Characteristics of an electronic converter
for supercapacitor charging
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In the following article a converter, provitj mutual work between photovoltaic system and
energy storage elements haveeh studied. The converter prosgdthe management of the energy
flows to/from the supercapacitor battery. Simulatand experimental studies of the power part of the
system has been made. The main charatiezief the studied converter are presented.

Xapakmepucmuku Ha eleKmpoHeH npeodpasyeamen 3a 3apad HA CYHEPKOHOE3AMOp.
(fumumvp Apnayoos, Huxonai Xunoe, Hean Heosankos). B pabomama e uscnedsan
npeobpazysamen, ocuypasauy CoeMecmiHama paboma Ha GomogoNmauiHa Cucmema U elemMenm 3a
CvbXpaHeHue Ha enepausma — cynepkounoensamop. Toil ynpaensea enepeutinume Nomoyu om u KoM
cynepkonoezamoprama 6amepus. [Iposedenu ca cumyrayuoHHU U eKCnepuUMeHmaIHu U3CIe08aAHUS HA
cunosama uacm om cucmemama. Ilocmpoenu u npedcmagenu ca OCHOGHUME XAPAKMEPUCMUKU HA
uscnedsanus npeobpazysame.

Introduction

The supercapacitors are perspective elements for
energy storage thanks to their advantages, comparec
to the classical elements for energy storage [1, 2]. Due
to the relatively high prices and low gravimetric
energy density, the supercapasitors must be used
together with batteries. Different algorithms for
management of energy flows between energy source,
battery and supercapacitor are possible [3], [4], [5]. -—

For studying the management algorithms of energy
flows, via PV, battery and supercapacitor, a test bench
of a PV system has been created [6].
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The target of the following research is converter, Fig.1. Block diagram of the proposed system.
providing charging and \age balancing across
supercapacitors [7]. be studied. The block diagram of a bi-directional

o converter is shown on figure 1.
1. Bi- directional converter.

To use supercapacitors in a system for energy
storage, it is necessary to use bi-directional converter. 2. Studying of the converter for charging and

The converter is necessary to manage the energy flow voltage balancing over series connected
from/to the supercapacitor. The bi-directional supercapacitor cells.

converter is made of twanidirectional converters. The power circuit of DC/DC-1 converter is shown
The energy transfer from the power source to the on figure 2. The converter is composed of:
supercapacitor is done, hysing Resonant Inverter e Half-bridge RIVLOCC with divided power
with Voltage Limitation Over the Commutating source:

Capacitor (RIVLOCC). For the energy transfer from
the supercapacitor to the load is done by using a
classical Boost DC-DC converter [8].

In the following article, a charging converter will

e The AC circuit is composed of the following
resonant elements: «\C CGa, L« and inverter
transformer (one primary winding swand six
secondary windings s Wy.)
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Fig.2. Proposed circuit for charging and balancing.

The supercapacitor battery is made of series voltage across the supercapacitor SC1 — V(N014),
connected supercapacitors — SC1, SC2 and SC3. TheSC2 — V(N016, N014) and SC3 — V(N018, N016).

rectifiers, connected to the secondary windings of the

inverter transformer charges the individual cells.

From the waveform of the voltage it can be seen
that despite different values of the capacity of the

One of the advantages of the converter is voltage Supercapacitors, the voltage over them is almost equal.

equalization over series connected supercapacitor cell
[9]. The capacity of cell 1 is 20% lower than cell 2.
The capacity of cell 3 is 20% bigger than cell 2.

Simulation studies of the circuit from figure 2
have been made, by using LTSpice [10]. Figure 3
shows the waveforms of current through transistor T
—1d(T1). The used simulation model of the transistors
is with internal reverse diodes.
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Fig.3. Current and voltage in the begging of the charge

The rest waveforms are: current through limitation
diode D — 1(Dd1); current trough supercapacitor
SC1 - I(Cscl), SC2 — I(Csc2), SC3 — I(Csc3) and

sThis is one of the features of the circuit. The values
of the current through éhelements changes during
the charging. Another advantage of the proposed
circuit is the limitation of the maximum values of the
current through the elements, which values are
highest at the beginning of the charge of the
supercapacitors. Other tathues for inrush current
limiting are given in [11].

