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STABILITY ANALYSIS OF HYBRID ENERGY STORAGE BASED ON
SUPERCAPACITOR AND BATTERY

The aim of the work is to analyze the stability of the battery-supercapacitor hybrid storage of power supply for resistance micro-
welding equipment, considering the possible variation of the system parameters and taking into account parallel series resistance
of the circuit components. Methodology. The sufficient accurate mathematical model of the hybrid energy storage system to
stability analysis has been obtained by the state-space average method. According to the state-space averaging method, PWM
switching converters are described by separate circuit topologies for each switching period. The system of differential equations
for each time interval has been derived by use of the Kirchhoff rules. The small-signal model transfer function of the SEPIC
converter has been obtained by applying the Laplace transform to linear state equations averaged over one switching cycle.
Finally, the Nyquist stability criterion has been considered to evaluate the stability of the proposed energy storage system. Results.
Bode diagrams of an open-loop system for different values of the duty cycle, average load current, and input voltage have been
obtained by using MATLAB software. The gain margin ranges from 14.6 dB to 26.4 dB and the phase margin ranges from 45.4
degrees to 54.8 degrees. From these results, it is obvious that the proposed system meets the stability criteria regardless of the
aforementioned parameter fluctuations. Originality. The high-efficiency energy storage system for micro resistance welding
technology has been proposed. Developing of the energy storage system according to the battery semi-active hybrid topology
enables to control the Li-ion battery discharge current within the maximum allowable value. SEPIC converter utilization ensures
the high-efficient operation of the power supply despite the battery charge state. Moreover, this topology allows implementing
series and parallel configuration of both batteries and supercapacitors to obtain the required value of voltage and current.
Practical significance. The mathematical model of the SEPIC converter has been developed by applying the state-space averaging
technique. The stability analysis for parameter variation, such as duty cycle and the average load current, the input voltage has
been performed by using Nyquist criteria. References 10, tables 1, figures 8.

Key words: hybrid energy storage, SEPIC converter, stability analysis, state-space average method, micro resistance
welding.

B pobomi pozenanymo KomoOinoeanuil €mHicHUil Hakonuuyyeau eHepzii HA OCHO8i aKymynamopnoi 6amapei (Ab) ma
CynepKoHOeHcamopa 0xcepena yHcueieHnsa 011 YCMaHo8KU KOHMAKMHO020 MiKpo3eapioeanna. /Ina 3ade3neuennsn pieHOMIpHOZ0
cnoscugannsn cmpymy 6io Ab obpano nanieakmueny mononociio Ab ma nepemeoprosau SEPIC (Single-Ended Primary-Inductor
Converter). Memooom ycepeoHeHHA 6 RPOCMOPI 3MIHHUX CHIAHY AHATIMUYHO OMPUMAHO MAMEMAMUYHY MOOEb CUCHEMU.
3 memoio npoeedenna ananizy cmilikocmi KOMOIH08AHO020 HAKONUYYeaua NPU PI3HUX 3HAYEHHAX KoeqiyicHma 3anoeHeHH:
imnynscie, cmpymy nasanmadxicenna ma nanpyzu Ab ompumano nepedasanvhy Xapakmepucmuky cucmemu KepyeaHHs.
Pesynomamu ananizy nokazanu, wi0 3anponoHosana cucmema € Cmiilkolo npu 3mini napamempie y 6CHMAHOGIEHUX MeHCAX.
Bi6n. 10, Tabun. 1, puc. 8.

Kniouogi cnosa: komOiHoBaHuii eMHicHMiI HaxonuuyBad eHeprii, SEPIC neperBoproBau, MeTo] ycepeAHeHHs1 B IPOCTOpi
3MIHHHUX CTaHy, aHAJI3 CcTil{KOCTi, KOHTAKTHE MiKpPO3BapIOBAHHSI.

