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Features of the work of pulse regulators in the maximum power transmission mode, with the
presence of an accumulator at their output

Introduction. For the efficient use of non-traditional and renewable sources of electrical energy, it is necessary to ensure their
operation at the maximum power point, which is possible if the load resistance is equal to the output resistance of the source. To
match the load resistance with the output impedance of the source, a matching switching regulator is connected between the source
and the load. Very often, the amount of energy received from such sources depends on external conditions. To ensure a uniform
supply of electrical energy to the load, a battery operating in buffer mode is connected at the output of the switching regulator.
Problem. In this case, the load of the switching regulator is the battery, and the input impedance of the regulator will perform the
role of the load of the power source. This resistance depends on the voltage of the battery, the type of switching regulator and its
mode of operation. In such cases, the maximum power extraction mode from the source can be provided by selecting the appropriate
operating mode of the switching regulator. The aim of the work is to analyze the conditions and determine the modes under which
the transfer of the maximum possible amount of electrical energy from the source to the battery is ensured, as well as the features of
the switching regulator in these modes. Methods. For this purpose, the regulating characteristics of step-up and step-down switching
regulators were determined and analyzed, taking into account the presence of an accumulator at their output. Taking into account
that in the maximum power transmission mode, the output resistance of the source and the load resistance are of the same order of
magnitude, when determining the regulating characteristics, the internal resistance of the source was taken into account. Results. As
a result of the analysis of the obtained regulating characteristics, the conditions were determined under which the transfer of energy
from the source to the battery is ensured, and the parameters of the operating mode of the switching regulator were determined,
under which the maximum power will be taken from the source of electrical energy. Novelty. The originality of the work is the
consideration of the internal resistance of the source of electrical energy in determining the regulating characteristics of pulse
regulators. Practical value. The obtained results made it possible to indicate the appropriate range of battery voltages for different
types of pulse regulators, as well as to give practical recommendations for choosing the mode of operation of the pulse regulator
depending on its type, as well as the amount of voltage on the battery. References 17, tables 1, figures 4.
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Jlna egpexmuero2o 8UKOPUCTAHHA HeMPAOUYTIIHUX MA 8IOHOBNIOBAHUX O0Jicepell eleKMPUYHOi eHepzii HeoOXiOHo 3abe3neyysamu ix
pobomy 6 mouyi MAKCUMATLHOL NOMYNHCHOCII, WO MOACIUBO NPU PIGHOCHI ONOPY HABAHMAIICEHHS MA GUXIOHO20 ONOPY Odcepeld.
