good
manufacture repeatability therefore the converter adjustment for one cell can be standardized for
similar ones, thus avoiding the need to individually adjusting all the converters in the system. The
desalination capability of the cell is directly related to its capacity which depends on the geometry.
This capacity remains quite constant during the cycling process as it is introduced by CSIC-INCAR in
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reference [10]. In this case a desalination capacity of 250 mg/m’> was obtained with two graphite
electrodes at d = 1.5mm using 100 pm nanoporous carbon (carbon mass 6 g) layer in 0.6 M water.

Table 3. Desalination system efficiency for several geometrical configurations with /pmax
changing during the transference process.

2 Electrodes 3 Electrodes 4 Electrodes
d (mm) d (mm) d (mm)
085 135 1.85 0.85 1.35 1.85 0.85 135 1.85
M Efficiency—(%)

0.06 81.05 81.45 8190 76.95 77.02 77.013 76.17 75.81 75.01
0.1 82.81 82.81 79.52 79.80 79.71 79.10 77.80 77.21 76.50
0.3 8545 85.00 84.48 84.15 81.89 81.82 81.60 81.02 76.60
0.6 87.15 85.81 8547 85.15 85.85 8249 84.18 82.28 80.50

4. Experimental Results

The proposed buck-boost converter has been built in order to verify the described theory and the
simulations. Since it is a low-power application, the use of specific components is required in order to
avoid high losses, which would considerably diminish the global performance. High efficiency and
speed switching MOSFETs (IRLU3636PBF) and an inductor value L = 50 pH have been used. The
hysteresis current control system is implemented using TL3016 ultrafast precision comparators
(Texas Instruments, Dallas, TX, USA) and the current-sense amplifier MAX4377 (Maxim-integrated,
San Jose, CA, USA) (Figure 9).

Figure 9. Buck-boost converter.

The hysteresis control of the inductor current involves a variable operating frequency, because a
steady state is never really reached: the input capacitor is discharged while the output voltage increases
during the process: #,, and o are constantly changing.

I1.max Control

In order to obtain zero current switching (ZCS) during the turn-on of M1 and turn-off of M2,
Iimin = 0 A was selected. The value of Irmax Will condition the power losses and the efficiency of the
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whole system. The importance of this fact can be proven by comparing two different converter
operations. Firstly, a constant value will be fixed for /i max during all the energy transfer process and the
efficiency results will be compared with those corresponding to the optimum current control. For this
test, low salt concentration was selected so that parameters Rs and Rp of the electrical model were
relevant. The geometry configuration selected considered d = 0.85 mm, N = 4 electrodes and M = 0.06,
which results in an electrical model, as defined in Section II, with the following parameters: C = 12.3 F,
Rs=0.121 Q, Rp = 64.4 Q. The value used for current /1 max Was 2 A, which resulted in an evolution of
input and output voltages during the energy transfer from C1 to C2 as shown in Figure 10. The efficiency
obtained was measured to be 64%. The efficiency predicted by the model in the same conditions was
66.2% (see Table 2). This 2% discrepancy might be due to the contacts, the wiring and the tolerance in
the electric parameters calculation.

Figure 10. Input and output converter voltage during the energy transfer. /ymax =2 A.
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The second test performed used the algorithm proposed in the previous section so that current /i max

was adapted during the transfer process as shown in Figure 11.

Figure 11. Evolution of the optimum /i .« parameter during the energy transfer.
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This evolution of I m.x Was considered to be optimal (as far as overall efficiency is concerned) and
should result in the discharge of the input module and the charge of the output one as represented in
Figure 12. The efficiency calculated with the mathematical model (n = 76.17%, according to Table 3)
is quite similar to the experimental one 1 = 74.3%. There is also a great agreement in the total transfer
time: 47 s approximately.

Figure 12. Theoretical evolution of the input and output voltages in the DC/DC converter.
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Figure 13 shows the experimental measurements of the energy transfer when the optimum /7y pax
current evolution is used.

Figure 13. Experimental evolution of input and output voltages (optimum /i .« €volution).
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5. Conclusions

The Capacitive De-lonization process has a promising future in desalination thanks to its capability
to store and recover energy. A converter mathematical algorithm has been developed which simplifies
simulations and avoids long computing times.
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A modelling of the CDI stages versus several parameters (d,n,M) has been developed to predict
their influence on the efficiency in the system. A new control strategy for the maximum inductor
current /i max has been proposed. By defining the optimum /pnm.x value in each switching period it is
possible to optimize the efficiency of the converter, period by period during all the process. The result
is an important improvement in the total energy transferred.

It has been demonstrated that high efficiencies in energy recovery are achievable even with low salt
concentration and therefore with large series, Rs, and parallel, Rp, equivalent resistors. The proposed
computer analysis to calculate the appropriate /imax, involves the possibility of controlling the DC/DC
converter in such a way that it can be adapted to the salt concentration, which defines the electrical
parameters of the CDI module, during the desalination process. This fact simplifies the automation of
the CDI plant just measuring the NaCl concentration during the water processing. Once the CDI
module has been characterized all the parasitic components (Rs,Rp,C) as a function of M (molar
concentration) are known. Therefore an optimal /. evolution can be obtained for every value of the
salt concentration at the input of the module.
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