B pabome paccmompen KOMOUHUPOBAHHDLIL EMKOCHMHBII HAKONUMENbL IHEPZUL HA OCHO8E AKKymyaamopuoi 6amapeu (Ab) u
CYNEPKOHOeHCamopa UCMOYHUKA RUMAHUA O YCIMAHOG6KU KOHMAKMHOU MuKpoceapku. /[na obecneueHus pagHoMepHOzo
nompeonenus moka om Ab ovinu eviopanvt nonyakmuenas mononozus Ab u npeoopazoseamensv SEPIC (Single-Ended Primary-
Inductor Converter). Memooom ycpeOHenus 6 NPOCHMIPAHCHGE NEPEMEHHBIX COCHIOANUA AHATUMUYECKU NOTYYeHa
Mamemamuyeckana mooens cucmemsl. C yenvio npoeedenusn anaIU3a yCmMoUUUGOCMU KOMOUHUPOBAHHO20 HAKORUMENA NpU
PA3IUYHBIX 3HAYEHUAX KOIPPuyuenma 3anoaHenus UMRY1bc06, MOKA HAPY3Ku u Hanpaxcenus AB nonyuena nepedamounasn
Xapakmepucmuka cucmemsl ynpagnenus. Pe3ynomamel ananuza noxkazanu, 4mo RNPeONONCEHHAs CUCMEMA AGIAEHCS
YCMOUuueoil npu u3MeHeHul RApPamempos ¢ ycmarnoeaennsvix npedenax. bubn. 10, tabn. 1, puc. 8.

Kniouesvle cro6a: KOMOUHMPOBAHHBIN €MKOCTHBIH HakonuTeab 3Hepruu, SEPIC npeoOpa3zoBaTesnb, MeTOl yCpeAHeHHsI B
MPOCTPAHCTBE MepeMeHHbIX COCTOSIHHSI, AHAIN3 YCTOIHYMBOCTH, KOHTAKTHAs MUKPOCBapKa.

Introduction. The vast majority of portable
electronic devices have a complex nonlinear nature of
power consumption. Power supplies for such devices
must provide average and peak load powers, provide
acceptable weight and size and high energy efficiency [1].
It is common to use different types of batteries as
accumulators for portable systems. However, a significant
peak load current that exceeds the average battery current
can significantly reduce their service life. The use of
combinations of batteries and supercapacitors can be an
effective solution to such problems [1].

Depending on the configuration of storages and
load, there are three main topologies of hybrid energy
storage systems: passive, semi-active and active
topologies [2]. Each of them is widely used in the field of

electric transport, Microgrid technology, renewable
energy systems [1-3]. Also, the use of combined
capacitive storages is a promising area in the field of
resistance micro-welding [4].

Resistance micro-welding is an effective technology
for obtaining integral joints which is widely used in the
modern process of manufacturing electronic equipment.
Welding technology is realized by heating the parts due to
the flow of electric current of large amplitude through the
place of their contact. The current amplitude usually varies
from hundreds to thousands of amperes and depends on the
shape and material of the welded parts [5].

The power consumption of welding machines has a
specific character, namely the consumption of significant
power by short pulses compared to the pauses between
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them. These features of energy consumption can be the
cause of the negative impact of welding machines on the
industrial network. To counteract this effect, the power
supplies of welding machines are developed according to
the topology with intermediate energy storage (Energy
Storage Topology). Usually sources built on such a
topology can be divided into three main functional blocks:

o Charger provides better electromagnetic
compatibility with the network and regulates the energy
consumption for charging the intermediate storage.

¢ Intermediate capacitive storage provides the required
energy during the welding cycle.

e Generator of welding pulses provides high
accuracy of regulation of parameters of pulses of
welding current [5].

Energy for the charge of such storages is consumed
from the network uniformly, almost without causing a
negative impact on it [5]. Combinations of
supercapacitors, batteries and electrolytic capacitors can
be used as intermediate energy storage for Energy Storage
Topology [4, 5].

However, regardless of the field of use, energy
efficiency, sustainability as well as weight and size are
key parameters in the development of systems based on
combined energy storage. The presence of a large-
capacity energy storage device and nonlinear load in the
DC-DC converter can adversely affect the stability of its
operation. The instability of the system can manifest itself
in the form of bifurcations, chaotic and quasi-periodic
modes of operation [6]. Therefore, minimizing the
likelihood of such phenomena is a critical task to prevent
power supply system failure and reducing the rate of
degradation of the characteristics of batteries and
supercapacitors.

In recent years, a large number of studies have
focused on methods for assessing the stability of DC-DC
converters [6] and, in particular, power supplies based on
combinations of capacitive storages [7]. For example,

p———— — —

in [6] a detailed review of various methods for assessing
the stability of systems based on DC-DC converters is
presented, the features of application, advantages and
disadvantages of these methods, as well as examples of
analysis of system stability are given. Various
mathematical models are also analyzed, including discrete
and time-continuous models of DC-DC converters used to
investigate the stability according to different criteria.
Stability analysis and hierarchical control of systems
based on combined capacitive energy storage devices for
Microgrid are considered in [8].

