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Abstract - Under dynamic load, passive hybrid battery supercapacitor systems (HBSSs) have numerous advantages compared to
stand-alone battery systems (SABS). The highlighted benefits include a lower voltage drop at the HBSS terminals, lower current and
thermal stress on the battery, and higher energy efficiency. A novel set of analytical expressions is introduced for the analysis of energy
efficiency of the passive HBSS in relation to the SABS. Using these expressions, energy efficiency of the passive HBSS was analyzed for
different dynamic load parameters. Compared to existing approaches, the proposed approach that uses the introduced analytical
expressions provides a better insight into the impact of battery and supercapacitor parameters on the energy efficiency of the passive
HBSS in relation to the SABS. Additionally, the proposed approach is suitable for quick determination of HBSS behavior and energy
efficiency under dynamic load. This contributes to the advancement of the sizing of HBSS components and optimization practices,
ultimately leading to improved energy use. The analysis showed that in cases where the dynamic component of the load current is a
very small part of the total load current, or slowly varying load currents, the passive HBSS in relation to the SABS has no advantages
in terms of energy efficiency. The analysis showed that the HBSS is more suitable than the SABS in applications where the dynamic
component of the load current is significant. The findings also indicate that there is an interval of the battery and supercapacitor
parameters which is optimal for the sizing of the passive HBSS from a techno-economic aspect.
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1. INTRODUCTION dynamic loads compared to static loads. Additionally,
when supplying dynamic loads, energy sources experi-

From the perspective of energy efficiency, energy  ence increased current and thermal stresses and higher

sources such as photovoltaics (PV), batteries, wind tur-
bines, diesel generators, supercapacitors, etc. have sig-
nificantly different energy efficiency for dynamic and
static loads. In general, system losses are higher with
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voltage drops. By hybridizing different energy sources,
the desired characteristics of individual energy sources
can be exploited in certain applications [1-3]. By apply-
ing optimization techniques, adequate power manage-
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ment, the optimal configuration of such systems, dy-
namics and energy flows can be achieved [3, 4]. It is also
possible to reduce current and thermal stresses of com-
ponents within hybrid systems as well as voltage drops
at the terminals of the hybrid system. One such hybrid
system, the so-called passive hybrid battery and super-
capacitor system, is described in detail in this paper.

As energy storage devices, batteries [5, 6] and su-
percapacitors (SCs) [7-12] are particularly suitable for
static and dynamic loads, respectively. Despite the fact
that supercapacitors are suitable for dynamic loads,
they have low gravimetric density of stored energy
compared to batteries (Fig. 1, a compilation from [13-
15]). As energy storage devices, supercapacitors have
approximately ten times higher gravimetric power
density but ten times lower gravimetric energy den-
sity compared to batteries. By hybridizing these into

a single energy storage system, the benefits of each
component can be utilized. Such systems in which bat-
teries and supercapacitors are hybridized are called
battery-supercapacitor hybrid energy storage systems
(HESS) (Fig. 2. A compilation from [16-22]). From a to-
pological perspective, the simplest form of such an en-
ergy storage system is called a passive hybrid battery
supercapacitor system (a passive HBSS), or a passive
hybrid battery-supercapacitor energy storage systems
(a passive HESS).

The basic difference between passive HBSS and all
other HBSS topologies is that all other HBSS topologies
use power electronics circuits to control energy flows.
The use of power electronics circuits, such as bidirec-
tional DC/DC converters, enables better adaptation
and optimization of energy flows in variable operating
conditions.
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Fig. 1. Ragone plot with charge/discharge time for arbitrarily selected energy storage technologies
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Fig. 2. Common classification of hybrid battery supercapacitor topologies
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In a passive H BSS, the battery and the supercapaci-
tor are connected in parallel, i.e. to common DC buses
(Fig. 3. A compilation from [16-22]).

DC Bus

L
-

Battery
=1

SC

Fig. 3. Passive hybrid battery-supercapacitor
topology

Compared to a stand-alone battery energy storage
system, a hybrid battery supercapacitor system, or a
“stand-alone battery system” (SABS), has several promi-
nent advantages:

Reduced battery current: In case of dynamic loads,
the load current in the HBSS is distributed between
HBSS components, i.e. between the battery and
the supercapacitor. Therefore, the battery current
inside the HBSS is reduced in comparison to the
SABS [13, 23-28].

