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Abstract.— The use of battery cell equalizers is
mandatory in order to assure that all the cells
connected in series are charged to its maximum
capacity, even when they present small differenceaa
this parameter due to several factors, such as agin
manufacturing or temperature. Active equalizers, wih
a higher efficiency in comparison to passive onebave
the disadvantage of using a considerable number of
components. Moreover, in the case of active equadizs
with very high performance, this number can be even
higher. In this paper, the use of the wave-trap carept,
widely used in telecommunication systems, is studie
This concept allows the battery cell equalizer to se its
switching frequency as the control variable that deides
which cell is being charged. Hence, it is not necEgy to
use a complex system based on a high number of
controlled switches in order to determine which célis
being charged. In this way, the number of switches
(and the corresponding driving signals) can be stirogly
minimized without reducing the performance of the
system. In order to proof the validity of this conept
(i.e., wave traps) in the design of battery-cell elizers,

a topology based on a half-bridge structure is also
proposed in this paper. It uses only two controlled
switches in order to decide which cell is charged.
Experimental results are provided for a 4-cell equbizer
as a proof of concept.

Keywords: battery, cell, equalizer, balancing,
wave trap, frequency.

I. INTRODUCTION

Li-ion batteries are widely used nowadays due to
their efficient charge and energy density. A battes
formed by cells which are connected in series thepito
increase its output voltage and in parallel in orte
increase its capacity [1]. Theoretically, thesdscehould
be all equal but, actually, they are not, leading t
differences in its capacity and its internal impscia [2].
Their aging is also different, aggravating the peab of
their capacity mismatch over time.

In a series connection of several cells (forming a
cell pack), these differences in their charactiessmay
lead to a reduction in the maximum amount of enehgy
can be stored in the pack. When several Li-ionscell
connected in series are charged, none of them neay b
overcharged due to the risk of premature aging and
irreversible deterioration. Therefore, the chargprgcess
is finished when any of the cells of the pack iflyfu
charged, making the other cells not being fully rged
and reducing the effective overall capacity ofplaek [3].
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Charge equalizers are mandatory in order to assure
that all the cells in a series pack are fully cledrgven
when they present differences in their capacity.tiis
way, the energy stored in the battery is maximizétiout
damaging any of the cells. Equalizers can be d¢ladsin
passive and active equalizers [4], [5]. The firae® are
based in dissipative methods, in which the excefss o
energy is removed from fully-charged cells while ttest
of the cells are still being charged [6], [7]. Téwst of this
kind of equalizers is the lowest one and the cdistheme
is simple. Nevertheless, the efficiency is consitér low
due to the amount of dissipated energy. Moreoves, t
number of elements (switches and/or resistors) as n
necessarily low.

Active equalizers, on the other hand, present the
highest efficiency as they are based on transfgeimergy
from one element (cell pack or most-charged cedl) t
another element (most discharged cell or cell pack)
all the cells reach the fully-charged state. Adjysdome
energy is dissipated in the process, but its amoantbe
neglected in comparison to the amount of energy
dissipated in passive equalizers. This transfereacebe
achieved in several ways. One option is using dapac
[7]-[23] or inductors [14]-[19] for storing the ey
extracted from one element (e.g., the most-chacgdicor
the cell pack) and transferring it to another eletr(e.g.,
the most-discharged cell). Another option is using
converters which directly transfer the energy betweells
and balance them [20]-[35]. In all the cases, thelmer of
components is extremely high. Besides, its costigher
than the cost of passive solutions, and in mang<its
control is more complex.

Regarding the number of components, the solutions
based on inductors or capacitors need a numbenesit
reactive components similar to the number of cells
connected in series [13], [17]. The number of calfed
switches is also of that order. It is possible éduce the
number of reactive components to one [10], [22§].[3n
that case, the number of controlled switches hadeto
increased because the equalizer has to be ablentect
the most-charged cell to the reactive componeritaeix
energy from that cell, and then connect the saraetire
component to another cell (the most-discharged.dkep
consequence, the total number of components (sedgtch
plus reactive components) is not actually redu¢edhe
equalizers based on converters, the total number of
components (controlled switches plus diodes plastree
components) is also high [1], [29]. Using just one
converter leads to the aforementioned problem tsxan
additional circuit based on controlled switcheschéee be



implemented in order to be able to change the ediish
are connected to the output (and in some cases,tevbe
input) of the converter [3], [20]. As a consequentte
number of controlled switches is not reduced.

In this paper, the use of the wave-trap concept [37
in battery—cell equalizers is proposed and studigus
concept is widely used in telecommunication systéms
order to build multiband antennas. The wave trdjmva
the antenna to disconnect parts of its elementerdbpg
on the frequency of the wave. The main purposesofgu
this concept in equalizers is reducing the numbkr o
controlled switches without losing advantages aiuoéng
the performance. Also, in this paper a topologyeldasn a
half-bridge structure is proposed as a proof ofceph In
order to decide which cell is going to be chargeus
equalizer does not use a complex system with a high
number of controlled switches. The wave-trap cohéep
employed instead [37]. The cell to be charged by th
equalizer is determined by the switching frequeatyhe
converter and, as a consequence, the total number o

controlled switches is just two (those of the Halfige
structure). This also strongly reduces the compteddi the
control scheme (e.g., there is no need of comigléi high
number of MOSFETS referred to a floating voltage).

The switching frequency being the control variable
that decides which cell is charged by the equalinay
imply a limited number of cells for a given switobi
frequency range, especially if tolerances in theponents
are taken into account. As will be explained, tee af the
wave-trap concept alleviates this problem as dvedl the
system to increase the number of cells for a given
switching frequency range due to the high seldgtiof
the traps.