Despite a number of advantages of control systems
for combined capacitive storages proposed in the
mentioned works [7, 8], the task of stability research
needs special attention for systems used in resistance
micro-welding technology as such equipment has higher
reliability requirements.

Therefore, the goal of the paper is the stability
analysis of a hybrid energy storage of power supply for a
contact micro-welding machine.

Mathematical model of the combined energy
storage system. The generalized block diagram of the
power supply for the resistance micro-welding machine is
built on a topology with intermediate energy storage and
shown in Fig. 1.

The charger consumes energy from the industrial
network and provides the required value and shape of the
charging current. In addition, it is necessary to provide
galvanic isolation between the network and the load and
the correction of the power factor. High-capacity
electrolytic capacitors, various types of batteries,
supercapacitors and combinations of the above-mentioned
storages can be used as a storage device. The pulse
generator in the figure is shown in the form of two cells,
but to ensure the welding current of the required shape
and amplitude in the load, NV cells connected in parallel to
the combined storage are used. The step-down converter
(BUCK is marked in Fig. 1) acts as one such a cell [4, 5].
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Fig. 1. Generalized block diagram of the power supply of the contact micro-welding machine

In Fig. 2 the proposed system of energy storage on
the basis of semi-active topology of the battery is
presented. SEPIC was chosen as a DC-DC converter to
control the energy distribution between the battery and the
supercapacitor. The main advantage of the semi-active
battery topology is the consumption of DC from the
battery with a low level of pulsations despite the
fluctuations of the load current. This feature allows to
significantly increase the performance of the battery in a
sharp increase in load current [2]. SEPIC converter is
selected as an auxiliary one because the basic
requirements are met: DC current consumption from the

battery; output current regulation; wide range of output
voltage regulation. Such an adjusting characteristic is
necessary for Li-ion battery, because the voltage of a fully
charged battery is approximately 4.2 V and gradually
decreases to 2.5 V. At the same time for efficient
operation of the output generator of welding pulses,
powered by the supercapacitor, its input voltage must
maintained at 2.7 V.
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Fig. 2. Simplified circuit of combined capacitive energy storage

(a); linearized equivalent circuit of the converter in the interval

[0; dT] (b); linearized equivalent circuit of the converter on the
interval [dT; T (c)

The main source of static losses in low-power circuits
and with a relatively large average value of the output
current is the resistance of semiconductor switches in the
conduction state. To increase the energy efficiency of the
proposed system, the Schottky diode, which is commonly
used in the SEPIC topology, is replaced by a MOSFET
transistor, because the voltage drop on the open channel of
such transistors (Uggs on = 0.3 mV ... 0.7 V) at nominal
values of switching current is simultaneously a direct
voltage drop of the Schottky diode (Ur = 0.3... 1.5 V).
However, it should be noted that with increasing
frequency, the dynamic losses of the transistor increase
due to recharging of the parasitic capacitances [5].

To obtain a sufficiently accurate for the analysis of
the stability of the mathematical model the method of
averaging state variables is used [9]. To simplify the
analysis, the system can be represented as two separate
circuits, for time intervals when the key is closed [0, dT]
and open [dT; T]. Parameter d is the pulse filling factor
that determines the conduction intervals of the keys of the
PWM-controlled converters. For SEPIC, the minimum
and maximum value of d depending on the input voltage

level is determined by expressions (1) and (2),
respectively:
Uy +U
dimin = “ u 5 (1)
Uinmax+Uout+Uf
Uju +U
iy =———— @)

b
Uin min T Uout + Uf

where U, is the output voltage; Uy is the direct voltage
drop on the closed key S; Ujumin 1S the minimum value of
the input voltage; Ujmax 1S the maximum value of the
input voltage.

The paper considers a quasi-steady state mode when
the battery and the supercapacitor are charged to the
nominal value. The value of the maximum frequency for
analysis is selected so that the phase margin for the
converter does not exceed 50°, which is within generally
accepted standards. The proposed model is valid for this
type of converters at frequencies up to 150 kHz, because
it does not take into account the dynamic losses of
semiconductor elements. MOSFET transistors V71 and
VT2 have been replaced by ideal switches S; and S, the
resistance in the closed state of which is infinitely small,
and in the open state it is infinitely large. Idealized
diagrams of voltage and current of the converter showing
the operation of the converter for the switching period are
presented in Fig. 3.
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Fig. 3. SEPIC converter voltage and current idealized diagrams
for the switching period

The energy for welding is consumed by short pulses
with much longer pauses between them and at a certain
interval can be considered as a pulse load with a period of
T,. Thus, the average current consumption for one
welding cycle [0, T,,] can be defined as [2]:
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T,

W

iave (t) = TL I ilaad (t)d[ = Dwimax + (1 - Dw)imin

= Iave > (3)
w 0

where i), is the current consumed by the generator of
welding pulses; iy, is the amplitude of welding current;
Imin 18 the the minimum value of welding current (equal to
zero); D, is the pulse filling factor, a fixed value
determined by the technological features of the welding
cycle.