«  Reduced battery temperature and thermal stress:
Joule heating of the battery changes with the
square of the current flowing through the battery.
The released heat in the battery raises the temper-
ature of the battery. Under dynamic load, during a
significant increase in current, due to the fact that
the released heat changes with the square of the
current flowing through the battery, there is a sud-
den change in the temperature of the battery. Both
a significant increase and a sudden change in bat-
tery temperature cause thermal stress on the bat-
tery. Thermal stress degrades battery performance
and contributes to reduced battery lifespan. Given
that the battery current inside the HBSS is reduced
compared to the SABS, the temperature and ther-
mal stress of the battery inside the HBSS are also
reduced compared to the SABS [27-30].

Increased energy efficiency and energy absorption:
Regarding energy efficiency, the HBSS has higher
energy efficiency under dynamic load compared to
the SABS [13, 31, 32]. Furthermore, in relation to the
stand-alone battery, the HBSS has an increased abili-
ty to absorb the energy delivered by the load during
braking of the electric motor drive (recuperation).

« Less pronounced voltage sags: During sudden in-
creases in load currents, the voltage at common DC
buses, i.e. at the hybrid battery supercapacitor system
terminals, experiences significantly less pronounced
voltage sags compared to the SABS [13, 15, 28, 32].
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«  This paper focuses on energy efficiency, specifi-
cally analyzing the energy efficiency of the passive
HBSS using analytical expressions. For this pur-
pose, analytical expressions will be derived that
enable analysis of the energy efficiency of the pas-
sive HBSS. First, the derivation of expressions for
voltages and currents during dynamic loading of
the passive HBSS will be presented. Using the ob-
tained analytical expressions, the derivation of the
expressions for losses in the HBSS will be presented
for the scenario in which the load is dynamic. Then,
the losses in the HBSS will be compared with the
losses that would occur in a SABS under the same
dynamic load. The energy efficiency of the passive
HBSS was also analyzed for different parameters of
the dynamic load. The contributions and findings
of this paper can be summarized as follows:

« A novel set of analytical expressions is introduced
for the analysis of the energy efficiency of the pas-
sive HBSS in relation to the SABS.

« Derived expressions are expressed through two
additional parameters (K and k) that are related to
the HBSS circuit parameters. This resulted in a form
of equations that is suitable for rapid identification
of the influence of HBSS parameters on current and
voltage conditions and energy efficiency under dy-
namic load.

By providing insights into the influence of HBSS
parameters on current and voltage conditions and
energy efficiency under dynamic load, this paper
contributes to the advancement of sizing the HBSS
components and optimization practices, ultimate-
ly leading to improved energy use.

«  The proposed approach to analyzing the energy ef-
ficiency of the HBSS using the introduced analyti-
cal expressions resulted in the finding that there is
an interval of the parameter k which is optimal for
sizing the HBSS from a techno-economic aspect.

2. PASSIVE HBSS MODEL

In order for the derivation of analytical expressions
to be possible, the HBSS model should be reduced to
only necessary circuit elements. If the consideration
is limited to very specific conditions under which the
passive HBSS operates, then a straightforward model
can effectively represent both the passive HBSS and
the load. Such approach is often used in the perfor-
mance analysis of hybrid battery supercapacitor sys-
tems [14, 22-24, 26, 27, 31-34]. We have already em-
ployed this approach in [28], and the same model will
be utilized in this paper. For the purpose of presen-
tation consistency, the main steps in modeling and
derivation of analytical expressions are repeated from
[28]. After repeating the steps from [28] in obtain-
ing the analytical expressions for the HBSS currents,
a derivation of analytical expressions is given for the
energy efficiency specific to this paper.

721



Assuming that the analysis is carried out in a time
interval during which the battery has not discharged
significantly, the electromotive force of the battery (de-
noted by E), i.e. the open circuit voltage of the battery,
can be considered constant.