The accuracy of the proposed system is high, so
each cell can be precisely charged. It should [zktkat it
is possible to reduce the number of controlled cwais in
an equalizer as proposed in [21], in which a multiput
Flyback is used. The main drawback is that theesyst
does not actively control the cell that is chargéd.
depends on the voltage of all the cells and, asothe

Table 1. Comparative of several battery cell eqeadiz

Control
Resistors Magnetics Capacitors  Diodes MOSFETs Spetd| Efficiency’ | simplicity and
performancé
Dissipative [4], [6] n 0 0 0 n L L H
SW|tche[c; ]capacnors 0 0 n-1 0 2n L M M
Single Switched
capacitor [5), [10] 0 0 1 0 2-(n+1)+4 L M L
Double-Tiered
Switched capacitorg 0 0 2:-n-3 0 2:n M M M
[11]
Zero-Current-
Switching switched 0 n-1 inductors n-1 0 2:n L H M
Capacitors [13]
Buck-Boost (single . ] )
inductor) [14] 0 1 inductor 0 2:n 2:n M H L
Buck-Boost
(multiple inductors) 0 n-1 inductors n 2:(n-1) 2:(n-1) M M M
[15], [16]
Buck-Boost 2-(n-1) inductors
(multiple coupled 0 (using n-1 cores) n (optional) 4-(n-1) 4.(n-1) M M M
inductors) [16] 9
Selective Flyback 1 transformer
[20] 0 (1 secondary winding) 1 2:(n-1)+1 2:n M M L
Multi-output 1 transformer
Flyback [21] 0 (n secondary windings) n n L H M L
Modular
(m intramodules) 0 m+n transformers 0 n m+2-n M H L
[25]
Lo 1 transformer
Multiwinding 0 (n windings) 2:n 0 n M H L
transformer [26] h
n inductors
Bidirectional
Flyback [1], [28] 0 n transformers n 0 2:n H H M
Modular two stages
(m modules) [3] 0 m+1 transformers 1 m+1 4-(n-1)+(m+]) H H L
1 transformer
Class-E 0 (n/2 secondary windings n+1 n 1 H H M
Proposed (wave tray 0 n |nductor$ _ n n 5 M M M
concept) (1 secondary winding)

L=Low;M=Medium;H=High
1- Smoothing capacitors are included when necessary.

2-Speed is evaluated according to the number of teiscan be equalized at the same time, the anud@mtergy transferred, the number of cells invdlirethe energy

transmission, etc.

3- Efficiency is evaluated according to the numbeelefents that have to drive the equalizing currhetefficiency of each stage, etc.
4-Control includes both the precision that can beeag in the equalization and its simplicity. Iteigaluated according to the number of control digrtae easiness of
generating them, the possibility of choosing thiétbat is being charged, the necessity of sensdiagroltage of all the cells, etc.



leakage inductance of each output (something rtatlyo
under control). As a consequence, although seweriéd
can be balanced at the same time, a voltage imix@aimay
appear [4]. With the wave-trap concept, the leakage
inductance of the magnetic components is not algnolas
the system may actively decide which cell is chdrge
each moment depending on the switching frequendheof
half-bridge structure.

The purpose of this paper is analyzing the
feasibility of the wave-trap concept rather thaasenting
a specific equalizer topology. Nevertheless, it nimy
interesting to include a comparative study of défd
topologies including the one proposed in this pagerla
proof of concept (it will be explained in sectidih).l This
comparison is presented in Table 1.

This paper is organized as follows. A brief
description of the proposed concept is providedeiation
Il. A deep insight of the topology is given in deatlll.
The design guideline resulting from the previoustisas
is explained in section IV. Finally, the experimamnesults
are shown in section V and the conclusions areegathin
section VI.

[l. BRIEF DESCRIPTION OF THE PROPOSED
CONCEPT

The wave-trap concept is going to be used in this
application for selecting the cell that is goingo® charged
by the proposed equalization system. In Fig. Istring of
n traps is presented. Each trap consists of a tapand

an inductor connected in parallel. Therefore, the
impedance of each trap is:
jarL,
Z. = J 1
H(w) 1~ L-C (1)

where Z(») is the impedance of trap i for the pulsation
and L, and G are the inductance and the capacitance of the
inductor and the capacitor used in the trap. AskEaseen,
each trap has one zero, which introduces a +20etB/d
and two poles, located at the same frequency, wieiat

to a -20 dB/dec slope after the resonant frequé&naghich

is:

f = 1

' 2-Tt-’h-¢ ' (2)
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Fig. 1. a) String of n traps (in grey, a sinusoidatage source); b)
Impedance of the n traps as a function of the faquy of the
sinusoidal voltage applied to the string.

Each trap is designed so that its resonant frequenc
is different from the resonant frequencies of ttteeotraps
(Fig. 1b). If this string of traps is supplied wita
sinusoidal voltage whose frequency is equal to the
resonant frequency of one of the traps, accordind} its
impedance will be considerably higher than the idgree
of the other traps (Fig. 1b). Consequently, neaHiythee
voltage applied to the string will be withstood thys trap,
while the others will only withstand a voltage &@ds zero
due to their low impedance at that frequency.

It is possible to take advantage of this concept an
use it for a battery equalizer by employing a dires the
one proposed in Fig. 2a. As can be seen, a halfbri
structure is connected to the string of traps aildbe in
charge of providing the required voltage to itthe traps,
the inductors have been replaced with transfornidrat is
mandatory due to the series connection of the fyattls,
which implies that the output of each trap has ® b
isolated. The resonant frequency of each trap &nth
defined by the capacitor and the magnetizing irslu of
the transformer (neglecting its leakage inductadhce to
its low value). The use of transformers also malessible
to supply the half-bridge structure with the voltagf the
whole cell pack (i.e., the battery). Hence, theppsed
equalization system extracts energy from the whaktery
and supplies it to the most-discharged cell.

