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Abstract: Study of the voltage response of Ni-Cd, Ni-Mh, Leadcid and Li-lon accumulators to rising voltage, fdling voltage, two
load pulses and two pulse trains for specific purpges. The electrochemical system in the battery alys oscillates around an
equilibrium point. When this state is disturbed bythe external environment (electric field), the sysm tends to return to its original
state by amplifying the oscillations around this pimt. The four types of accumulators behave generallsimilar, but in particular
there are small differences in their voltage respase. The particle response to electric field changemanifested by producing an
electromagnetic wave that is added to the batteryharging or discharging pulses. This wave is complely attenuated after a few
oscillations. If the loading pulse period coincidewith the period of these oscillations, the osciltions are sustained. The energy of
these oscillations can be captured and used. Based the experimental results, a battery model is pgosed that describes the
transition periods.
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I. INTRODUCTION hardware and the battery energy transfer efficiéfity
The charging of batteries with various pulses haenb Comparing with the standard constant-current and
studied since more than half a century. With thesthods constant-voltage (CC-CV) charge strategy, the ehspged
we expect to achieve higher charging performances.  of the proposed duty-varied voltage pulse-chargeedy
Since 1960, the negative pulse charging of bagdras (DVVPCS) is improved by about 14%, while the progubs
been studie!! DVVPCS is improved by about 5% in comparison wité t
Some researchers investigated the effects of itltarg conventional duty-fixed voltage pulse-charge sgwte
period and frequency as well as the mechanismgtivairn (DFVPCS)H
this process at the molecular lefél. The zero-current switching mechanism introduced
The result of other researchers shows that cliargimg — ensures efficient power conversion from the rendsvab
8 minute pulse width current is the effective metHor energy source to the battery bahk.
charging the lithiumion cell since it can reduoee tharging All-atom classical molecular dynamics simulations
time and decrease the capacity loss of the“¢ell. suggest that the different diffusion coefficientd bion in
Feasible and ef cient charging of Li-ion batterigga electrolyte under different applied voltaf%]‘eS may be
rotating triboelectric nanogenerator (TENG) withismal  responsible for the different energy efficiendfes.
output current is demonstratéd. This article aims at presenting the results of the
The duty cycle of the pulse charge current plaged experimental research related to the complex eshaning
major role in battery cycle life extension, follogdveby the transition peridf, and the tries to create the
frequency at which the battery is chardéd. electrochemical resonance phenomefdn.
Introducing short periods of relaxation withoutreunt The behavior of four types of accumulators: Ni-Qd,
flow allows the concentration of Li+ ions to be legshed Mh, Lead-acid, Li-lon, all in the 12V/4Ah configuian,
in front of the electrode surface promoting a umfand  was studied. We will present the response to iseremd
efficient plating of Li metal decrease of the charging voltage, to longer andtesho

Other researcher uses the Taguchi orthogonalsateay pulses, as well as to higher and lower frequendsesu
search for optimal pulse charging parameters thdt w

maximize battery charge and energy efficiencieslevhi Il. EQUIPMENT

decreasing charge tine. The used accumulators were Lead-acid 12V/4Ah DBQ20

By introducing stress control, a modified pulsargiing | . .
(PC) method called the pulse charging constanteotrr L-10N 12v/4Ah DC12400, Ni-Cd BD-D4000mAh 1.2VM,

(PCCC) method, which starts with a PC operatiolofeéd & series connected of 10 batteries resulting 12N/ART

by a constant current (CC) operation, is studietti good NI-MH C 4000mAh 1.2V a series connected of 10 lyate

resul_ts[.g ] _ i resulting 12V/4Ah. The 220VAC/24VDC power supply
Disclosed is pulse charging of a battery that useg,q 24vDC/15VDC are linear adapter with a powdittel

frequency modulation to vary the pulse periods tof t e : .
charging pulses. Battery measurements can be rrmdefqr extra stabilization. The batteries have beeriched

determine the duty cycles of the charging pufées. using 24V relays of DRM570024LT type. The 0 and 5V
A hybrid sinusoidal-pulse current (HSPC) chargindogic level signals command a very fast power MOBFE
method improves the charger efficiency related he t
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IXZ631DF12N100 driver module that provides battery * " 7 T i
charge current. For generating logic load signsiwell as -
signal form monitoring, Analog Discovery2 complex - ;
apparatus and Digilent's Discovery BNC adapteh agdhe - 1‘
WaveForms software, were used (figure 26). Theltesu -
were saved in the personal computer in image ablé ta =
format with all the data. There have been manytitqmes

of the signals obtained with a good precision, rideo to
formulate solid conclusions in each case.

Due to the fact that the used MOSFET has a swigchi . .
speed of few nanoseconds and the maximum appli = .l
frequency was around 2MHz, we can consider it@afitly o
fast for these experiments. With additional filteriand
shielded cables for high-speed data transmisdiergffect
of external noise or power is minimized. The tweauchel
oscilloscope has a bandwidth of 30MHz, with 14t
100MS/s ADCs. The signal generator supports ugdHz
with 14-bit and 100MS/s DACs performance.