Additionally, the battery equivalent series resistance
(R,) can be considered constant and equal for both bat-
tery charging and discharging processes. According to
the above, the battery can be modeled as a real voltage
source (Fig. 4 [13, 15, 22, 28]). Given that phenomena
such as self-discharge and dielectric absorption are not
expressed during the fast charge and discharge of a su-
percapacitor, the supercapacitor can be represented by
a series connection of the SC capacitance (C) and the
equivalent series resistance of the supercapacitor (R))
(Fig.4[13, 15, 22, 28]).

According to the previously adopted models for bat-
tery and supercapacitor, the passive HBSS behaves as

a first-order system during transients. Consequently, it
has already been established that the transient will be
described by a first-order differential equation. To fur-
ther simplify the model of the entire system, it is essen-
tial to select an appropriate load model.

For this purpose, the dynamic load can be modeled
with a current sink. The load current should have such a
waveform that encompasses both steady and dynamic
load time intervals. This can be achieved by represent-
ing the load current as a periodic pulse train that also
contains a constant part (Fig. 5 [13, 15, 28]):

N
iL:Io+Z(1p—lo)(u(l—kT)—u(t—Tp—kT)), (1)
k=0
where u(t-kT) and u(t—Tp-kT) are Heaviside unit step
functions, I, is the amplitude of the constant part of
the load, Ip is the amplitude of rectangular pulses, Tp is
the duration of rectangular pulses, and T is the period
of the waveform.

Positive DC bus

HBSS

-----------------------------------------------------

Negative DC bus

—
IL A

Supercapacitor
Load

Fig. 4. Passive HBSS modeled as a first-order circuit
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Fig. 5. Load current and relevant quantities

3. MATHEMATICAL DESCRIPTION OF
TRANSIENTS

Based on the previously presented HBSS and the load
model, the procedure used to obtain analytical expres-
sions for battery and supercapacitor currents during
transients will be described in this section.
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According to Fig. 4, for each t there holds [28]:
i =—ig—ic,
E+is-Rs—ic - Re —uc =0,

ic=C-—.
dr
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Combining the previous three expressions yields [28]:

(RB+RC)'C'(1(1L:+MC:E—iL'RB. (5)

A first-order differential equation is obtained, which
is usually written as follows [28]:

d
T'%-FUC:E—Z'L'RB, (6)
where the time constant is determined by the expres-
sion [28]:

7=(Rs+Rc)-C, (7)

Differential equation (6) holds for both SC transients
(i.e. discharging and charging transients). The same time
constant (7) applies to both transients. Depending on
whether the SC transient is charging or discharging, the
load current will vary in the differential equation (6).

For the SC discharge transient process (0, <t<Tp), the
load current is

ii=l+1,. (8)

For the SC charging transient process (Tp + <t < T),
the load current is

w=1D. (9)

To clearly distinguish between the voltages and cur-
rents in the HBSS associated with the charging and dis-
charging processes of the supercapacitors, it is desir-
able to introduce the following notation. The voltages
and currents related to the discharge process of the su-
percapacitor will be denoted with the index one, while
those related to the charging process will be denoted
with the index two.

According to the adopted notation, voltage u,. and
currents i, and i, can be written as follows:

uci for 0, <t<7, ,
Uc = (10)

ucy for Tp+ <t <T.

(1)

. i =1o+l, for 0, <t <7;_,
IL =
ira =1o

for 1+ <t <T.

. ig1 for 0, <t<T,_,
= (12)

IB =4 .
ip> for 7+ <t<T.

3.1. SUPERCAPACITOR DISCHARGE PROCESS

The transient phenomenon of the supercapaci-
tor discharge begins with the occurrence of a current
pulse at t=0,. For the SC discharge process (0+stsTp),
the following holds:

d
r ”:1+uc1=E—(1o+1p)-RB. (13)
Applying the Laplace transform to Eq. (13) gives
E-lo+1)-R
- [s-Uer(s) =t (0] Uen ()= Z2L0 ) B gy
S
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A minor rearrangement of the previous expression
yields

(E=(Lo+1p)Rs)

.1.
5 (15)

T T
According to the law of commutation [35], the volt-

age across the capacitor remains unchanged during
commutation.