As can be easily seen, the frequency of the voltage
applied to the string of traps is the switchinggfrency of
the half-bridge structure. Therefore, this switchin
frequency is the control variable that defines Wwhi@p is
chosen. In other words, it defines which trap isngao
withstand nearly all the voltage applied to the igtsiring.
This voltage is going to be reflected to the seeopdide
of the transformer and can be then used to chéigedll
connected to it. It only has to be high enough iteadly
bias the rectifier diode. In fact, depending onaheplitude
of this voltage, the equalization current of thd can be
controlled (this will be deeply explained in thexhe
section). The other cells of the battery are natasirably
charged by the proposed system because the conciago
rectifier diodes are reverse biased due to thevalue of
the voltage withstood by the corresponding traps.

I1l. ANALYSIS OF THE TOPOLOGY

First of all, it should be taken into account ttz
voltage provided by the half-bridge structurgg\Vn Fig.
2a) is not a sinusoidal waveform (as in Fig. 1a)t &
square one. In order to have almost-sinusoidal feawes
across the traps, an additional inductoy has been
included (see Fig. 2a). This inductor (and the drap
behaving as an inductor) will withstand the voltage
harmonics above the switching frequency and, tbeeef
the chosen trap (i.e., the trap whose resonanudmy
coincides with the switching frequency) will witasid an
almost-sinusoidal voltage. Therefore, for the sakfe
simplicity in the analysis of the topology, onlyetHirst
harmonic component of the voltage provided by thH-h
bridge structure (Mg n: in Fig. 2b) will be considered.
This is a similar approach to the one used in tfa@ysis of
resonant converters [38]-[40].



The driving scheme of the MOSFETSs of the half-
bridge structure is the asymmetrical one [41]-[48he
reason for choosing this scheme (and not the more-
common symmetrical one) is explained later in this
section. In this driving scheme, the control signaf the
MOSFETs are complementary. Hence, if D is the duty
cycle of MOSFET 1, then the duty cycle of MOSFETS 2
(1-D). This also means that one of them is alwaysed
on. As the volt:second balance in the inductive
components has to be maintained, the voltageseahtut
capacitors of the half-bridge structure satisfy]{43

VCin71 = (1_ D)'Vin = (1_ D)'Vbal,
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Fig. 2. a) Scheme of the proposed battery equaligetquivalent
circuit ; ¢) Detail of trap i including the leakagad the magnetizir
inductances of the transformer.

VCin72 = D'Vin =DV (4)

where \gin 1 and i, » are the voltages of the input
capacitors ¢ ; and G, ,, and \f, is the input voltage of
the half-bridge structure (equal to the batteryag \.).
These voltages define the voltagggif) as can be seen in
Fig. 3a. The Fourier analysis of this waveform ktalthe
following equation:

Vig_n(t) = X_T('[Sin( 21 -k-[) .cc(s - _f .k,t

+(1-coy( 2 kD) -sif & f -k,

where v p(t) is the K" harmonic component of the
voltage vy;g(t) and f,, is the switching frequency of the

bat
1

(®)

half-bridge structure. Therefore, the first harnooni
component satisfies:
V. r .
Vig m(t) = 7:-[sm( 2D -cob & ;f )t
(6)
+(1-cog( 2t-D) -sifi & 4f M.
This equation can be rewritten as:
VHthl(t) :Ahl(Dyvir)'Sin( 2:'-['fsw't"'(D sw) (7)
where:
2V, .
A.,(D,V,) :Tsm(n-D) ®)
1-2.D
O =1 ————
sw [ 2 ] (9)

This first harmonic component has been
represented in Fig. 3a for the depicted square-feave
voltage y(t).

It should be noted that the half-bridge structuié w
always operate with a switching frequengy dqual to the
resonant frequency éf one of the traps (the one connected
to the most-discharged cell):
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b)
Fig. 3. a) Waveform ofpg(t) and its first harmonic component
Vue ni(t); b) Amplitude of yig ny(t) for different duty cycles.



VHB_hl(t) :Ahl(DvVir)'Sin( zn'fi 't"'q)sw) (10)

The impedance corresponding to the non-chosen
traps is very low. The impedance of; lat any fis also
quite low. Due to this, the voltage withstood bg tthosen
trap Vrap (t) can be approached by ni(t):

VTrapfi(t) = VHthl(t) =A h(D'V ir)'sm( 2T[-fi o i) ) (11)

Equations (8) and (11) show that the amplitude of

Vrrap_ (1) can be controlled by means of the duty cycle D.
This is the reason for using the asymmetrical dgvi
scheme. In Fig. 3b, the amplitude gf.y (t) as a function
of D is represented. As can be seen, duty cyclegdes O
and 0.5 provide the same voltage amplitude as the
corresponding duty cycles in the range betweenabdb
1.0. Hence, only one of these two ranges shouldsiedl.
As shown in Fig. 3b, the operating range of D viid
defined by B min and By max being Oy min the duty cycle
which provides the lowest amplitude ang R the one
which provides the highest one. In this paper, D be
located in the 0.5-1.0 range (see Fig. 3b).

The chosen trap shown in Fig. 2c has been redrawn
in Fig. 4a. In this figure, the capacitor lias been replaced
with the voltage sourcery, {t) due to the high quality
factor of the filter that each trap representsshibuld be
noted that this high quality factor is needed fo proper
operation of the proposed system. The behaviouthef
trap will change depending on whether the diodeverse
biased or not. When it is reverse biased, the \@tilit is
the one presented in Fig. 4b. Nevertheless, ifvititage
withstood by the trap reaches a value high enotiuh,
diode will be directly biased and the trap will beh as
the circuit presented in Fig. 4c. Analysing theseo t
circuits it is possible to calculate the electritagye that
the trap transfers to the cell in each switchinggaeand,
therefore, the amount of energy transferred. Fas th
analysis, the following assumptions are made:

e The equivalent capacity of the cell is very high.
Therefore, it can be considered as a constant
voltage source in each switching period.

e The value of the current throughyLis much
lower than the resonant current passing through
the inductor and the capacitor of the chosen trap.
This is due to the aforementioned high quality
factor of the traps.