1 The rlsmq slope of the L| lon batterv "

Ill. THEORETICAL GROUNDS
Inside the battery, reversible electrochemicaltieas occur
permanently. The percentage of the component elisme
oscillates around an equilibrium point accordinghilevel
of charge, between the fully loaded and fully udiecstate.
Under an external influence on the systen.-w wo wbsas le
(charging/discharging) this balance is lost and
electrochemical reactions occur according to these quure2 ‘The rlsmq slope of the Ni-Cd batterv
influences. Any system in equilibrium will try testore it =7 LRI T
by opposing the external action, due to its inerfia a
result, when applying a voltage to the batteryyifage
will decrease in the first phase as the system sgpthe
change and attempts to maintain its original elguiim
state. By keeping the external action on the system |
system will conform to this action. The new state o °
equilibrium is not reached instantly, due to therfia of the
system. At first the equilibrium is exceeded.. Thes -
consecutive passes around the new state of equililare
seen as attenuated oscillations over time.

IV. EXPERIMENTAL RESULTS
| will present each experimental result separdtalg types .. Figure 3. The rising slope of the Ni-Mh battery
of actions on the battery. All experiments weredoiced =~ ) j
under the same external environmental conditions. A -
generator and oscilloscope settings have beenrpegsm . ;
the same type of experiment, with the exceptioredically : ‘I
centering the voltage level to view the full shayethe
signal at full resolution due to the differencesliarging of
the four accumulators at that time. The resultthersame
battery were very similar in several attemptshesé¢ graphs
can be considered conclusive. After the commanubsig
applied, there is a short delay due to the prapagaf the -
signal through the MOSFET, after which the voltage, -z oo
response of the batteries is observed.

Figure 4. The rising slope of the Lead-acid battery
IV.1. Rising slope . _

A 1kHz rectangular pulse was generated with 508 du  In all four cases, we notice a decreasing abrajtage
cicle, for 1ms and the effect was monitorized atbtire  slope at the battery. This is due both to the syste
signal slope. The horizontal resolution on the taris was opposition to external influence and to the mohiiian of
200ns/div and vertically on the voltage axis wasivediv. ~ free ions from electrolyte under the influencehef électric
(The signals are shown in figures 1-4.) field. After a few oscillations around the new ditprium

point, the system stabilizes under load. The agwih
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period is very similar for the four types of accuators, it is
around 210ns. Unlike the others, for the Li-lontdat, we
have the higher amplitude of the first single-pesdillation,
indicating a more focused reaction of the systamthe
other cases there are 5 small peaks up and dowirgha
higher system agitation.

IV.2. Decreasing slope

A rectangular pulse with 100kHz frequency and 509 - -

duty cicle, was generated for 20us, after whichdfiect

was observed around the signal slope. The horikon: .

resolution on the time axis was 300ns/div and gelif on
the voltage axis was 600mV/div. (The signals amshin
figures 5-8.)

ERmom ariE

attery
st

il il o ”‘“‘u i L
5. Decreasing slop

e of the Li-lon b
|

Figure 6. Decreasing slope of the Ni-Cd battery

Figure 7. Decreasing slope of the Ni-Mh battery

V “Figu“r‘e 8.HI‘3ecrbéasinMg:1 sldbe o; the ‘I‘_‘ead‘:acidmbattéry

In all four cases, a Z-form appears verticallyerth
attenuated according to the type of battery. Aftat, there
is a significant decreasing slope in voltage atlihttery.
The biggest one is in the Li-lon battery and thalgst is in
the Lead-acid battery. This voltage slope occurghas
system is released from the external influence hef t
charging electric field. Of course, it continuesthwthe
oscillations until the final equilibrium is reachedhe
oscillation period is very similar for the four g of
accumulators, its duration is around 450ns.

IV.3. Pulse with both rising and decreasing slopes

A pulse of 700ns was generated. The horizontal
resolution on time axis was 400ns/div and vertjcaii the
voltage axis was 350mV/div. Both slopes are shown
together, to help visually compare them. The sgstif the
four figures are identical (see in Figures 9-12).
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It is possible to observe the vertical Z forms in
opposition to each other on the two slopes. Thpesbithe
signal at the rising slope is similar to the fipstrt of the
shape of the falling slope. After that we have aglo
oscillation that stabilizes at about 4us. Note ttiz
attenuation of the oscillations is more pronourpethse of
the Li-lon battery and it is less pronounced inecakthe
battery with Lead-acid, even though it started witle
smaller amplitude.