Figure 4 shows the waveforms of the voltage
across the resonance capacitar-G/(N006, N0OO05);
current through diode {2 - 1(Dd2) and the current
through inductor k — I(L1).
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Fig.4. Current and voltage in the diagonal
of the half-bridge.



From the waveforms it can be seen that, when the p = 0.044 and the dotted line is for p = 0.066.
value of the voltage overGeaches the value of Figure 5 shows the characteristic of the consumed
Uz, the limitation diode turns on and the recharge of current in relative units.
Cia Contmuqus' . . Average value ofthe consumed current
According to the stage of the charging regime, 1,10 I | , , | ,
the limitation diode turns on at different moments. 1,00 - | | | R |
When reaches a certain value of the voltage across
the charged capacitor, the voltage over Ck cannot 090

|
|
exceed % Y, and the limitation diodes do not turn on. 0,80 -———1-——-r———|———:———1-——-r———
In the studied case, RIMQCC works in above the 0.70 -———1|-——-Ir———:———:———1|-——-lr———
resonance regime. Which of the two diodes will turn ! | | I | | |
on earlier — reverse or limitation depends on the 0,60 -——t——FT——A=————t—=1T——7
. | | | | | |
parameters of the circuit and the voltage over the ¢,s0 ; ; i ; ; ;
charged elements. 0O o4 08 1,2 16 2 24 28
The characteristic of the studied converter Cell Voltage
depends on: Fig.5. Characteristic of the average value of the
¢ Hesitation coefficient — k; consumed current
¢ Frequency coefficient v
e Voltage, to which the supercapacitors are From the characteristic, it can be seen that the
charged,; consumed current is almozbnstant. A bigger change
¢ Ratio p between Cand Gu appears when the limitation diodes are turned off. The
consumed current is contious with small ripples,
1) p:&, which leads to evenly loading of the DC power
C. supply. This is especially important for supplying
devices from photovoltaic systems and fuel cells.
where G and Gaare the resonance capacitor. Figure 6 shows the characteristic of the maximum

A simulation study of the DC/DC - 1 converter value of the current through transistor, h relative
from figure 2 has been made during the charging of ynits.

the supercapacitors. During the process of charging,

for different values of the voltage over the _ Maximum current through transistor
erjgercapacnor cell - SC1, the measured parameters .50 | Jﬁ - ﬁ[ - Jﬁ ]
' . 4.00 e e e — —
e Maximum value of the current through the ;oo [T I 7;L T —
transistor; '
: 3.00 — — — e
e Maximum value of the current through the 5,591 j: - j S t - ]
reverse diode; 200 1 S B -
¢ Maximum value of the current through SC1; 1.50 1 j: S j - t ]
¢ Average value of the current through the SC1; 1.00 | Jf — ﬂ - Jf - ]
e Average value of the consumed current; 050  — — — — — — L
¢ Maximum current through limitation diode. 0.00 | ‘ ‘ 1

0 04 0.8 1.2 1.6 2 24 2.8

The characteristics of thearameters above were Cell Voltage

built in relative units. For obtaining the results in Fig.6. Maximum value of the current through transistar T
relative units, the measured values are divided into the

parametersh From this characteristic, the range of the
amendment of the current in the process of charge of
2 l4=1fCU,, the SC can be seen. This would help when we choose

the transistor.

Figure 7 shows the characteristic of the maximum
value of the current through the reverse diodes,
integrated in the transistors when charging the
supercapacitor. This characteristic can be used for
choosing the working regimaf the Resonant Inverter

where f is the driving frequency, «Cis the
resonance capacitor with voltage limitation over it,
and U is the power supplying voltage.

