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The paper analyzes transient and steady-state processes under the condition of pulse-width regulation of modes in the
power supply system of an electric transport device (ETD) containing a battery and parallel-connected supercapaci-
tors. Numerical experiments were carried out on a mathematical model of the electrical equivalent circuit of such a
power supply system using the Matlab Simulink application software package. The dependences of the current values in
the electrical circuits of the battery, supercapacitors and load on the frequency of pulse currents, their relative pulse
duration, as well as the parameters of the battery and supercapacitors were determined. It has been established that the
use of supercapacitors, which have a much lower internal resistance compared to the internal resistance of the battery,
makes it possible to significantly reduce pulse currents in the electrical circuit of the battery of an ETD due to the op-
eration of the integrated power system, in which the currents in the electrical discharge circuit of the supercapacitors
will be much greater than the currents in the battery circuit. References 12, figures 6, tables 3.
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Introduction. At present, companies from Ukraine, USA, Japan, and EU countries have signifi-
cantly improved the electrical energy characteristics of capacitive energy storage devices called supercapaci-
tors (ultracapacitors, ionistors, and double-layer electrochemical capacitors). This improvement has caused a
new round in the development of research aimed at the practical use of supercapacitors (SCs) in autonomous
power supplies of electronic and computing devices, pulse technology and traction electric drives [1-3].
Supercapacitors, which surpass widely used electrolytic capacitors in specific energy and weight-
dimensional parameters, can be used in parallel connection to the battery (B) of electric transport device [4—
6] in order to for the implementation of short-term forced modes (i.e. high-power modes).

Connecting SCs in parallel with B virtually eliminates or significantly reduces pulse currents in the
battery electric circuit during short-term acceleration of electric vehicles, their uphill movement and other
short-term forced modes, which significantly increases the energy efficiency and service life of ETDs batter-
ies [7-9]. The electrical equivalent circuit of the electric vehicle power supply system with this type of
movement can be considered as a circuit, one of the parameters of which (load resistance) is characterized by
a random variable. Consequently, all electrical characteristics of the circuit that depend on this parameter
also become stochastic. The analysis of the probabilistic properties of electrical characteristics in circuits
containing stochastic load was carried out in [10]. At the same time, in [11] it was shown that the declared
advantages of supercapacitors in power supply systems of autonomous electric vehicles are not always real-
ized. The experimental power supply modes of R-L load, represented by series-connected active resistance
Ripsa = 0.1 Ohm and inductance L., = 5-2000 puH, are described in [11]. It has been shown that currents with
a frequency of 1-10 kHz and relative pulse duration of 1.75 — 4 in the battery circuit remain much larger than
currents in the circuit of SCs even with their capacitance up to 60 F.

It is known that the energy characteristics of sources of constant electromotive force (voltage
sources) and the ratio of currents in the circuits of parallel-connected B and SCs depend significantly on the
value of their internal resistances. Therefore, it became advisable to conduct additional studies of currents in
electrical circuits of B, SC and load in steady-state and transient modes of power supply of load, taking into
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account the mentioned internal resistances. Modes of increased power consumption in load, simulating the
acceleration of experimental ETUs (i.e. forced modes), in particular when they move uphill, are especially
interesting. It was also important to study the dependence of the electrical and energy modes of the power
supply system on the value of the SCs capacitance, as well as frequency and relative pulse duration of the
current pulses in the load.

Such experiments, which involve wide-range changes in many parameters of the power supply sys-
tem and studies of its critical modes, should be carried out using numerical modeling methods. Currently, the
Matlab Simulink application software package is widely used to develop mathematical models of power
supply systems of this type.

Therefore, the aim of the work was to develop a Matlab Simulink-model and analyze transient and
steady-state processes under the condition of pulse-width regulation of the modes of experimental ETD
power supply from B and SCs connected in parallel. To achieve this aim, it was necessary to study the de-
pendence of the current values in the electrical circuits of the B, SCs and load on the frequency of pulse cur-
rents, their relative pulse duration, as well as the electrical parameters of the B and SCs.