Since the switching period of switches S| and S, is
much smaller than the duration of one welding cycle 7,
the load current in the period [0; 7] will be constant and
will be determined by the average current /,,. for one
welding cycle.

The mathematical model is based on differential
equations compiled for each linear substitution circuit. In
circles with a variable structure, the systems of
differential equations for linear circuits for different
intervals are compiled independently of each other. Thus,
the average model of the system for one switching cycle
can be described by the following system of differential
equations:

X'=(d4, +(1-d)4y)- X +(dB, +(1-d)B,)-U;
Y =(dCy +(1-d)Cy)- X +(dE; +(1-d)E,) U,

where X is the vector of state variables; 4, and 4, are the
matrices of coefficients for state variables for each linear
substitution circuit; U is the vector-column of external
action; B; and B, are the matrices of coefficients for the
elements of external action for each linear substitution
circuit; ¥ is the vector-column of initial values; C; and C,
are the matrices of relationship of initial quantities with
state variables for each linear substitution circuit; E; is E,
are the matrices of the relationship between the initial

(4)

quantities and the vector of external action for each linear
substitution circuit.

The system of equations can be represented as the
sum of the system of algebraic equations (5) for the
constant component and the system of differential
equations (6) for the variable component:

X'=4"'BU;
Y =-CA™'BU+ EU.

After applying the Laplace transform, the system of
differential equations for the variable component takes the
form:

6))

2(s)=[C(sI-A)'B C(s1-4)"By]- B(S)};
(s) (6)
P o ] {ﬁ(s)}
y)=|CI-AB+E C(sI-4)'By+E, [ = |
d(s)
where Bd = (A1 —Az)‘X“F (B] — Bz)U and Ed = (C] —
- )X+ (E| - Ey-U.

The solution of the system of equations (6) gives the
transfer characteristic of the converter in the small
deviations mode:

Gu(s)=C(sI—A) "B, +E, . (7)

Based on the above equations, the analysis of the
proposed topology is performed. The equation of state
in matrix form for the operation interval [0, dT] is
obtained on the basis of Kirchhoff laws (8). The
equation of the initial values in matrix form for the
operation interval [0, d7] is defined as (9). Similarly,
the equation of state (10) and the equation of the initial

values (11) in matrix form for the operation interval
[dT; T] are obtained:

R
—L—Ll 0 0 0

, 1 .

lLl RC RL 1 lLl L

l-/ 0 — 1 1 PN 0 i Ll

L’Z _ L2 L2 L2 LZ + 0 . [Um] , (8)

"G 0 L 0 “allo

Ucy. G . UCsc 0
0 0 -
i Csc(R+Rge) |
. R [ . . ]r
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G Th Ry ~Rp _ . S
, L L L hR+Rse) | 1
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The transfer characteristic of the converter in the
mode of small deviations is obtained analytically on the
basis of the solution of the generalized system of
differential equations for both intervals and has the form:

bys* +bys> +bys? + bis+ by

de(S) = 4 3 2 >
ass” +azs” +apsT +ais+ay

(12)

where ay...as4 are the coefficients of the denominator of
the transfer characteristic; by...bs are coefficients of the
numerator of the transfer characteristic.

Analysis of the stability of the combined energy
storage system. The control system of the SEPIC
converter is presented in the form of a block diagram in
Fig. 4, where the main links of the control system are
replaced by their transfer characteristics.

MIL i, uc, isc [/ +[0)[U]. (1)
Py = (15)
M_UMs

where U, is the amplitude of sawtooth voltage.

Table 1 shows the main parameters of the SEPIC
converter and PI regulator components, as well as the
initial data of the combined energy storage system used

for stability analysis.