ucl(0:)=uci1(0-)=E—i(0-)-Rz. (16)
Sincei, (0)=I, it follows that
uc1(0-)=uc1(0:)=E—1Io-Rs =U, (17)

where U, indicates the steady-state voltage at the termi-
nals of the HBSS. It is also convenient to define the theo-
retical voltage drop at the battery terminals due to the
dynamic (peak) current Ip in the scenario when the SC

is absent (i.e. as it would be in the SABS configuration):
AUy, =1,-Rs. (18)

Taking into account (17) and (18), expression (15) can
be further simplified to the following form:

Uo 11 Us—-AU,
Uci(s)= ——
s+l €2 s+l ) (19)
T T

Applying the inverse Laplace transform to (19) gives

uc1 =Us =AU, -[l—e“’} (20)

Once the expression for the voltage u,, is known, it is
possible to determine the current i . Substituting ex-
pression (20) into (4) gives

! _t
ic1=C~duC1=—AUp-£e’=— AU, o 1)
dr T Rp + Rc
Taking into account (18) yields
Rs L
jc1 =—1, i 22
o ' R + Re ¢ ( )

To make further expressions concise, two auxiliary
parameters, k and K, can be introduced [28]:

Re
k==,
e (23)
Re k
K=K(k)= -,
® Re+Re 1+k (24)

Graphical representation of expression (24), i.e. K vs.
k, is shown in Figure 6 [28].

Taking into account (24), expression (22) can be writ-
ten as follows:

3

ici=—1Iy-K-e " (25)
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Fig. 6. Parameter K vs. parameter k

3.2. SUPERCAPACITOR CHARGING PROCESS

The transient phenomenon of supercapacitor charg-
ing begins when the current pulse ends at t=Tp,. For
the SC charging transient process (T <t<T), there holds:

Qi tuc=E-1-Rs.
1

T (26)

Taking into account that E-1-R,=U, expression (26)
turns into a more concise form:

T-%+uc2=Uo. (27)

By applying the previously described procedure for

solving the differential equation, the following is ob-
tained:

Uc —ucz(];_)+(Uoucz(7L-)){1e E J (28)

The initial condition u,(T,) is determined by apply-
ing the law of commutation. According to the law of
commutation [35], the voltage across the capacitor re-
mains unchanged during commutation:

ucr (Iy-) =uc2(Tp+) =uci(lp) =Uo — AU, ,(l_e‘f]_ (29)

Once the expression for the voltage u_, is known, it is
possible to determine the current i . Substituting ex-
pression (28) into (4) gives

th
l‘cz=C'dZ;2:(Uo—ucz(Tp))~§~e T (30)
Substituting (7) into (30) gives
Jo—tica(Ty) -2
icz:m.e G (31)

Rs + Rc

724

As was done for the current i, itis beneficial to de-
scribe the current i, using the parameter K. From (24),
it follows that

1 K

Rs + Re :R_B. (32)
Combining (31) and (32) gives
_ _th th
:UR+R(T)G ) zf_B'(Uo—ucz(Tp))e T (33)
Combining (29) and (33) gives
by
iczZRﬁB'AUp'[l—e TJ'C . (34)

By respecting the definition ofAUp (expression (18)),
expression (34) can be written as follows:

LYy b
iCZZIp'K’(l_e T]~e r (35)

3.3. BATTERY CURRENT IN THE HBSS

The battery current in the HBSS during both SC tran-
sients (discharging and charging) is determined from
expression (2):

(36)

Taking into account the previously introduced nota-
tion, (36) and (11) yield the following:

i =—iL —Ic.

