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Investigation of Supercapacitor Bidirectional
Power Flow System

Ivars Rankis,' Janis Zakis,” '“Riga Technical University

Abstract - It is possible to realize supercapacitor charging and
discharging devices through BUCK-BOOST converter. In this
paper alternative system of charging and discharging using
supply side VS inverter for charging and supercapacitor side
inverter for discharging of supercapacitor is investigate. In such
device using H-bridge topology of Pulse Width regulated inverter
a storage capacitors can be distributed in system as at input as
also output and that allow to provide more efficient storage.
Using in supercapacitor side a VS inverter allow to obtain reverse
discharging of capacitor operating supply side inverter in quasi-
BOOST regime. In the paper operational regimes of such device
are described as also main expressions for -calculation of
processes are obtained. It’s shown that most efficient operation
and control case should be at boundary current shape of the
primary winding of transformer. At some proper operational
parameters it’s possible to obtain maximum of transmitted
power; for that also a voltage level of the secondary side
supercapacitor have to be installed on proper level dependent on
transformation ratio of transformer.

Keywords — Transistor, switch, capacitor, charging, frequency,
voltage, current, duty, ratio, rectifier, windings

I. INTRODUCTION

Supercapacitors are efficient electrical energy storage
devices and are often applied in electrical drives for storage of
extra power regenerated in braking processes of electrical
motors. Usually for connection of supply source and
supercapacitor BUCK-BOOST DC converters are applied
[1,2,3]. However there are some disadvantages connected with
relations between supply voltage and current and ones of
supercapacitor. If voltage of supercapacitor is low such system
would work with small duty ratio of BUCK converter not
allowing obtain from supply large currents. Here is presented
another version of converter on base of two voltage source
inverters — one at supply side other — at supercapacitor side.

Scheme of the suggested device is presented in Fig.1. Here
capacitors C1 and C2 are used as dividers of input supply DC
voltage Uy and half of this voltage is periodically applied to
the primary winding w1l of transformer. In the secondary
circuit of transformer uncontrolled rectifier as part of VS
transistor inverter is installed providing charging of capacitor.
Switching of the primary circuit is provided by transistors T1,
T2 with participating of clamp diodes V2 and V1 respectively.

II. OPERATION OF THE SCHEME IN DISCONTINUOUS CASE OF
CHARGING CURRENT

Processes can be described as it is presented in Fig.2. Here
at conducting of transistor T1 voltage of capacitor C1 is

applied to the primary winding of transformer and its polarity
is negative one , i.e. ur;=-0.5U,4 and voltage of the secondary
winding provides rising of charging current i,. When transistor
is turned-off then current passing through the primary winding
due to stored in transformer energy is passing through diode
V2, i.e. voltage across the primary winding now is ur;=0.5Uj.
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Fig.1. Scheme of charging device in charging case

Calculation of processes can be provided using equations in
respect to current of the primary winding of transformer [4,5]

di _

L =0.5Uy4 —nU, , 1

Tr g d c )
di;
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Equation (1) is applied for time interval DT, but (2) — for
time interval t, when in the secondary winding polarity of
voltage is changed and current ij— descended to zero value.
Here n is transformer ratio, i.e. relation of number of turns wl
to w2 but Ly, is summary inductance of transformer reduced to
the primary winding.
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Fig.2. Diagrams of voltages and current for discontinuous operation case
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For full deviations dimension di, can be substituted with
magnitude of charging current I,,/n but dt in the first equation
— with DT, , where D id duty ratio of conducting of transistor
in process cycle T, which is half of switching cycle of
transistors Tg,. In the second equation dt can be substituted
with current descending time t, . Then from the both equations
relation of current descending time t, to Ty can be calculate
using equation

t,  D(0.5-nUg)
To  05+nU.