e The diode conduction time is considerably shorter
than the resonant period. This is due to the fact
that the diode will conduct only when the voltage
in the secondary side of the transformer is
positive and high enough.

e For the sake of clarity, in the next explanation
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Vrrap (1) will be referred to t', a different time
reference shown in Fig. 3a. Hence, equation (11)
can be rewritten as:

vTrap_i(t I) = A hl(DYVin)'Sin( 2:r[fl t)

: 12)
where t' is:

(O}

' = + |

U o (13)

When the diode is not directly biased (Fig. 4bg th
current through the magnetizing inductance is etpshe
current through the leakage inductance. This cticgan be
calculated using the sinusoidal steady-state presalysis
because the diode conduction time is much shdrtrthe

resonant period (as already mentioned). Therefore:

o () =i (1) =)
Lm_i Lk _i j27f L
. o 19
= —-Ahl(D,Vin)-sin( 2 f -t —] )
where:
Li =Ly +Lo (15)

In the same way, the current through the capacitor
of the trap is:

iCi(t l) = ]21'['[; ('? 'yrap_i_hl (t '):

=27{-G -4, (D.Y, >-si£ I f -+"—2T)

Both currents have been represented in Fig. 5a.

The diode will be directly biased when the voltage
in the secondary side of the transformer is eqoathe
voltage of the cell plus the knee voltage of theddi (Fig.
4a):

(16)

I‘mi
—=1, = Ve itV

ch ini)' tr_i cell _i
—_ L —_ _

\

Trap_i(t knee

| (17)
where Ve is the knee voltage of the rectifier diodg; is
the turns ratio of trap i transformer, (Fny/ny), and tiy ini
(see Fig. 5b) is the instant when the charging gssmf
the cell starts. With (8), (12) and (17) it is pb#s to
obtain tgy ini

Uon_in -_L
- 2mt
. Vcell i+anee Li T (18)
-asl = - .
I"trfi mei 2'Vin'S|n(T[.q

When the diode is directly biased, the valid citcui
is Fig. 4c. Therefore, the current injected inte tthosen
cell is:

. I |
o|  Vknee .
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Veerls Cell i

¢
Il:ell_i

Ipri R NNy

4
| Lm_i
L)
Vpri

I

Lm_i Luci
VTrap_i(t)
mei

Fig. 4. a) Equivalent circuit of the trap; b) Ecalient circuit when the diode is reverse biase&ap)ivalent cfrcun when the diode is
directly biased.
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Fig. 5. a) Main voltages and currents; b) detathef currents between’;, and ti, en.-

oen_i(t) :r_l_(i te_i(t) _iLm_i(t')) (19)

where:
iLm_i(t l) = I Lm_i(t|ch_ini) +

1 v 1 '
* |_m .J':'cn,imc( Veell_i + anee)'dt (20)

i () =iy (U ) +

¥ - .[t |:VTrap_i(tl)_r_l(VCE”_i+ anee):l'dtl. (21)

t
Lkai e tr_i

Taking into account that g i(t' ch in)=ivk i(t ch_in)-
(19) becomes:
icellii(t I) =

= 1 |: L 1 'J.: |:V|'rap_i (t I)_ril( Vcell_i + anee):| 'dt'_
Lk_i tr_i

fot 22)
i U anee)-dt}
éolving {his equation yields:
icellfi(tl) =
_Au(D.Vi)(cof 2 4, )~ cob & )
- My "Ly -270f (@23

+ (Vcellfi +anee) (t' chfini_tl) ( 1 + 1
rtfii kLLkii I‘mii

The diode will be directly biased until the current

injected into the cell becomes zero, g fng

icellfi(t lchfi-:‘nc) =0 . (24)
Finally, the average current injected into the emos

battery cell can be calculated very easily:

lIchieﬂd- e '
Lcen i :fi'J‘t.ch . ieen (1)t (25)

where | ; denotes the average value of the current

injected into the battery cell.

The current injected into the cell should be
controlled in order not to exceed certain levelsicivh
would mean damaging that battery cell or the wipaek
and, also, in order to be able to precisely corttrel final
voltage of the cell. As can be seen in (23), therecu
injected into the cell depends on the amplitudé¢heffirst
harmonic component of the voltage withstood by ttap
(Ani(D,V;n)) and, therefore, on the duty cycle D. As a
consequence, the proposed equalizer can control the
amount of energy injected into the cell during each
switching period. Therefore, the system has twotrobn
variables. The first one is the switching frequenahich
defines the trap that is going to be excited and,
consequently, which cell is going to be chargede Th
second one is the duty cycle, which precisely @efithe
current injected into the chosen cell.

The maximum value of the currenti(t’), given
in equation (23), corresponds to the maximum valtie
Ani(D,Vin), which takes place when D=0.5 as can be seen
in (8). Therefore,

icellfifmax(tl) =
Vin'(cos( 2n 'if T:r‘1 ini)_ CO@ 7 i'f )a'
= — +
le it LLk_i T £ _ (26)
+ (Vcell_i +anee) (t ' ch_ini_ t l) ( 1 + 1 J
rl?_i LLLKJ mei

Considering this equation and (25), the maximum
average current injected into the cell can be eefias:

t'ch_end. , ,
Icellfifmax =f i'J-l.ch u | cellfifma>(t )dt (27)

Defining L, ; as the parallel connection of,l; and
Lm j, and); as:

LT L (28)

equation (26) becomes:



icellfifme\x(t I) =

S
- rtii'z'n'f 'I'tkii

2 (cof 75 L)- o )G9
. - - +.,

Tt

+2T0f A ( Vi i + Vnee)'(t::hfini_ tl):|

Also, defining the parameters, i, Pini and@eng aS:

_ Vcellfi +anee
Hi = v, (30)
(I)i = 2nf -t , (31)
b =271 'tt;h_ini (32)
¢end = 2'T['fi 't ::h_enc, (33)
equation (29) becomes:
icell_i_max(t l) =
= —Vi” .
rtii'z'n'f 'I'T_kfi ) (34)
2-t, { cog;; — cog,
| l;f( - )+)‘i“i'@ini_¢i)