The research has been mddetwo values of the
p ratio. In the characteristics the solid line is for



with Reverse Diodes (RIRD). For better energy and the average value of the charging current through
efficiency of the circuit iis necessary to use working SC 1.
modes with less conducting times of the reverse diode

in the beginning of the charge. In addition, it is 1.80
desirable to provide conducting of the reverse diodes 1’60 l
during the whole charging process, aiming zero 1:40 l
switching. At bigger values of the p ratio, the range of 4 54 .

Maximum value of charging current

amendment of the current is bigger. 1,00 -
. . 0,80 -
Maximum current through reverse diode i
2.50 0,60
) 0,40 1
2.00 - 0,20 1
0,00 . T T : r '
1.50 - 0O 04 08 12 16 2 24 28

1.00 — J» J» —L — — — Cell Voltage
- Fig.9. Maximum value of the charging current through
osa 1 b L o
S E—

0.00
0 04 038 C]é'I%VoIt]é'ge 2 24 28 120 Average value of the charging current
Fig.7. Maximum value of the ment through reverse diode. 1.00 - ‘

N

Figure 8 shows the characteristic of the maximum 980 \ “s —

value of the current through the limitation diodes, 0.60 - ‘ == ==
during charging.

0.40 -
Maximum current through limitation diode ‘
0.20 -
4.50 ‘
4.00 - 0.00 ‘ ‘ ‘ ‘ ‘ ‘
:'gg: 0 04 08 12 16 2 24 28
. Cell Volta
2.50 - e Yoltage
i'gg | Fig.10. Average value of the charging current through SC1.
1.00 . :
0.50 - These characteristics can be used for choosing the
0.00 ‘ ‘ ‘ ‘ ‘ working mode of the converter, such that the process
0 04 08 12 16 2 24 28 of charging does not exceed the maximum value of
Cell Voltage the current through the supercapacitor, given by the
manufacturer.

Fig.8. Maxi lue of th t through limitati - ,
9 aximum va ueé)iod; current through fimitation The characteristic from figure 10 can be used for

evaluation of the instantaneous value of the power, by
When the value of the p factor is p = 0.0444 and which the converter charges the supercapacitor.
Usc = 2,5V, the maximum value of the current reaches
zero. So the limitation diodes turn off. After they are
turned off, the characteristaf the circuit is the same ; ; g
as the classical RIRD, working in above the frequency supercapacitor cells, by using CL — filter on
mode. This characteristic can be used for the rectifiers.
determination of the values of the elements in the  To charge the supercapacitor cells with constant
resonant circuit to obtain limitation modes, during all current, instead charging with pulse current, the circuit
the time of the charging. The characteristic would help on figure 11 is proposed. The outputs of the rectifiers
for choosing of the working mode of the converter for are connected to CL — filters.
efficient use of the switching elements. Figure 12 shows the waveforms of: current
Figures 9 and 10 show the characteristics of the through the rectifier diodesiland D — I(Diz1) and
maximum value of the charging current through SC1 1(Diz2), current through SC1 - I(Sc1), current through

3. Studying of a converter for charging and
voltage balancing over series connected
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Fig.11. Proposed circuit for charging with constant current and voltage equalization.

filter capacitor Gi — I(Cff1l), consumed current from Figure 13 shows the waveforms of the current
DC power supply — I(V1). As it can be seen from the through the rectifier diode D- I(Diz1l) and the
waveform of the consumeclrrent, it is continuous, voltage over it — V(NO013, NO14).

like it was mentioned in paragraph 2.