If t, is equal to (1-D)T, then boundary operation case takes
place when charging current of capacitor will be

)

lc, =0.51, . )
Such a boundary case will be at duty ratio
*

Dp=05+nU, . (5)

Here U, '=Uc/U, — a relative voltage of supercapacitor.

As it can be seen from (5) for obtaining a boundary
operation case a relative voltage of capacitor must corresponds

* 0.5
to condition U c <—.
n

In Fig.3 are presented diagrams of connection between n ,
Uc* and Dy,. At D<D, exist discontinuous operation case in
respect to charging current.
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Fig.3. Dependence of the boundary duty ratio D, on relative to the supply
voltage one of supercapacitor at different ratio of transformer

At discontinuous operation case charging current of
capacitor can be calculate as

t D
leg =051 (D+-2)=—M"_ (4
To' 1+2nU;
From eq. (1) magnitude of current i, can be calculate as
*
D(0.5-nU;)nUg4
Im = (7)
Lt fo
Applying (7) an averaged value of charging current is
*
D2(0.5-nU,)nU4
lcg = (8)

Ly, fo(1+2nU,)
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It can be seen that charging current is bigger if duty ratio too
is bigger. If leak inductance and frequency is smaller than
current also will be rising. Current is more also at smaller
values of indicator nU, . In Fig.4 is presented dependence
curves of current I,4 on duty ratio and UC* at Us=600 V, n=3,
L1 =100pH and some values of f;.
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Fig.4. Dependence curves of charging current on duty ratio for Us=600V, n=3,

L1=0.1mH at frequency f;=2kHz (- - - ) and 4 kHz and at relative voltage of
capacitor 0.02, 0.05, 0.1

III. OPERATION IN BOUNDARY CHARGING CASE

In boundary operation case magnitude of charging current
can be calculate as

n (Ug UZn’
L fol 4 Uy

and charging current respectively as

n U *
Iep :—(—d—nzucucj : (10)
2L, fo\ 4

Charging current at boundary operation case is biggest and
it can be seen that for obtaining large enough charging current
indicator Lf, have to be small.

The maximal value of power transmitted at boundary case is
I-U, and at derivation this product by U, it’s possible to find
that optimal value of capacitor voltage is

Imp = )

UCO:U—d«/1/3 : (11)
2n
Applying this value an optimal power transmitted is
U 2
=— -4 (12)
243l f,

Power and parameters of transformer should be calculate
taking into account this Py and also duty parameter of charging
device.
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Choice of transformation ratio is connected with level of
turn-off current of switches of supply side inverter. If n is
smaller then L,;, is larger but turn-off current of switch is

Imb

| g =~
swm
n

Therefore choice of the proper n is very essential. But if
maximum power is transmitted then

nuU d
6Ly To
and switch turn-off current does not depend on transformation
ratio:

| gty =0
swmb 6|—Tr fO

Accepting different values of n and U;~600 V it is possible
calculate parameters Ugy , Inp » Lswm » Po - Indicator Lr.fy are
accepted as 0.2. At Lrp.f,=0.2 at all range of transformation
ratio power P,=43.35 kW but I,=500 A. Reducing
transformation ratio a voltage of capacitor have to be
increased but charging current decreases (Fig.5). If indicator
L.fy is increasing then as power transmitted as also charging
current both are decreasing.
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Fig.5. Dependence of capacitor voltage and charging current on

transformation ratio at maximum of transmitted power

In Fig.6 are presented simulated by PSIM package diagrams
of charging current and supply inverter half-leg circuit of
capacitor C1. Diagrams are obtained at Us=600 V, n=1.5,
L1fi=0.2 , voltage U,=115.6 V and duty ratio D,=0.789
(switching frequency is 1 kHz). As it can be seen magnitude
of charging current as also switch turn-off current both are
correctly according to the calculated values and power
transmitted is 43.35 kW.
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Fig.6. Simulated diagrams of currents in charging and supply capacitor
circuits at Ug=600 V, n=1..5 , U,=115.6 V , L1,=0.1mH, f,=2 kHz

Current in the primary winding of transformer can be
presented as of triangular shape and then RMS value of this

current can be presented as Igy,/ 3 and calculation power of
transformer at transmitting of maximum power will be

2
lmpUg ~ Ug

Sy = = =2P
T 23 1248l fy D
(13)

Because regeneration process at braking of motor has
intermittent character it’s possible apply raised values of
current density of windings up to j=(4-6).10° A/m’® and
sometime even more that allow decrease size of transformer
and its leak inductance too.