This equation can be normalized by dividing
icen i ma{t’) DYy the base currente ;

| — Vin
base _i 2T[f| _LLkJ (35)
obtaining: ’
icell i max(t‘)
yi = —I = . =
_ 1 ’72'|Er_i ( co,; — C0$i) ] _ (36)
- rtfii L - +)\i Hi q)ini ¢i ):l '

From (18), (32) becomes:

b = aSin[MEJ
I’tr_i 2

Similarly, peng can be obtained by making equal
to zero and solving:

(37)

AT
COSq)ini - Coq)end :%E (Kend_d) ini
tr_i

Oncegenq is obtained, the conduction angie. can
be easily obtained:

Aq)c = q)end _q) ini, (39)
The normalized maximum average current injected
into the cell is (from (27)):

(38)

I Il _i_max end
Iy =-stime = Lptey )

I base _i E[ " (40)

It should be taken into account that the magnedizin
inductance of the transformer is considerably highan
its leakage inductance. Therefore, (28) becomes:

A=l (41)
and hence, (18), (36), (37) and (38) become:

t' - 1 . Vcellfi +anee LS

ch_ini = 2-T[-f asl [_r_i 2.\41 -sir(n D (42)
_ 1 '72'[;r_i ( co%p;, — C0$i) _
Yi = rtii L - Rl R ) )} (43)
T

(0 asm{T_iEJ (44)

- =M T o
COS(I)ini Coﬂ)end rtrii 2 «end ¢ ini (45)

For the sake of simplicity, it can be considereat th
the voltage of all the cells is nearly the same. (.
Ve~V cen) because the voltage imbalance is usually small
in comparison to the voltage of the cells. Alseg thput
voltage of the half-bridge structure is the voltagfethe
cell pack. Therefore, W=V cei Neei, Neen b€ING the number
of cells connected in series. As a consequencegtiequ
(30) becomes:

u — 1+v knee
I nceII , (46)
Wherevineeis:
v — anee
knee Vv (47)

The evolution of the conduction anghep. as a
function of the turns ratio,r; for different number of cells
(neer) and for different values ofy,ee can be computed
from (39), (44), the solution of (45), and (46)gF6 shows
the results obtained for values qf,maround 4, which will
be used in the section IV.B and section V.

In the same way]; can be also expressed as a
function of g j, neey, andvinee The results are given in Fig.
7.

IV. DESIGN GUIDELINE

In the design of the proposed trap-based equatizer
is mandatory to take into account several issues.

A. Influence of tolerances

For a given trap, the nominal resonant frequency is
defined by (2). For this analysis, it has been eeslithat
the resonant frequency of trap i is lower thanrégsonant
frequency of trap i+1:

fi <fi+1 (48)

The actual resonant.frequency of any trap will be
inside a range defined by the tolerances of itsiéhal and
its capacitor. Its resonant frequency may be asasw
- 1 _
ComfL @ o )C @ tol)
¢ (49)

" o) @ ob) ’
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Fig. 6. Conduction angle as a function gf for values of g, around four, which is the number of
cells used in the experimental results.
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Fig. 7. Normalized maximum average current as atfan of the turns ratio for values of;paround four.

The proposed equalizer would work properly even
when the resonant frequencies of the traps were not
exactly equal to the theoretical ones as long air th
¢ _ 1 _ relative positions were not affected. In other vgprdny
max_i T o T o~ . . trap may change its resonant frequency as long dees

Zn\/L' (o )¢ & tl) not become lower or higher than the resonant frecyef

- f; an adjacent trap. If this condition is introduced the

\/(1‘t0|L)'(1_ tol. ) design process, then the resulting system is radugtis

not negatively affected by tolerances. The mathmalat
expression of this condition is:

where to] and tot are the tolerances of the inductor and
the capacitor of the trap. Its maximum resonarguescy
due to tolerances is:

(50)




fma><_i <f min_H—l:>

N f; < fin (51)
Ja-tol )-(- top ) /(2+ to] )- (¥ tal ).
Therefore:

(@+tol )1+ toL ), _
fi+1>\/ i (52)

i = Ll 'fi
(d-tol, )-(1- tof.)

where 1 is defined by the tolerances of the trap
components.

The design should start by choosing the minimum
value of {:

" LGV @ O )& W (69
SO, |
LC=— 1 ;
(2mf, ) Grtol)-@rtof):  (54)

Once the product |-C, of the first trap is obtained,
it is possible to follow an iterative process inigih(52) is
used to calculate the L-C product of the next baged on
the L-C product of the previous one.

B. Calculation of the inductance, the capacitance

and the turns ratio of each trap

There are infinite solutions for designing eaclptra
as only the corresponding: G value has been obtained in
section IV.A. Nevertheless, it is possible to ofienthe
design of the proposed equalizer considering aultiti
conditions which will lead to specific values ofeth
capacitance and the inductance of each trap.

The specific impedance; 2f each trap can be
defined as:

Z=\c (55)

The resonant current ariven by the inductor of the
chosen trap was defined in (14). Considering thisagion,
(2) and (55):
. N ~ _ALDV,) LT
Imei(t) _ILkii(t ) —1Tsm(2ﬂ'f -t Ej (56)

In the same way, the current driven by tﬁe capacito
(defined in (16)) is:

i(t) =—Ah1(§’v‘")-sin£ 21t -f -t+7_21j

(57)
Considering D=0.5, (56) and (57) Becomes:

. - N2V, LT
Imeifmax(t ) =1 kaifma)(t ) _ﬂ'sm(z.n.fi t Ej (58)

. 2\ T

: VY =—1n, gt —

ici max(t) Zm sm( 211 -t 2) (59)

The ratio between the energy in the resonant ¢ircui
(i.e., chosen trap) and the energy injected ineoahosen
cell during each switching period is denoted hy;@nd

can be defined as:

QE_i = E

E

res_i

cell _i (60)

where Ee iis the energy in the resonant circuit ang, £
the energy injected into the cell. If the amounteokrgy
injected into the cell is lower than the amountegonant
energy that the chosen trap is handling, then gf@bior
of the string of traps will not depend on whethwe tiode
is reverse biased or not. This means that the g@léeross
the capacitor of the trap will be sinusoidal evemiay the
short periods of time when the diode is conductitence,
it is interesting to design the system with valoéQg ;

higher than unity so that the behavior of the timmot

affected by the cell (see later in this section).