. —(lo+ly)—icy for 0. <t<T;_,
g =
S [ A for Tp. <t<T. (37)
Inserting (25) and (35) into (37) gives
iy =—Io -1, -[1K~e_f], (38)

International Journal of Electrical and Computer Engineering Systems



By th

iBZZ_IO_Ip’K'(l_e r]’e . (39)

The expressions obtained for the supercapacitor and
battery currents allow for an analysis of how the pres-
ence of the supercapacitor affects the redistribution of
the current pulse between the supercapacitor and the
battery in the passive HBSS. Specifically, this analysis
focuses on the reduction of the battery’s current stress
in the passive HBSS. Battery current reduction and
rectangular pulse current redistribution between the
supercapacitor and the battery can be easily analyzed
through the introduced parameter K [28]. For example,
if the supercapacitor and the battery have equal equiv-

alent series resistances, then k=1 follows according to
(23). According to Fig. 6 for parameter k=1, the param-
eter K'is equal to 0.5. According to expressions (25) and
(38), at the moment a rectangular current pulse (t=0,)
appears, the pulse current I is evenly distributed be-
tween the supercapacitor and the battery. The superca-
pacitor absorbs half of the current pulse, while the bat-
tery absorbs the other half. Once all currents (i, i .,, i,
and i) are expressed through the parameter K, their
waveform can be graphically represented qualitatively
as a function of the parameter K (Fig. 7 [28]). The wave-
forms of battery and supercapacitor currents shown in
Fig. 7 [28] are all consistent with the results given in the
literature [14, 15, 26, 34, 36-38].

L
Tmax S I\
M Ip
w5
D -
}[__ / T
‘v
< 1
= =
—iB
X |
Io
...... Y »
A
Ic 0 In ¢
TR T {7 "
—S——————
B
9 I,-K-e*
=
_______ V.
_'__ —
A
9
o
=
,i :
Iy - o iasiai '

Fig. 7. Waveforms of the battery, load and SC current expressed through parameter K
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If the parameter k is greater than one, then a larger
portion of the rectangular pulse current is initially ab-
sorbed by the supercapacitor. More precisely, at t=0_
the supercapacitor absorbs part of the pulse current,
which is Ip-K, and the battery absorbs the rest of the
pulse current, which is Ip-(l-K) (see Fig. 7.). As long as
the rectangular pulse current lasts, the current of the
supercapacitor decreases, and the current of the bat-
teries increases (see Fig. 7). As shown in Fig. 7, at the
end of the rectangular pulse current, the direction of
the supercapacitor current changes due to the super-
capacitor charging process that occurs. The charging
current of the supercapacitor is provided by the bat-
tery. Therefore, after the end of the current pulse, the
battery is loaded with a current equal to the sum of the
constant part of the load current I, and the superca-
pacitor charging current i .. The supercapacitor charg-
ing process takes approximately five time constants
(Eq. 7). Therefore, when sizing the HBSS component,
such HBSS parameters should be selected that the su-
percapacitor has enough time to charge before a new
rectangular pulse current occurs.

4. ENERGY EFFICIENCY

To demonstrate that the HBSS is more energy effi-
cient compared to the SABS under dynamic load, it is
necessary to know the losses within both the HBSS and
the SABS under the same operating conditions. The en-
ergy efficiency of the HBSS compared to a battery-only
system (SABS) can be analyzed through a loss ratio:

EHBSS(O,T):EHBSS(O,TP)JrEHBss(]},T)
Esaps(0,7)  Esass(0,7)+Esass(1,7) "

(40)
where E, . (0,T) are losses in the HBSS during one pe-
riod of the waveform T, i.e. total losses in the battery
and the supercapacitor during one period, E,p (0,T)
are losses in the SABS during one period T.

For the sake of mathematical simplicity and to facili-
tate easier interpretation of the results, it is convenient
to introduce the following substitutions:

Iy
E=—, 41
7 (41)

where L is the peak value of the rectangular pulse
and [ is the constant part of the load current.
The ratio of the duration of the rectangular pulse to
the time constant is given by
a=—. (42)

where T is the pulse duration and 7 is the time constant.

The ratio of the duration of the rectangular pulse to
the period of the waveform, the so-called duty cycle
of the pulsating (dynamic) part of the load current, is
given by

(43)
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where T is the pulse duration and T is the period of the
waveform.