Calculations done show that leak inductance is smaller if
frequency is higher. It is connected with possibility to
decrease as number of turns as also size of transformer. For
instance if frequency is raised 5 time from f;=2 kHz up to 10
kHz then leak inductance of transformer should be decreased 8
time. As result indicator Lt,f, should be decreased 1.6 time but
anyway it is quiet difficult to obtain sufficient small meanings
of the indicator that in its order don’t allow obtain large values
of transmitted power.

It’s also bad that calculation power of transformer is twice
higher as transmitted active power and it means that power
factor of transformer is 0.5.

IV. OPERATION OF SCHEME AT SUPERCAPACITOR DISCHARGING

For realization of supercapacitor discharging have to be
activate both inverters of the scheme but supply inverter
would works as BOOST converter when transistors T1 and T2
alternately are shortening circuit of primary winding of
transformer in series with one or another supply divider
capacitor. Operation scheme and diagrams of switch operation
are presented on Fig.7.
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Fig.7. Operation scheme for discharging of supercapacitor

When switch T2 together with ones T5,T6 are turned-on
then current of primary winding i, starts to rise in contour w;-
T2-C2-w, by influence of series connected voltage of winding
w; and voltage of capacitor C2:

di,
Lty —=nU. +0.5U4 (14)
dt
but after turn-off of transistor T2 current i; closes up through
diode V1 and capacitor C1 charging the later. Eq. will be as
follows
diy

Ly —=nU. -0.5U 15
Tr at c d (15)

From the (1) accepting linear in time rise an amplitude of i

~_Di(nU, +0.5Uy)
Lr fo

I (16)

where D, is duty ratio for switches T1,T2 in process cycle
T,. Accepting application of supercapacitor voltage U, (11),
i.e. assuming operation at maximum of reversed to supply
power, this amplitude for boundary case of current i; can be
calculate as

__Yqg
™ 6Ly, f
Decreasing of current i; to zero value longs a time interval
_ Lrr lim
S 0.5Uy —nU,

(17)

ty

or applying (11) and (17) at accepted for maximum reversed
power the boundary case

1

ty=— 18
4T G-V3) "

=(1=Dyy)Ty -
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Duty ratio for this boundary case is

1
Djp=05-——7 . (19)
243
Taking into account equations obtained the maximum

power reversed to supply at boundary case with optimal
supercapacitor voltage can be find as

2
p_hmYa _ Ug
M43 243l

The apparent power of transformer again is twice so large as
power reversed to supply:

(20)

2

_ d
O 123y £

i

STr_\/g

In Fig.8 are presented diagrams of currents at reverse
operation of system at discharging of supercapacitor.

As it can be seen averaged current of supercapacitor is 375 A
but averaged current transmitted to supply circuit — 70 A, i.e.
system is working with maximum of reversed to supply circuit
power close to 42 kW.
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Fig.8. Diagrams of supercapacitor current, current of one switch in primary
side of transformer and current in circuit of DC source at voltage of
supercapacitor Uy , transformation ratio n=1.5 , Lpf,=0.2 , Us=600 V,
le:O.le