The resonant energy in the chosen trap can be
obtained from its voltage and the value of its citpa
(when the voltage in the trap is the peak onegtigrgy in
the inductor is zero):

2V,
I T[2 .

The energy injected into the cell in each switching

period can be denoted as:

E =C (61)

res_i

E - Icell_i_max'vcell_i
cell_i — f (62)
Hence,
Q = 21-G yﬁ
e T[Z'Vcell_i'lcell_i_max (63)

Taking into account (2) and (55), then (63)
becomes:

V2
QEii in

= T?-Zi .\/C (64)

Fig. 8 shows the waveforms corresponding to the
voltage across the resonant capacitors and theergurr
injected into the cells obtained for different veduof Q ;.

As Fig. 8 shows, the voltage across the capacaor e
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Fig. 8. Trap voltage and cell current for differeatues of @ . The distortion in the trap voltage depends os plairameter.



considered sinusoidal when the value @fi@ higher than
two. However, very high values of ¢Q lead to high
circulating currents through the resonant capacind
inductor, as can be deduced from (58), (59) andl (&< a
consequence, a tradeoff must be met when choobing t
values of @Q; in order to obtain a system in which
efficiency is not excessively affected while theltage
across the resonant capacitor can be considerasosital
even when the diode is directly biased. Values efi Q
around two (or slightly higher) can be consideready
options. In fact, @; can be designed to be lower than two
(as in Fig. 8a or Fig. 8b). Nevertheless, in sudase, the
voltage is excessively distorted and the behaviothe
system cannot be predicted by the proposed eqgsation
With (28), (40), (46) and (47), equation (64) can b
rewritten as:
Q. = 1A-1 1
o A, (Ui _anee)'ri (65)

which will be used in the design guideline.

The calculation of the precise values g¢fdnd G
should be made as follows (see Fig. 9). First gfthe
value ofvinee Can be calculated using (47). Witk and
the number of cells, .p, the value of pcan be then
obtained from (46). Choosing a reasonable valuetHer
conduction anglé\e. (i.e., around 30°), and with, it is
possible to obtain the value of the turns ratio tioé
transformers, ;, by means of equations (39), (44) and
(45). In Fig. 6, equation (39) is graphically reggeted: the
conduction angle is depicted as a function gf for
different values of §, andvy,ee (both define the value of
Hi). Equation (44), along with, and |, can be used to
obtain the value of;,; and, consequently, the value@fqy

anee |15
Vcell Fer i
Qena
Pini
47)
Neen
Vinee (40) (43)
Qe
4
Ao

J|n

(39) (4

rtr_i

4
l (64)
(39) —
l 1 ﬁ
Pena
__________ (2) (55
@inis Pends F'er i» P are known I
!_ (see right par_t of design flow) | l l

Li Ci
Fig. 9. Design flow chart.

according to the chosen value &f.. I'; can be calculated
using Qini, Pens v i» K and equations (40) and (43). This
has been graphically represented in Fig. 7. As been
explained, the value ofQ should be high enough in order
to assure the proper operation of the resonans {j@g can
be seen in Fig. 8, any value of Qhigher than 2 will lead
to satisfactory results). Therefore, onEgis obtained,
equation (65) can be used to determine the minimvaione
of &; for the chosen value ofgQ. This minimum value of
A (see equation (28)), should be lower than theevali,;
presented by any of the transformers of the trayee they
are built. L i max the maximum average equalizing
current, is a parameter defined by the designeeréfbre,
if the value of); is satisfactory (i.e., low enough), then
equation (64) can be used to obtained the valug; of
according to the chosen value of QWith z (equation
(55)) and { (its calculation was presented in section IV.A),
it is possible to obtain the required values pahd G.

C. Design of the magnetics

The switching frequency of the proposed system is
variable but, ideally, each inductor is going tahstand
appreciable voltage only at a frequency equal te th
resonant frequency of the trap it belongs to. When
switching frequency of the system is different frahe
resonant frequency of a trap, the voltage acraasttap is
almost zero and, consequently, its inductor currisnt
almost zero as well. This means that each indutt&s
not have to be designed for the whole frequencgeahbut
only for the resonant frequency of its trap [36gride, its
design can be optimized and tuned for that frequenc
reducing its losses and optimizing the overall giesi

Regarding the design parameters, the maximum
current, needed for designing a saturation-freesfaamer,
and the ac current, needed for calculating the tsses,
can be obtained from the equations presented tioedd.
The rms current through primary and secondary cidke
transformer, needed to calculate the conductioselmscan
be obtained also from section Ill. Finally, the uzqd
inductance and the turns ratio have been obtaimed i
section IV.B.