Using the previously introduced substitutions, the
battery current and the SC current can be written as

ot
iBl:—IO‘[1+€'(l—K'e ’ﬂ, (44)
b\ _rh
iB2_10'|:1+8'K'[1—e f]-e g :|, (45)
icn=—I-e-K-e (46)
L\ _th
icz—[o-s-K(l—e TJ-e e (47)

4.1. LOSSES IN A STAND-ALONE
BATTERY SYSTEM

Losses due to the load current in a SABS over one pe-
riod can be determined as follows:

T

ESABS(O,T):RB-J.ifdl:RB']Lz, (48)
0
where [ % is given by the expression:
I T
IL2:Iifl~dt+J.iL22'dl:1L21+Ifz, (49)
0 T
Integrals I, >and I ,* are given by the expressions:
Tp Tp
Ih= [+ 1) dt= Lo+ 1) - [ dt,, (50)
0 0

T T
=1 -di=13-[dt.

5 T

(51)

Using the previously introduced substitutions, the
previous integrals can be written as follows:

Ih=o+ 1) T, =13-(1+£)* - Ty, (52)

IL=R-(T-T,)=I-T; .(Tl—l)zlé Ty .(%—l). (53)

P

4.2. LOSSES IN AN HBSS SYSTEM

Losses in the HBSS due to the load current consist of
losses in the battery and the supercapacitor. The total
energy loss in the HBSS from the moment ¢=0 to the

moment T is given by
EHBss(O,T):EB (0,T)+ESC (O,T) B (54)

where E, (0,7) and E, (0,T) denote the losses in the
battery during one period and the losses in the super-
capacitor during one period, respectively.

The losses in the battery during one period can be de-

termined as
Es(0,7) = E5(0,7,) + Es(15,,7), (55)

where

International Journal of Electrical and Computer Engineering Systems



Ty
Ex(0,T;)=Ra- [ ifidi=Ra T4,

0

(57)

The losses in the supercapacitor during one period
can be determined as

Esc(0,T) = Esc(0,1,) + Esc(1,,,T), (58)
where
Esc(0,7,)=Re ] i&idt=Re 131, (59)
0
T
ESC(T;;,T):RC'Iiézdt:RC'lcz‘Zl (60)

T

where 1312' IBZZ, Im2 and ICZ2 denote the following integrals:

1 -
(I+e)? —2-6~(1+8)~K-(—)- l—e )+
I§1:13-Tp- a ( )

, (61
+€2'K2'(%$)'<1—672a) (61)
(%—1]+28Ka-(1—e“)-[1—elﬂﬂa]+
T e |62
+(s-K)2'(%)'(l—e'”)z-[l—e T“j
2 _ 12 2 (11 -2a
12 =13Ty-(¢-K) ~(53)-(1—e ), (63)

2 720:@
1&=1; ~]1})-(8'K)2'(1*e7a) '(%é)'[le g ] (64)

Up to this point, all losses have been expressed by
the corresponding integrals. By inserting the corre-
sponding integrals into (40), the expression for the en-
ergy efficiency can be expressed in the form:

EHBss(O,T)_RB ~[E2;1 + Rp 'I}%Z +Re '1(%1 + Rc ~Iéz
Esaps(0,7) Rs -I{1 +Rs - It

. (65)

According to (23), i.e. k=R /R , expression (65) can be
simplified and written as
2 2 1 2 2
EHBss(O,T) 7131 + 1 +E([Cl +1C2) ‘
E sass(0,7)

(66)

2 2
Iir+1i»

The previous expression allows for the determina-
tion of the energy efficiency of the HBSS in relation to
the SABS. For practical application of this expression,
it is necessary to adhere to the initial assumption un-
der which it was derived. To ensure its applicability, it is
necessary to determine the validity limits of the expres-
sion for energy efficiency.

4.3. VALIDITY LIMITS OF THE EXPRESSION
FOR ENERGY EFFICIENCY

The initial assumption before deriving the expres-
sions was that the duration of the rectangular current
pulse T is relatively short compared to the period T.
This means that after the rectangular current pulse
ends, the supercapacitor manages to recharge during
the time interval TT,

According to the above, and given that the time re-
quired for the supercapacitor to recharge to 99% of the
voltage on its terminals in a steady state is equivalent
to five time constants, the following condition follows:

T-T,>57, (67)
or expressed through the introduced substitutions:
B
az25——,
-3 (68)

The previous expression enables the calculation of
the range of valid parameters for determining energy
efficiency (Table 1).