V. OPERATION OF SYSTEM AT INTERMITTENT POWER FLOW

For evaluation of system’s operability have been provided
PSIM simulation of processes at intermittent power flow.
Diagrams describing the process are presented in Fig. 9. Here
at first stage to supply source load with 22.8 kW was applied
and as result system is operating at transmitting power from
supercapacitor to supply source circuit. Because duty ratio of
source side switches in process cycle is 0.211 the system is
working with maximum reversed power 42 kW and as its
result voltage of supercapacitor with capacity 200 F is
gradually decreasing in loading interval of 0.33 s on 0.6 V. In
this process power transmitted is bigger as load’s one and as
result voltage of supply side capacitors (each with capacity 1
F) is rising-up for 20 V to 620 V.
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Fig.9. Diagrams of currents at input of the converter and in circuit of
supercapacitor (positive values respectively loading of device and charging),
as also voltage of one capacitor of supply side divider and of supercapacitor
at loading with power 22.8 kW, regeneration on the device with 9 kW
and normally charging of supercapacitor at duty ratio D;,=0.211 in the
process cycle

In the loading part energy supplied from supercapacitor
13.84 kJ goes to the load (7.74 kJ) and to rising of voltage of
supply side capacitor divider (6.1 kJ).

When load is turned-off but starts regeneration then
operation of supercapacitor side inverter is stopped but in the
case duty ratio for supply side inverter switches was not
changed and as result current of supercapacitor charging is
smaller as it would be available with operating at D,.
Therefore supercapacitor can’t absorb all energy transmitted to
the device and as result voltage of supply side capacitors in
duration of power regeneration is slightly rising too. After end
of regeneration process in the case starts a normally charging
of supercapacitor and again through unchanged duty ratio -
with relatively small current (Fig.9).

For better operation of energy storage device it’s possible
introduce in system of control feedback on value of duty ratio
by supply side capacitor voltage: if the voltage is rising in
loading regime then duty ratio for switches of supply side
inverter have to be decreased and vice versa but in
regeneration case — if voltage is rising then this duty ratio have
to be raised too. Control system also must check voltage
change range of supercapacitor especially on maximal
admissible level.

Energy stored in the input and output capacitors depend on
admissible maximum values of its voltages. If for instance the
total capacitance of the both input capacitors is 0.5 F and
admissible value of voltage is 650 V at rated for system 600 V
then stored in the input capacitors extra energy can reach 15.6
kJ. Almost same stored extra energy can be reached at
admissible voltage of output capacitor 120 V at rated 115 V
with capacity 25 F. In total extra energy stored at the
parameters can reach little above 30 kJ but taking into account
the maximum available transmitted through transformer power
(as it was shown at Lp,f,=0.2 and Ug=600 V it was about 42
kW) charging process can longs 0.71 s.

In common case volume of capacitors can be obtained at
some accepted as most heavy input charging current which

usually has triangular shape with front edge magnitude I,
and time length ty. From circuit of input capacitors C1, C2
through transformer to SC is transmitted current Py/U., and
current of the input capacitors is (Inep™>Po/Uco)

t P
Ic1 = Imen| 1——— e (22)
teh U c0
but common voltage of input capacitors is
I meh & t Pyt
Ucio = mef 1- - 0 + UClZO (23)
Cio 2tep ) UgoCro

where Ci, is total capacitance of the both serial connected
input capacitors, Uy — initial voltage (usually rated one).
Maximum of voltage will be at time instant t,,

P
c0"mch
Then overvoltage across input capacitors reach
I men t t Pyt
AUclzm _ 'mch-tm [—_—m |_ 0-*m . (25
Ci 2ten ) CraUeo

Taking into account admissible maximum value of U, from
this expression can be obtained proper value of C, but each
capacitor must have twice bigger volume.

If for instance to device with maximum power transmitted
Py=42 kW and U, =115 V charging current pulse with
I,chi=450 A and t4=5 s at C;,=0.5 F is applied then

AU cl2m = 79.86 V but admissible value is only 50 V up to

650 V. It means that volume of C;, have to be increased up to
0.8-1F.
Output supercapacitor is charged with current Po/U, and its
Pyt
voltage will rise up by AU sc = _0-¢ch and at
U c0 C sc
calculation pattern if AU sc =10 V then it’s necessary install

capacitance about 200 F.