TR L] Lo V.4, Needle pulse
Figure 9. The pulse of the Li-lon battery A pulse of 50ns width was generated. This is Hoetest
pulse applicable to this device, which can commted

B | opening of the MOSFET driver module and the apfitica
of an electric charging field. The horizontal regmn on
the time axis was 400ns/div and vertically on todtage
axis was 170mV/div. Forms of the signals of therfou

:accumulators are shown (in figures 13-16).
{
Figure 10. The pulse of the Ni-Cd battery

___Figure 13. The needle pulse of the Li-lon battery
R * I A A

Figure 11. The pulse of the Ni-Mh battery

3 71: FoR s e - o T = 0 e £
\/VMIV\/WWW Figure 14. The needle pulse of the Ni-Cd battery

‘} FqimgureU12. :I:he r;ijlse Q(‘)f thé Lea;d-acki‘a baPcery
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FigLre 15 Tﬁe néédle bulséjof tﬁé Ni:'Mh bmatterx’y

Figure 18. 500KHz pulses on the Ni-Cd battery

i
S —— - ~e————

Figure 16. | The needle pulse of the Lead-aciddwgtt g b
Figure 19. 500KHz pulses on the Ni-Mh battery
It is interesting that a very short duration imngauthat . e .

corresponds to a small amount of invested eneemgrgtes

an oscillation of the system with a high amplitude.

IV.5. Long pulse train

The period of a long pulse consists of a few t@ins
of the system. Before the system oscillations disap
completely, the next pulse is applied, forming adigulse
train. A rectangular signal with a 500 kHz frequeand 1%
duty cicle was generated.

Horizontal resolution on the time axis was luséiid
vertically on the voltage axis was 170mV/div. Forofs
signals of the four accumulators are shown (inrégul7-

‘ )i:iguvfe 204: 506KHz‘dpuIs‘és oﬁ_ the(rlw_ead:acidmbattheiry

sy yann b s iy The energy of the oscillations can be extractetused.
i Extracting the energy of system oscillations witiriease the
:  attenuation, and the frequency of the control pwitidave
‘ | to be increased.

4 IV.6. Short pulse train

1} The period of a short pulse is smaller than oaétpthe

oscillation period of the system. The charging esllare

repeated to form a pulse train. A rectangular digith a

frequency of 2.05MHz and duty cycle of 4% was getest.
e b, » R . ' Horizontal resolution on time axis was 300ns/divd an
S 7 \vyertically on the voltage axis was 170mV/div. Forofs

signals of the four accumulators are shown (inrigL21-
Figure 17. 500KHz pulses on the Li-lon battery 24.))
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Figure 21. Pulse train of 2.05MHz on Li-lon battery

\J

A

. W'Figu“r*e 22

Pulse train of 2.05MHz on Ni-Cd ’E)attedfy

h “i:igurme 23. Pulse train of 2.05MHz on Ni-Mh "t_)atte“r‘y
a @‘k‘ymmmvum

”Fvi“gurem24. isulsew train“of 2.“05

M’i_-|z ohm Leéa-acli‘a bqt_t

If the load signal pulse is synchronized with sigastem
response, less energy has to be invested for ciggrgi
because the charging process is assisted by ttearsyis

V. THE PROPOSED MODEL

Taking into account experimental results, it isgosed
to modeling the battery transition period (FiquEs.2

L J
tion period

Figure 25. The proposed model for transi

When charging voltage is applied, the R1 resistor
closes the OK1 and OK2 optocouplers. The optocaouple
OKZ1 will connect the L1 and L2 inductors in parhlle
resulting in an equivalent inductance much lowanth?2.
Battery G1 is charged through optocoupler OK2 and
resistor R2. When charging voltage is applied,RBelL1,
L2 and C1 groups will produce a waveform similar to
those obtained. When the charging voltage is inpted,
R3, L2 and C1 will produce oscillations with a much
lower frequency but longer. The permanent modelbzan
any known battery model so far.

VI. CONCLUSION
In the transition period, due to the increasingdexteasing
slope of the charging pulse, the system enters amto
amplified oscillation until reaching the chargirguédibrium
state or final rest. Of these two types of osddlad, it is
worth noting the high amplitude and long duratioh o
oscillations at decreasing slope, i.e. when theebatharge
signal is interrupted. In comparison, the Li-lorteey has a
higher amplitude oscillation and a shorter stafign time.
The Lead-acid battery has a lower amplitude ogicilabut
a longer stabilization time than the others bagterNi-Cd
and Ni-Mh batteries are in the middle area.

From the point of view of power management, when
charging the batteries we have two directions tplare
further. The first concerns the capture of eleatrenergy
from the oscillations of the system after the chraygulses.
The other is to find the exact charging pulse fesgpy and
duty cycle that will generate the resonance phemnome
which will lead to more efficient charging. Of caer in an
advanced phase the two directions can be comtdimbdth
cases, it is necessary to have equipment with highe
performance as well as a special circuit to capthie
energy at high speed. Although the multiple phenuwne
that happen inside the battery require a complearttical
support coming from many different research domainsr

this case, the electrochemical resonance phenomeriie it will be possible to explain and even sintelar

Occurs.

model these phenomenons.
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