Discussion of the obtained results. Fig. 1 shows the electrical equivalent circuit of the power sup-
ply system that was used in the numerical experiments. This equivalent circuit differs from the circuit studied
K in [11] only by the introduced resistances Rz and R,

o—eo— 8 — which correspond to the resistances of the battery
(which is represented in the circuit by the constant volt-
+ age source B) and SCs (which are represented in the
— circuit by the equivalent capacitance C). When model-
]R,oad ing and analyzing transient processes in the equivalent
circuit in Fig. 1, the parameters of its elements corre-
Lipaa sponded to the average parameters of standard batteries
used in cars and the parameters of supercapacitors from
Fig.1 Yunasko (Ukraine), Maxwell Technologies (USA), and
NEC Tocin (Japan). The load parameters are selected
for an experimental low-power electric vehicle. When using this model to obtain and analyze the results of
transient processes in such a combined power supply system, it is necessary to take into account that the
parameters of the circuit elements must be in the ranges of correctly selected values (i.e. within the limits of
application of this model). The internal resistances of the battery and supercapacitors are especially
important to consider. To realize the advantages of such a system, it is necessary that these resistances differ
by an order of magnitude or more. If the ratio of internal resistances of the battery and supercapacitors de-
creases, such a combined system will lose its advantages. Thus, in the equivalent circuit of the combined
power supply system in [11], the internal resistances of the battery and supercapacitors were not taken into
account (they were assumed to be equal to zero), which did not correspond to the described experimental
studies conducted by the authors. In the experiment, the supercapacitors were connected in such a way that
their combined internal resistance significantly exceeded the internal resistance of the battery, which led to
the loss of the advantage of such a combined system and, as a consequence, to the incorrect conclusion about
the inefficiency of parallel connection of SC to B in ETD power systems.

Fig. 2 shows the developed Simulink Matlab-model corresponding to the electrical equivalent circuit of

the ETD power supply system shown in Fig. 1.

Rg Rc

It was assumed that when the R-L load
was disconnected, the battery voltage was
E=14V and its internal resistance
Rp=0.02 Ohm. The capacitance C was 60—
400 F, and internal resistance
R-=10.002 Ohm = const. It was assumed that C
was always charged to a voltage of
Uco = E = 14 V before connecting the R-L load.
The active load resistance R;,,; was considered
equal to 0.1 Ohm, and the load inductance L;yy
— equal to 100 puF. Switch K was a fully con-
trolled switch that carried out pulse-width regu-
lation of the output current of the power supply
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system, switching with a frequency f'in the range from 0.4 kHz to 10 kHz, and relative pulse duration s in the
range from 4/3 to 4. When the switch K is broken, the supercapacitor is charged by the battery, and when the
K is closed, the supercapacitors and battery are discharged to the R-L load. It should be noted that at the mo-
ment of breaking the K, the current in the inductance /;, according to the switching law, does not change
instantly, but flows in the same direction in the electrical circuit L4V D-R)o0a, dissipating the energy accu-
mulated in the inductance (W;=0.5L,.4l, Lz) in the active resistance R;,qq.

Let us note that at C = 60—400 F, the voltage on C changes insignificantly during the one load con-
nection, therefore the subsequent charging of C from battery is carried out with an initial positive voltage on
C, which differs insignificantly from the voltage on the battery terminal. Under such conditions, the losses of
electrical energy in the active resistances of the charging circuit of the capacitor C are insignificant and the
efficiency is close to 100%. [12].

When an ETD starts moving, accelerates, or moves uphill, the power of its engine (that is, the current
in the load) briefly increases several times compared to the steady-state driving mode at a constant speed.
The highest current in the load (in the electric vehicle's motor) is usually needed during the first few seconds
when the ETD starts moving. According to the authors of [7-9], it is these short-term high-amplitude current
pulses that reduce the battery’s service life and determine the need to connect supercapacitors. Therefore, in
this paper, the analysis of the indicated modes was carried out first.

Fig. 3 represents the calculated oscillograms of the currents in the electrical circuits of the battery
1p(t), supercapacitor Isc(2) and R-L load /,,.4(2), as well as the voltage Usc(?) at the terminals of the superca-
pacitor when it is connected at the moment simulating the start of the ETD’s movement. In this case, switch
K created current pulses with a frequency f= 1 kHz and relative pulse duration s = 2.
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The active load resistance Ry, increased abruptly by 4 times after Az =3 s, simulating a decrease in
the acceleration of the ETD. As can be seen from Fig. 3, the current in the battery circuit was several times
less than the current in the supercapacitor circuit in the time range from 0 to 3 s. The greatest differences
between the currents were observed at # < 0.5 s, that is, immediately after connecting the load simulating the
start of the ETD’s movement. It should be noted that the current in the battery circuit increased smoothly,
starting from almost zero values, and not abruptly, as in the case without a supercapacitor.

When the load resistance increases abruptly by 4 times (¢ = 3 s), the current in the SC's electrical cir-
cuit decreases, and the voltage at its terminals increases (SC charges). As SC charges, the current in B's cir-
cuit begins to decrease.