VI. CONCLUSIONS

1. System with inverters at primary and secondary part of
transformer can provide bidirectional power flow about of
equal volume in each direction.

2. Input side capacitors have to be with smaller capacity and
larger voltage as one installed at the secondary side of
transformer. For obtaining maximum transmitted power
the secondary side capacitor have to be installed with
proper voltage dependent on transformation ratio but duty
ratio of primary side switches must be set on proper
value, bigger one for charging output supercapacitor.

3. Most efficient operation regime of primary side inverter
is for providing the boundary case current in primary
winding of transformer.

4. Calculation power of transformer have to be twice bigger
as transmitted from or to output supercapacitor power.
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Ivars Rapkis, Janis Zakis. Superkondensatora uzlades sistémas izpéte

Parasti superkondensatoru izlade-uzlade tiek veikta attiecigi caur spriegumu paaugstinoo un pazeminoSo kondensatoru. Sadas sistémas galvenais trikums ir
ieslégts sakaribas starp ieejas stravu un nepiecieSamo impulsregulatora relativo iesléguma laiku pie pazeminata uzkraj&ja superkondensatora sprieguma, kas liek
darboties ar ieejas stravu mazaku par slodzes. Pielietojot transformatoru ar invertoriem ieejas pus€ un izejas pusg, kas saistita ar superkondensatoru, ir iespgjams
panakt pietickami efektivu un labi saskanotu jaudas parvadi no ieejas k€des uz superkondensatora. Pie tam, veidojot ieejas invertoru p&c pustilta shémas, ir
iespgjams uzstadit ari ieeja mazas kapacitates supekondensatorus ka sprieguma dalitajus, kas lauj izkliedet ladéSanas energiju pa dazadam k&dém., ta panakot
iesp&ju neuzstadit loti lielas kapacitates galveno superkondensatoru. Darba aplikoti §adas sistemas darbibas rezimi, aprakstiti elektromagnétiskie procesi, dotas
galvenas izteiksmes, kas Jauj noteikt sisteémas parametrus. Paradits, ka efektigakais darbibas rezims ir ar transformatora primaras puses invertora nodro§inatu
primara tinuma stravas robezgadijumu, pie tam procesu regulé$ana gan galvena superkondensatora uzlades, gan izlades reZima tiek nodroSinata ar transformatora
primaras puses invertora slédzu relativa iesléguma ilguma regulésanu. Atrasti noteikumi, kas nosaka maksimalo jaudas parvadi abos virzienos, un tie saistiti gan ar
ieejas invertora slédzu iesléguma relativo laiku, gan ar uzstadamo superkondensatora sprieguma limeni un transformacijas koeficientu. Aplikota sistémas darbiba
secigas jaudas parvade viena un péc tam otra virziena. Doti noradijumi gan ieejas, gan izejas superkondensatoru kapacitates izvélei.