Table 1. Valid parameter ranges

p<1/10 0.01 0.02 0.03 0.04 0.05
a=5(p/(1-p)) 0.051 0.102 0.155 0.208 0.263

Table 1. Valid parameter ranges - Continued

p<1/10 0.06 0.07 0.08 0.09 0.1
a=5(B/(1-p)) 0.319 0.376 0.435 0.495 0.556

By adhering to the limits specified in Table 1, within
which the expression for determining the energy effi-
ciency of the HBSS in relation to the SABS holds, a nu-
merical calculation was carried out (Figs. 8 and 9).

1.1

1.0 —

0.9 .

0:8 \

0.7

0.6

0.5 a=0.1 f=0.01
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Fig. 8. Reduction of energy losses in the HBSS compared to a stand-alone battery system
for a=0.1, $=0.01 and a variation of €.
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5. DISCUSION

In Section 3, analytical expressions are given that de-
scribe the battery and SC currents in the passive HBSS.
The presented analytical expressions enable a physi-
cal explanation of the reasons why the HBSS is more
energy efficient than the SABS under dynamic load. At
the moment a rectangular current pulse appears, i.e.
the dynamic component of the load current (see Fig.
7), the pulse current is distributed between the battery
and the supercapacitor. Given that supercapacitors
typically have a lower internal resistance than a battery
(k>1), a larger part of the pulse current is absorbed by
the SC (see Fig. 7). The current delivered by the SC to
the load during the current pulse generates losses in
the SC; however, since the internal resistance of the SC
is lower than that of the battery, the losses in the HBSS
are also reduced compared to the SABS.

For a more detailed analysis of the energy efficiency
of the HBSS relative to the SABS, it is necessary to use
the expressions provided in Section 4. This section in-
cludes analytical expressions that account for all losses
in the HBSS. The expressions enable the numerical cal-
culation of the energy efficiency of the HBSS relative to
the SABS for various dynamic load parameters.

The numerical calculation of the energy efficiency
of the HBSS relative to the SABS was performed over
a range of parameter k from 0.01 to 100. Although the
range of parameter k from 0.01 to 100 has no practi-
cal importance, as it would include extremes (a large
battery and a small SC, a small battery and a large SC),
the specified range was chosen for purely theoretical
reasons. The selected range of parameter k enables rec-
ognition of the asymptotic values towards which the
curves in figures converge.

The red curves in Figs. 8 and 9 refer to cases when
there is a very small dynamic current component in the
total load current, i.e. when s=1p/10=0.1. As expected,
the ratio EHBSS(O,T)/ESABS(O,T) is approximately one, i.e.
the losses in the HBSS are not reduced compared to the

SABS. The HBSS is as energy efficient as the SABS.
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With an increase in the share of the dynamic cur-
rent component (blue curves in Figs. 8 and 9), i.e. when
£=Ip/10=1.0, the advantages of the HBSS compared to
the SABS become obvious, i.e. the losses in the HBSS
compared to the SABS are smaller (a smaller E,__(0,T)/
E,,,(0,T) ratio). By comparing Figs. 8 and 9, it can be ob-
served that the reduced losses in the HBSS compared to
the SABS are not significant if the pulse duration is small
compared to the period (ﬁ:TP/T=0.01 in Fig. 8).

By increasing the duration of the pulse T, compared
to the period T (a greater ,B:TP/T ratio) and a simultane-
ous increase in the share of the dynamic current com-
ponent in the load current (a greater s=Ip/I0 ratio), the
advantages of the HBSS in terms of energy efficiency
become obvious (the green curve in Fig. 9).