V. EXPERIMENTAL RESULTS

A prototype has been built following the design
guideline and with the purpose of validating thepgmsed
topology. It has been designed for a pack of foelisc
connected in series. The switching frequency raade®0
kHz-215 kHz considering tolerances of 7.5% in both,
inductors and capacitors (see Table 2). The vafuzaoh
resonant frequency has been obtained according to the
design process described in section IV.A. The valtie
Vinee IS @round 0.2; therefore, s 0.3. As can be seen in
Fig. 6, for a conduction angle of around 30°, thquired

Table 2. Minimum, nominal and maximum resonantdeaty of
each trap. Nominal values of inductance and caguamit

TRAP fnom fmin fmax
(kHz) (kHz) (kHz) | “@H) | CWR)
1 109 101 117 6.02 0.34
2 134 124 145 5.0 0.28
3 164 152 177 416 0.23
4 200 186 215 3.40 0.18




turns ratio is 0.48. It may advisable to incredss value
so that even due to tolerances, thgdr of the MOSFETS,
the influence of other traps, etc. the requiredag# in the
secondary side of the transformer is reached. Ffmm7
(or the corresponding equations), the resultingieafT;
is around 2- 16, As a consequence, the required minimum
value of); is 1.009 for @ =5 (higher than 2, the minimum
value shown in Fig. 8). This value bfis lower than the
real value that any transformer normally has. Tloeee it
is a valid design regarding this issugy | maxis defined
according to the requirements of the system andhitse is
0.1 A. Consequently, the value of #hould be close to 4.
With z; and f, it is possible to obtain the values qfdnd
Ci (see Table 2).

In Fig. 10, the impedance and phase of the string o

A: 1Z1  SCALE 180.354 o

: 165.8725 kHz

28 a/div REF 88 o

TAC ==
05C 588 mVolt

VAC === —U7IBC ==
START 50 kHz sTOP' 386 kHz

Fig. 10. Frequency sweep of the string of trapsliting the
additional inductor |,)
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traps implemented in the prototype are presentedcah
be seen, at each resonant frequency, the ovenaddance
is defined by the impedance of the trap. Therefoearly
all the voltage will be withstood by that trap. Hemic
components higher than the first one will be wiblost by
the traps with a resonant frequency higher tharctiusen
one and, mainly, by the additional inductgy. L

In Fig. 11, the gate signals of the MOSFETs are
presented. As can be seen, they are complementary a
can be easily obtained, which make the control reehe
very simple. The voltages of \G and G, . change
according to the duty cycle. This variation is tle@ason
why the asymmetrical driving scheme allows the esysto
control the amplitude of the first harmonic compuanef
the square voltage provided to the string of trapshe
half-bridge structure. It should be mentioned thaving
only two driving signal implies that the control dfe
system can be easily implemented. The voltage oh ea
cell can be measured using monitoring ICs (suchhas
LTC6802 or the BQ76PL536) and sent to the controlle
via serial communication. With those voltages, #nc
decide which cell should be charged by the equalize
Then, it only has to generate the two driving signaith
the desired switching frequency. When a new cedl toa
be charged, the system only has to change thelsmagtc
frequency of the two MOSFETSs. In the case of raaghi
the equalization, the driving signals of both MOSEEre
driven low in order to stop the operation of thengerter.
It should be also mentioned that the system doeserd
to sense and control the switching frequency with a
feedback loop. The precision obtained with the PWM
module of any microcontroller (or with any FPGA) is
enough to assure that the switching frequency tisimvthe
required tolerances for the proper operation ofstfstem.

In Fig. 12, \4ying the voltage withstood by string of
traps, and Y,y 3 the voltage withstood by the chosen trap
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Fig. 11. Driving signals of both MOSFETSs and vo#tagf the two input capacitors when a) D=50%, b) B¥%7and c) D=90%.
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(in this case, trap 3), are shown for three difieénealues
of D but for the same value of switching frequeritg6
kHz in order to choose trap 3). As can be seen, the
proposed system can determine the amplitude of the
voltage withstood by the chosen trap by means efltity
cycle. This implies that the charging process (firdtage
of the cell, equalization current, etc.) can befquily
controlled. Moreover, the negative effects of thakiage
inductance or the knee voltage can be overcome.
Equalizers based on filters usually use the frequerot
only for choosing the cell, but also for controjirthe
charging process by introducing small variationsttiis
control variable (like in the LLC resonant convertdn
the proposed system, the control variable thamndsfithe
chosen trap (i.e., the frequency) is different frahe
control variable that defines the charging prodess, the
duty cycle). This leads to a higher performance and
accuracy.

In Fig. 13, the voltage of the four traps is prasdn
for the four possible switching frequencies (iresonant
frequencies). As can be seen, the switching frecuen
perfectly defines which cell is going to be chardpdthe

D 500v/ @ 500v/ @ 50v/ @ 50V/ 5 00s 20004 Auto § ] -188¢

proposed system. The trap whose resonant frequisncy
equal to the switching frequency of the half-bridge
structure withstands nearly all the first harmonic
component while the other traps withstand a voltzigse

to zero. Therefore, the switching frequency represa
valid control variable. As can be seen in Fig. &Bld Fig.
13c, the voltage of the traps which have not beseho
presents a relative phase lag of 180° due to tthective
behavior of the traps with a resonant frequenchérighan
the switching frequency and the capacitive behasfdhe
traps whose resonant frequency is lower than tleztes
switching frequency. In Fig. 13a and Fig. 13d, tbéages

of all the non-chosen traps are in phase becawseh
have the same behavior (inductive in the case @f F3a
and capacitive in the case of Fig. 13d).

In Fig. 14, the secondary-side voltage of the
transformer implemented in trap 34V 3, the voltage of
cell 3 (Veen 3, the equalization current of this cell during a
switching period (ky 3 and the voltage applied to trap 3
(Vap_3 I referred to the secondary side) are presented for
three different duty cycles. As can be seen, thargihg
process is as described in section Ill. Wheg, Yis equal

0 500v/ @ 500v/ @ 50v/ @ 50V/ g 00s 2000% Auto § B 00V
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Fig. 13. Voltage of the four traps when the switchirequency is equal to the resonant frequency of
a) trap 1, b) trap 2, c) trap 3 and d) trap 4.llthe cases D=50%.
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to the voltage of the cell plus the knee voltagetlod
rectifier diode, this diode is directly biased gratt of the
energy stored in the reactive elements of trap 3 is
transferred to the cell, which leads to the curresveform
(i.e., resonant current) presented in the figuhgs Turrent
keeps the diode directly biased even when the gelia
the trap (reflected to the secondary side) is lotlan the
voltage of the cell plus the knee voltage of theddi
When this current naturally reaches zerqy @, the
diode is reverse biased. Therefore, the diode ésating at
zero-current switching.