Thus, it can be concluded that if the internal resistance of SC is an order of magnitude less than the
internal resistance of B, then connecting SC to B virtually eliminates the abrupt increase in currents in the
B's circuit when the ETD starts, accelerates, and moves uphill. In all the listed cases of increasing engine
power, the current in the battery's electrical circuit will increase smoothly, starting from values close to zero.

Connecting a supercapacitor with low internal resistance to the battery also reduces the magnitude of
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pulse currents in the battery's circuit under conditions of constant power consumption of electricity in the
load, that is, when the ETD moves at a constant speed (time range 0.5 < ¢ <3 s in Fig. 3).

The influence of the switching frequency of the semiconductor switch K, the relative pulse duration
of the pulse currents and the capacitance of the SC on the currents in the circuits of the power supply system
of the ETD was also studied.

Table 1 presents the results of the numerical calculation of the dependencies of the highest values of
currents in the electrical circuits of the B and SC, as well as the ranges of change of the load current and the
average power (characterizing the electrical energy consumption in the load during one period) at different
switching frequencies of the switch K and capacitances of SC, but with a constant the relative pulse duration
of pulse currents in the switch K (s = 2).

Fig. 4 shows the dependence of the load power on the switching frequency of the switch K for dif-
ferent values of the supercapacitor capacitance.
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3 110 | 60 32 35 | 091 |[63;67] | 423.5 0 2 4 6 8 10
4104100 | 42 |62 | 067 |[24;104] | 4633 Fig. 4 S, kHz
511 100 |37 |45 | 082 |[46;82] | 426.8 As can be seen in Fig. 4, when the relative pulse
duration s =2, an increase in the switching frequency
6 | 10 | 100 | 35 |31 | 1.12 |[63;66] | 425.0 | causes a decrease in the load power, and the greater the
] frequency, the less significant this decrease becomes. At
7041400 139 |66 | 0.59 J[25105] | 4788 a frequency f >1 kHz, such a decrease in load power
8 |1 |400 |35 |48 |0.73 |[48;83] | 439.3| practically disappears.
An increase in the frequency f causes a narrowing
9 | 10 | 400 | 32 |35 | 091 |[63;67] | 435.0| of the range of current change in the load (see Table 1),

but this current does not change direction in the
inductance L,,,; and its average value changes insignificantly.

Table 2 presents the results of calculating the highest values of currents in the battery and superca-
pacitor, changes in the average load power and ranges of load current depending on the relative pulse dura-
tion s, when the supercapacitor capacitance C = 100 F and the current switching frequency f'was equal to 0.4,
1 and 10 kHz.

Fig. 5 shows the dependences of the ratio of the maximum values of pulse currents in the battery and
supercapacitor on the relative pulse duration of the currents at different switching frequencies.

From Fig. 5 and Table 2 it is evident that by changing the relative pulse duration of the pulse cur-
rents in the electrical circuit of the switch, it is possible to significantly change the ratio between the currents
in the circuits of the battery and supercapacitor, as well as regulate the power consumption of electricity in
the load.

At low relative pulse duration of pulse currents in the switch K circuit, the currents in the B circuit
are approximately 2 times higher than the currents in the SC circuit. With increasing relative pulse duration,
the currents in the SC circuit begin to exceed the currents in the B circuit, since the SC charging time in-
creases and its discharge time decreases, which increases the voltage on the SC. This causes a decrease in the
voltage difference between B and SC and the SC charge currents from B. In this case, the power consump-
tion of electricity in the load also decreases.
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Table 2
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due to the increase in power consumed from B.

Table 3 shows the calculations of various parameters of a combined power supply system for ETD's
engines, consisting of B and SC connected in parallel (as shown in Fig. 1), at different switching frequencies
of the switch K, capacitances SC and constant relative pulse duration s = 2.
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With a decrease in the relative pulse duration of the
pulse currents, the duration of SC discharge increases, and the
duration of its charge and consequently the SC voltage de-
crease, while the currents of its charge from the B increase.
The power consumption in the load will increase, but mainly
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Fig. 6, a and 6, b show the calculated
oscillograms of L;(?), Isc(t), Lioaa(?) and Usc(t) —
currents in the electrical circuits of the B, SC
and R-L loads, as well as the voltage at the ter-
minals of the supercapacitor for two values of

its capacitance: C = 60 and 600 F.

The obtained results (Table 3) show
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that increasing the SC capacity by almost 7 times slightly increases the power of electrical energy transmit-
ted to the load (the power increases by only 3%). However, as can be seen in Fig. 6 @, b, with an increase in
the SC capacity, the duration of the forced (pulse) mode in the load increases by an order of magnitude due to
the increased SC currents compared to the battery currents.