HBapc Panbkuc, SInuc 3akuc. UcciaeqoBanue cucTeMbl 3apsijia cynepKoHIeHCATOPa

OOBIYHO 3apsAA-pa3psl] CYNepKOHICHCATOPa MPOBOIUTCS YePe3 UMITYJIbCHBIH PEryJIsTop, TOHWKAIOIIUH-TTIOBBIIIAIONINI HanpshkeHue. [ TaBHbINH HEI0CTaTOK TAKOH
CHCTEMBl 3aKJIIOYAeTCs B TOM, YTO MEXIY HaNpPsUKEHUSMU KOHIEHCATOpAa M 3apshKAIOIE CEeTH CYIIECTBYET OTHOIIEHHE, KOTOPOE OIpPEAENAET, YTO TOK,
HOCTYAIOIINK U3 CETH, MEHbILIE TOKA B LIENH CYNEPKOHACHCATOpA, YeM ocnabisercs 3p(peKT UCrob30BaHHs SHEPIUM PEKYNEpaluy Ha 3apsiIHOE YCTPOHCTBO.
Hcnons3yst TpancdopMaTop ¢ HMHBEPTOpaMH HANpsDKEHHS Ha KaXHOH cTopoHe TpaHchopMmaropa, MOSBIAETCS BO3MOMKHOCTH OOECIEUHUTH COTNIACOBAHHYIO
nepenayy SHEpPruM ¢ BXOJHOM LeNu K CynepKoHAeHcaTopy. IIpu 3ToM HCIoib3yst HOIyMOCTOBYIO CXEMY BXOJHOTO HMHBEPTOPA, MOSBISAETCS BO3MOXKHOCTD
HCIIONB30BaTh KaK JIEAMTENN BXOJHOIO HANpPsKEHHUs CYNEpKOHAEHCATOPhl HEOOJNBIION €MKOCTH, YTO MO3BOJISET PacHpe/einTh HAKaIIMBAeMyl0 SHEPIrUio IO
Pa3IMYHBIM LIETISIM, YTO B CBOIO OYepe/ib IO3BOJISET YMEHBIIHTh HEOOXOAUMYIO eMKOCTb IJIaBHOTO CYIEPKOHICHCATOpa Ha BTOPUYHON CTOpOHE TpaHc(hopMaTopa.
B pabore paccMaTpHUBalOTCS PEXHUMBI PabOTHI TaKOH CHCTEMBI, ONHUCHIBAIOTCS 3JIEKTPOMAarHUTHBIE MPOIECCHI, NAIOTCS IIaBHBIE BBIPAXKEHMS, MO3BOJIIIONINE
OIIPE/ICINTh IapaMeTphbl JIeMeHTOB cucTeMbl. [TokasaHo, 4yto HamOonee 3()(PEKTHBHBIM PEKUMOM PabOTBI CHCTEMBI SBIISIETCS TAKOM, MPU KOTOPOM H3-3a
JIeCTBUS KIIIOYEH MHBEPTOpA Ha IEPBUYHON CTOPOHE TpaHCc(HOpMaTOpa, yaeTcs NOIyYUTh TPAHMYHO-IIPEPBHIBUCTHII TOK MEPBUYHOI 0OMOTKH TpaHCchonMaTopa.
IIpu 3TOM peryaupoBaHue MPOLECCOB KaK MPU 3apse, TAK U IPHU paspsjie TIaBHOIO KOHJIEHCATOPA OCYLIECTBISETCS OJHUMH U TEMH K€ KIF0UYaMU HHBEPTOpa Ha
HEepBUYHON cTOpoHE TpaHcdopmaTopa. HalineHs! ycnoBus, Ipu KOTOPBIX BO3ZMOXKHO MOJIyYHTh MAKCHMAJIBHYIO MIEpejaBaeMyI0 MOIIHOCTb uepe3 TpaHc(hopMaTop
1 3TH yCJIOBHUS BKJIIOYAIOT B ce0e Kak HeoOXOIMMbIe OTHOCHTEIbHBIE AIMTENbHOCTH BKIIOUGHHS KIIOUeH BXOJHOTO MHBEPTOPA, TAK U BBHIOOD ONTUMAIBHOTO
YPOBHSI HANpPsHKEHUS TIaBHOTO CyNepKoHAeHcaTopa M Kodddumuenta TpaHchopmarmu. PaccmMoTpeHa paboTa cuCTeMBl IPH IMOOYEPETHOM H3MEHEHHU
HaIpapJIeHUs HOTOKA SHEPIUH; JaHbl YKa3aHUs 110 BBIOOPY IapaMeTPOB KaK BXOJHBIX, TaK M BHIXOIHBIX CYyNIEPKOHIEHCATOPOB.
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