Furthermore, following the green curves in Fig. 8
and Fig. 9, asymptotic trends can be observed with the
change of the parameter k. The physical interpretation
is that there is a physical limit to how much the losses in
the HBSS can be reduced, and consequently, how much
the energy efficiency of the HBSS can be improved. For
practical cases where the supercapacitor has a lower
internal resistance than the battery (k>1), up to ap-
proximately k=10, the green curve shows significant
changes with variations in the parameter k up to ap-
proximately k=10. Beyond this point, i.e. for k>10, the
green curves exhibit pronounced asymptotic behavior,
the so-called saturation. This indicates that there is an
interval of the parameter k, i.e. 1<k<10, which is opti-
mal for the sizing of the HBSS from a techno-economic
aspect. Reducing losses in the HBSS, or increasing the
energy efficiency of the HBSS, by choosing a parameter
k greater than 10 becomes uneconomical. This would
lead to an HBSS design with a relatively large superca-
pacitor compared to the battery. In addition, the reduc-
tion of losses would be small compared to the reduc-
tion of losses with the range of k values between 1 and
10, i.e. for 1<k<10.

The results obtained are consistent with those report-
ed in the literature [13, 27]. However, the approach pro-
posed in this paper offers a more straightforward inter-
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pretation of the results and provides better insights into
how HBSS parameters affect current and voltage con-
ditions and energy efficiency under dynamic load. The
conducted analysis points to the following conclusions.

If the dynamic component of the load current is a
very small part of the total load current, or if load cur-
rents vary slowly, the passive HBSS does not offer any
advantages over the SABS in terms of energy efficiency.
The reduction in battery current within the HBSS com-
pared to the SABS is negligible. Because of this, there
are no techno-economic justifications for using the
HBSS in these cases. The analysis also showed that the
HBSS is more advantageous than the SABS in applica-
tions where the dynamic current component consti-
tutes a significant portion in the total load current (a
greater I /I, ratio). Additionally, from a techno-eco-
nomic aspect, there is an interval of the parameter , i.e.
(1<k<10), which is optimal for the sizing of the HBSS.
Besides improving the energy efficiency compared to
the SABS, the HBSS also offers other advantages com-
pared to the SABS, including a lower voltage drop at
the HBSS terminals, and reduced current and thermal
stress on the battery inside the HBSS.

6. CONCLUSIONS

This paper presents an analytical approach to the analy-
sis of energy efficiency of the passive HBSS in relation to
the SABS. A novel set of analytical expressions is intro-
duced for this analysis. Analytical expressions are derived
using a first-order circuit model that represents both the
HBSS and the dynamic load. These derived expressions
are expressed through two additional auxiliary dimen-
sionless parameters (K and k) that are related to the circuit
parameters of the HBSS. The waveform of the load current
is characterized by three dimensionless parameters (g, a,
and p), one of which () is also related to the HBSS param-
eters. Thanks to the above, general expressions for cur-
rents, voltages and energy efficiency have been achieved.
Compared to existing approaches, the proposed ap-
proach offers better insight into the influence of battery
and supercapacitor parameters on the energy efficiency
of the passive HBSS in relation to the SABS. The proposed
approach is also suitable for quick determination of HBSS
behavior (voltage at the HBSS terminals, battery and SC
currents) and energy efficiency under dynamic load. This
enables the identification of HBSS parameters required
for optimal behavior and optimal energy efficiency. In
this way, it is possible to avoid successive simulations with
varying model parameters to determine the behavior and
energy efficiency of the HBSS under dynamic load. In-
stead, if necessary, more accurate results can be obtained
through simulations based on a higher-order model.

The performed analysis illustrates the effectiveness of
the proposed approach in determining the energy ef-
ficiency of the HBSS in relation to the SABS, as well as
the rapid identification of the HBSS parameters required
for desired behavior and energy efficiency. Regarding
energy efficiency, the analysis reveals that there is an in-
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terval of the parameter k which is optimal for the sizing
of the HBSS a techno-economic aspect. The advantages
of the passive HBSS compared to the SABS are described
in detail in the paper. The analysis shows that the passive
HBSS has advantages over the SABS only under dynamic
load. More specifically, the passive HBSS is more suitable
than the SABS in applications where the dynamic cur-
rent component constitutes a significant portion in the
total load current (a greater Ip/I0 ratio).

The presented set of analytical expressions can be
further improved for greater accuracy by using a more
complex circuit model to represent the HBSS. To pave
the way for potential improvement, the derivation of
this set of analytical expressions is provided in detail,
accompanied by explanatory comments.
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