The obtained results show the feasibility of further in-depth studies of the use of SCs to reduce the
weight and dimensions of the battery of ETD and hybrid electric vehicles. Since starting the engine of a mod-
ern mid-range car requires 4—7 kW of power for several seconds, and SCs are much lighter in weight than cur-
rently used Bs, the most optimal power source for electric vehicles may be a hybrid system consisting of a
smaller-capacity B and additional lightweight SCs. It should be noted that the cost of SCs, although decreasing
every year, exceeds the cost of Bs, but in terms of the number of charge-discharge cycles, SCs exceed Bs by 2—
3 orders of magnitude. SCs have also higher resistance to extreme temperatures and loads as well as they have
much higher power density (the ability to quickly release and store energy). In turn, batteries have a high en-
ergy density (the ability to store more energy per unit volume or mass). The main thing is that, unlike batteries,
supercapacitors are a source of powerful, albeit short-term, energy pulses. Accordingly, SCs are used where
high power is required for a short period of time. Batteries are a source of constant power, limited only by the
discharge current. That is why the use of hybrid power sources (B+SC) is reasonable and promising.

Conclusions. 1. The conducted studies of the modes of a hybrid power supply system for an ETD
from a battery and supercapacitors (connected in parallel to the battery) with an order of magnitude lower
total internal resistance showed additional advantages of such a system. First of all, the advantages are mani-
fested during periodic implementation of a short-term increase in the power of the ETD (in particular, when
starting to move, climbing uphill and other forced modes). In this case, the energy transferred to the ETD's
engine is taken mainly from the supercapacitors (since the currents in the supercapacitor discharge circuit
significantly exceed the currents in the battery circuit).

2. Regulation of the ETD engine power modes can be achieved by changing the frequency and rela-
tive pulse duration of forced switching of the pulse current in the engine. It should be noted that increasing
the capacity of supercapacitors has little effect on the power of energy transfer to the load during the time of the
processes considered (with an increase in capacity by almost 7 times, the power increases by only 3%). At the
same time, such an increase in capacity significantly (by an order of magnitude) increases the duration of the
forced (pulse) load mode due to increased supercapacitor currents compared to battery currents.

3. The results of the study of such hybrid power supply system for the electric vehicles show the feasi-
bility of further in-depth research in this direction. The hybrid systems can be an optimal power sources for
ETD and electric vehicles, since supercapacitors are a source of powerful short-term, pulses of energy, and
batteries are a source of constant power, limited only by the discharge current.
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Y pobomi npoananizosano nepexioni ma ycmaneni npoyecu 3a WUpomHo-iMnyIbCHO20 PE2Y08ANHS PENCUMIE CUCTe-
MU eeKMPOANCUBTICHHS eJIeKMPOMOOIIA 8i0 aKymyramopHoi bamapei ma nioKuoueHux 00 Hei CynepKoHOeHcamopis.
Ilpogedeno yucenvbHi excnepumMeHmuy Ha MAmMeMamudrii Mooeii 3aCMYnHOI eleKMpPUYHOL cxemu maxoi cucmemu Hcus-
JIeHHs 3 BUKOPUCMAHHAM NaKema npukiadnux npoepam Matlab Simulink. Ompumano 3anexchocmi éenuyun cmpymis 6
€NIeKMPUYHUX JAHYIO2AX AKYMYIAMOPHOI bamapei, cynepKoHOencamopie ma Ha8aHmMadiCents 6i0 4acmomu IMnyIbCHUX
CmpyMmis, ixHboi npoeansHocmi (8ionowenHs nepiody NOSMOPEHHs. IMNYIbLCY 00 1020 MPUBANOCMI), NAPAMEMPI6 aKymy-
nsAmopHoi bamapei ma cynepkonoencamopis. Bcmanoeneno, wo UKopucmanhs cynepKkoHOeHcamopié 3 Maium GHym-
PIWHIM ONOPOM 0a€ MOJICTUBICIG IMEHWUMU IMNYIbCHI CIMPYMU 6 €IeKMPUUHOMY JAHYI03] aKyMYIAmopHoi bamapei
eneKmpoMOOiNA 3a PAXYHOK 6CIAHOGICHHS PeHCUMIE pOOOMU KOMNIEKCHOT CUCeMU JHCUBNEHHSA, 34 AKUX CMPYMU 6
eNeKMPUYHOMY AAHYIO3I PO3PAAY CYNepKoHOeHcamopa 6y0ymy Habazamo OibuumMu 3a CmpymMu 8 1aHYI03i aKyMyasamo-
pHoi bamapei. bion. 12, puc. 6, Tadi. 3.
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