From the waveform of the current through the  sga 1(Diz1) 1(Diz2) , I{5c1)
charging capacitor SC1 it can be seen that it is 2_3A_,Qf _____ /F\ _____ /_\ /-\
smoothed. Its average value is equal to the sum of the ' ' ' '
average value of the current through the two rectifier
diodes. The value of the current through SC1 is:

2.04

-1(Cff1)

-0.8A
21 -3.5A

3) I sd = % =0.637l 2mi» 1?20;\-
0.60A=

where bmi is the maximum value of the current . . . . .

through the rectifier diode D 2072ms 2.080ms 2088ms 2.096ms 2.104ms 2.112ms
On the other hand the maximum value of the

current through the primary side winding of the Fig.12. Current through the elements during the charging.

inverter transformer is:

4) lm:n(IZml+|2m2+|2m3)!

5.04

1{Diz1)

2.3A----f---- — A U 7 S . .
where n is the transformer ratio of the inverter : : : :

transformer. dm1, l12mz, lomz are the maximum values of ;.4
the current through the rectifier diodes. 2.4v
The maximum values of the current through the 1.2v-

V{ND13,ND14)

primary winding of the inverter transformer, | ';g:'
depends on: o

¢ Hesitation coefficient — k; -3.6v T : : r r
. Frequency Coefficient V—; 6.588ms 6.606ms 6.624ms 6.642ms 6.660ms 6.678ms
« Ratio p between Cand Gu Fig.13. Current and voltage of the diode. D



The behavior of the circuit of the figure 11 is the pulses;
same like the circuit of the figure 2. Therefore, this ¢ Block 3 — these blocks converts the signals from

circuit has the same characteristics like these from analogue to a string of 0 and 1,
figures 5 to 10. e Block 4 — this is a graphical representation of the
module NI9401 - TTL outputs, connected to
4. Experimental studies. DAQ chassis. The used TTL outputs are from 1
For conducting of the experimental studies of the to 4 and they are used for management of four
circuit from figure 2, a test bench has been developed. transistors. The control pulses at the TTL output
For the management of the converters and testing are shifted relatively to one another. For the
different management algorithms of the energy flows, management of DC/DC — 1 converter from
a virtual instrument has been developed, by using the figure 2, we use only 2 outputs.
software — LabView. The virtual instrument is
described in [6]. trormer 1

For the management of the studied circuit, shown
on figure 2, a new virtual instrument has been
developed. The chassis NIcDAQ and the developed
virtual instrument are used to manage the converter.
The front panel of the developed virtual instrument is
shown on figure 15.

Output signal
=

Dephazing 270

Fig.16. Block diagram of the virtual instrument.

Experimental studies with the proposed circuit and
the developed control system have been made. The
results from the experimental studies of the proposed
Fig.15. Front panel of the developed virtual instrument.  Circuit, confirms the simulation studies. The proposed
virtual instrument allows realization of different
On the front panel, the input controls are used for principals of operation, which can be used for
managing of the driving frequency and phase shitting evaluation of its benefits and disadvantages.
between the control pulses. The graphical indicators

are only used for representation of the control pulses. Conclusion
Figure 16 shows the block diagram of the virtual 1. The circuit of the converter for the
instrument. The functions of the blocks are: management of the energy flows at charging, of series

¢ Block 1 — represents the input controls, by which connected supercapacitor cells, has been developed.
we can manage duty cycle, control frequency and First, the circuit charges the supercapacitor cell with
phase shitting between the control pulses. These the lowest voltage over it. This is one of the necessary
controls are connected to the relevant inputs of conditions for the realizing of the proposed
the virtual generators; management algorithm of the energy flows. After

e Block 2 — these are the generators of pulses. voltage equalization over ¢hsupercapacitor cells, the
With them, we can set signals with different circuit charges all cells simultaneously.
forms, amplitude, frequency, phase etc. There are 2. Using a CL — filter in the circuit from figure
two ways of setting the parameters: fixed and by 10 provides charging with constant current. The CL —
using input controls, like in our case. In this case filter does not change the principal of operation of the
they are only used as generators of rectangular RIVLOCC
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