The purpose of this paper is analyzing the
feasibility of the wave-trap concept rather thaasenting
the equalizer based on the asymmetrical half-bridge
converter, which was used only as a proof of conckp
can be seen in Table 1, the wave-trap concepfisatihe
purpose of developing equalizers with a reduced barm
of controlled switches. It should be mentioned ttfas
reduction does not imply losing performance becahse
charging process is totally under control and iesimot
imply either increasing the number of other compuse
(i.e., the total number of component is similardimer
topologies with the same high performance).

In Fig. 15a, the voltages of cell 3 and cell 4 are
shown. For obtaining this figure, capacitors of A Q(F are
used instead of real battery cells (in Fig. 15¢, BEbd and
Fig. 15e, real lithium-ion battery cells are useld).this
way, it is possible to verify the results in a gkortime
and, moreover, the system faces battery cells avithwer
capacity, which involves that more precision isuiegd in

0 soov/ 8 g8 B 5007/ . 4780s 1.000s/ Stop § @ 150V

1 s/div

Cell 4 (500 mV/div)

a)

3,24

order not to exceed the desired voltage. In thig cé can
be seen that cell 3 has a voltage of 2.0 V, lowantthe
voltage of the other cells (around 4.2 V). The osgd
equalizer injects energy into cell 3 and raisesdisage to
a value close to the voltage of the other cells.

In Fig. 15¢, Fig. 15d and Fig. 15e, the proposed
equalizer is connected to real 2.5-Ah lithium-ioattbry
cells. In Fig. 15b, their discharge characteristibtained
through experimental verification, is provided.

In Fig. 15c, the operation of the proposed equalize
is presented when the voltage of each cell is dosbeir
nominal value (around 3.3 V). At the beginning, khest
voltage corresponds to cell 3. The control of theadizer
sets the switching frequency of the half-bridgeveoter in
164 kHz. After 32 minutes, the voltage of cell 3sha
reached the value of cell 2 and, therefore, theesys
changes the switching frequency to 200 kHz, in otde
charge cell 4. After 46 minutes, the voltage ofl ¢kl
becomes the highest value and the system changes th
frequency to 164 kHz during 14 minutes in ordecharge
cell 3. After 92 minutes, the voltage of the fowlls is
within the desired range and the half-bridge cotever
stops its operation (i.e., both MOSFETs are turokd-
After 150 minutes from the start of the equalizatio
process, the voltage of the four cells is stakdlized the
final imbalance is around 5 mV. It should be taketo
account that using a simple estimation of the OG¥he
cells as the criterion for defining which one hashe
charged is not an optimum approach. More precise
methods can be found in literature [49]-[51]. These
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Operation of the proposed battery cell equalizeembne of the cells has reached the maximum veju@etail of the charging process of
one of the cells.



methods take into account the influence of tempeeat
uncertainties in models, mapping nonlinearity, ggietc.
and are based on inverse mapping, Coulomb coumting
extended Kalman filtering. Nevertheless, the
implementation of an optimum Battery Management
System (BMS) is out of the scope of this paper @sda
consequence, the simplest approach to the BMS
development was chosen.

In Fig. 15d a similar test is carried out, but fist
case one of the cells has reached 3.6 V (i.e. the
recommended charging voltage) while cell 2, 3 ardhvde
a lower voltage (unbalanced operation of the batter
charger). As in the previous case, the cell with lthwest
voltage is considered under charged. Due to thiomeg
which battery cells are operated, the equalizatimtess
is faster (23 minutes) and the final imbalanceerathe
stabilization time (around 50 minutes), is closel@omV.
Finally, in Fig. 15e, a detail of the charging pgss of one
of the cells is presented (the stabilization tinse niot
shown).

VI. CONCLUSIONS

The wave-trap concept has proven to be a valid
option for battery-cell equalizers. The switchimgdguency
can be effectively used as the control variabl¢ dedines
the cell that is going to be charged and, as aetprence,
the number of controlled switches in the topology be
reduced. The duty cycle can be used as a diffentrol
variable in order to regulate the charging procafsshe
chosen cell. This control variable also allows skistem to
ignore the influence of certain parameters, suclthas
leakage inductance or the knee voltage of the fiercti
diode, which cannot be totally defined in the desig
process and may affect the operation of the sydttnce,
any equalizer based on the wave-trap concept can be
considered as a high-performance one. The rativesst
the resonant energy and the energy transferreldetaell
should be carefully chosen during the design pmdes
order not to excessively affect the efficiency dfet
equalizer.

The equalizer presented as a proof of the proposed
concept is based on a half-bridge structure, satutaber
of controlled switches is only two. The number ells
that can be controlled by an equalizer based os thi
concept is limited by the maximum frequency range.
Nevertheless, the use of traps, which have a vagh h
selectivity, increases the number of cells for tgaten
range. For instance, the proposed topology allscdte
traps in a frequency range of 100 kHz considering
tolerances of up to 7.5% in the components. Anyabzer
based on this concept is also highly modular, s® th
number of cells can be increased without enlardghng
frequency range. In that case, the number of chedro
switches is increased according to the number afules
connected, but it will be always considerably loviean
the number of cells. The use of traps, rather thigars
connected to the output of the converter, allows th
magnetic components to have an optimized desigoh Ea
inductor operates only at the resonant frequencdhefrap
it belongs to because for the other frequenciesdtsage

and its current are close to zero. Therefore, tesign
can be optimized only for one frequency and, as a
consequence, size and losses can be strongly ikduce

Finally, the analysis based on the first harmonic
component has proven to be perfectly valid asipsfies
the calculation and design guideline of the eqealizhile
keeping accurate-enough results. This has beedated
by means of experimental results.
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