Table 1
Data for stability analysis
Output parameters Component parameters
Uy, V | 2.5;3.7;4.2 Ly, L,, pH 10
Uiy V 2.7 Cy, uF 820
Lo A | 5;10;15 Cse, F 350
y 0.4;0.5;0.6 | Ry Ry1 Rei, Rege, mQY 10
Uy V 2.7 C,, pF 100 | R, Ry, kO [1.2
Ues V 1.35 Cs, uF 1 Ry, kQ |15

PI
| regulator Ueoreg PWM {)!Pl'.".'-f-_ SEPIC UTm.L
Ge(s) 1/Fm " Gdv(s) "
EJ.\'I"L‘UJ'

Fig. 4. Generalized structure of the SEPIC converter control
system for combined capacitive energy storage

Transfer characteristic of the open system for the
analysis of influence of change of parameters (filling
factor, average load current and input voltage) on the
stability of the system is determined as:

H(s)=Gc(s) Fyr -Gy (s), 13)
where Gc(s) is the transfer characteristic of the PI
regulator, F), is the gain of the PWM comparator, G(s)
is the SEPIC transfer characteristic in small deviation
mode.

The transfer characteristic G,(s) of the SEPIC
converter used to control the energy distribution between
the elements of the combined capacitive storage device is
obtained analytically on the basis of the equations
presented in the previous section.

The main function of the regulator is to ensure the
required control accuracy and margin for phase and
amplitude in accordance with the Nyquist criterion of
stability. PI (proportional-integral) regulator
supplemented by a low-pass filter is selected as a
regulator. This type of regulators is widely used in
industry due to its simple design, low cost and simple
tuning algorithm. The PI regulator eliminates forced
oscillations and static error, the transfer characteristic of
which is as follows [10]:

GC(S) _ Kc(1+TCs)

Tes(1+Tps)’ 14

where K¢ is the gain; T¢ is the integration time constant;
T;is the filtration time constant.

The gain of the PWM comparator F), is determined
by the amplitude of the sawtooth signal and has the
following form:

The solution of the averaged system of differential
equations and the logarithmic amplitude-phase frequency
characteristics (LAPFC) of an open system under
different conditions was obtained using the MATLAB
software package.

Figure 5 shows the LAPFC of the open system for
different values of the load current at the nominal
parameters of the circuit components, the input voltage
U, = 3.7 V and the pulse filling factor d = 0.5. The
diagrams show that the control system provides a margin
for the phase from 45.4° to 54.8° and for the amplitude
from 14.6 dB to 26.4 dB; when the load current changes
the system remains stable.

Bode Diagram
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er lout=154
=
o 180
He ]
m
=
Peo135
a0 =

1" 10°
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Fig. 5. LAPFC of the open system for different values of the
load current
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LAPFCs of the system when changing the pulse
filling factor and nominal input voltage U; = 3.7 V,
current loads /,,, = 10 A are shown in Fig. 6. The system
is stable at different values of the pulse filling factor.
Similarly, the stability of the system is affected by the
change in input voltage at d = 0.5 and /,,, = 10 A (Fig. 7).
All other system parameters remain unchanged in all three
cases.

Bode Diagram
100

o
Fi

Magnitude {dB]

Phase (deg]

a0

L 10°

Frequency (rad/s)
Fig. 6. LAPFC of the open system for different values of the
pulse filling factor
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Fig. 7. LAPFC of the open system for different values of the
input voltage

The reaction of the system to the influence in the
form of a single step function is shown in Fig. 8. Because
the system has a supercapacitor of large capacitance, the
duration of the transient is in milliseconds. In order to
counteract this effect, the supercapacitor can be

represented as a voltage source, because the voltage on it
during one switching period is almost unchanged.

Step Response

Uin=3.7 V; lout=10A; d=0.5

Amplitude
o e
L=l (s +]

0.4

0.2

0 1 2 3 4
Time (seconds) <1073

Fig. 8. Transient function of the transfer characteristic
of a closed loop

Conclusions.

An energy storage device based on a combination of
a supercapacitor and a battery for a power supply
developed according to the topology of intermediate
energy storage used for resistance micro-welding
technology is proposed. A semi-active battery topology
and a SEPIC converter have been selected for energy
distribution between the storages, which allows to provide
the battery discharge with the rated current and rated
voltage on the supercapacitor regardless of the battery
charge level.

A mathematical model of the converter which takes
into account the parasitic resistances of the circuit
components is obtained. The Nyquist criterion is used to
study the stability of the proposed control link. As a result
of the analysis the area of stability of system at variation
of key parameters of system is defined. The presented
topology is stable when changing the pulse filling factor,
load current and input voltage in a wide range.

Further work will be devoted to the practical
verification of the obtained results using the physical
model of the proposed combined storage.
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