s y32000icenns onopy HAGAHMAICEHH 3 GUXIOHUM ONOPOM Odcepena Midc 0XCepesiom ma HABAHMANCEHHAM NIOKIYAMb
V320021CYBANbHULL IMIYIbCHUL pe2ynsmop. [Jocums wacmo KilbKicms enepeii, o ompumyroms 6i0 NoOIOHUX 0Xcepe, 3aNedlCums 6i0
306HIWHIX ymos. LlJo6 3abesneuumu Oinbwt PIBHOMIDHE HAOXOONCEHHS €NeKMPUYHOT eHepeli 00 HABAHMAJICeHHS, HA BUX00i
IMAYIbCHO2O pe2yNamopa RIOKMIOYAIOMb AKYMYISIMOpP, Wo npayoe 6 Oygeprnomy peosicumi. 3a maxkux ymo8 HABAHMANCEHHAM
IMIYTILCHO20 pezynAmopa € aKymyasamop, a poib HABAHMANCEHHA 0XHCepend JHCUBNeHHS BUKOHY8AMUMe 6XIOHULL ONnip pezynamopa.
Letl onip 3anexcums 8i0 6enudUHU HANPY2U HA AKYMYJIAMOPI, MUNY IMIYIbCHOZO Pe2yiamopa ma pexcumy 1ozo pooomu. Y maxux
BUNAOKAX pedtcum 8i000PY MAKCUMATLHOI NOMYACHOCI 0dicepena Modice Oymu 3a6e3nedeHutl Wasxom eubopy 8iOn08IOHO20 PeXCUMY
pobomu imMnyibcHo2o pezynamopa. Memorw pobomu € anHaniz yMo8 ma GU3HAYEHHs PEXNCUMIB, 3a AKUX 3abe3neuyemvcs nepedaia 6io
doicepena 6 aKymynamop MAKCUMAIbHO MONCIUBOL KITbKOCI eleKMPUyHOi eHepeli, a makoc ocobaugocmeti podomu iMnyIbCHO20
pezyasmopa y 3asHaueHomy peosicumi. 3 yiclo memoio 6yn0 6U3HAYeHO ma NPOAHANi308AHO Pe2yNio8ANbHI XApAKMepUCmuKy
IMRYIbCHUX pe2yNIImOopI8 NIOSUWYBATIbHO20 MA NOHUNCYSATLHO20 MUNIE 3 YPAXYEAHHAM HASAGHOCI AKYMYJIAMOPA HA iX 6UX00i.
Bpaxosyrouu, wo y peowcumi nepedasanus MaKcumManibHOi NOMYMHCHOCMI GUXIOHUU Onip Odcepena ma Onip HABAHMANCEHHA €
8eUYUHAMU OOHO20 NOPAOKY, NPU BUSHAYEHHI Pecynio8albHUX Xapakxmepucmuk 8paxoeyeascs eHympiwHili onip oOocepena. B
pe3yIbmami aHANizy OMPUMAHUX Pe2YTI08ATbHUX XAPAKMEPUCTIUK OY10 8USHAYEHO YMOBU, 3d AKUX 3a0e3neuyemuvcsa nepedasanHs
eHepeii 6i0 Ooicepena 00 aKyMyaamopda, a maKolc SUSHAYEHO NAPAMEempu pexicumy poodomu iMnYIbCHO20 pe2yaamopa, 3a AKUX 8io
Ooicepena  enekmpuunoi  enepeii Oyoe @iobupamucs maxcumanbha nomydcricmo. Opucinansuicmio pobomu ¢ 6paxy8ans
GHYMPIUIHLO20 ONOPY 0dHCepena eNeKMPUYHOI eHepeli Npu GUIHAYEHHI Pe2yMo8albHUX XAPAKMEPUCTUK IMIYIbCHUX pe2yNamopis.
Ooeporcani pezynbmamu Oanu MONCIUGICMb 6KA3AMU OOYLIbHUL 0IANA30H HANpye aKyMyismopa OAs PI3HUX Munie iMRYyIbCHUX
pe2yiamopis, a makodic 0amu RPaKmudti peKoMeHOayii wo0o subopy pescumy pobomu iMRYIbCHO20 Pe2yIsmopa y 3a1eHCHOCME 6i0
1i020 muny, a makodlc eeluyUuHU Hanpyeu na akymyasmopi. bion. 17, tabn. 1, puc. 4.

Kniouosi cnosa: BuxinHmii omip aiKepesia, y3roJ:KyBaabHUH iMIyJbCHUI peryJsiTop, podoTa Ha aKyMyJISITOp, NepeAaBaHHs
MAaKCHMAJILHOI IOTYKHOCTI.

Introduction. In connection with the significant
spread of non-traditional and renewable sources, the task
of obtaining the maximum possible amount of electrical
energy from them arises. For this, the operating point of
the power source must be at the maximum power point
(MPP). As is known [1-4], such a mode of operation of
the source will be provided under the condition that the
resistance of the load R coincides with the output
resistance of the source r. If R # r, in order to ensure the
possibility of taking maximum power from the source, a
pulse regulator (PR) is switched on between the source
and the load, which matches the resistance of the load

with the output resistance of the source. Today, the main
method of taking maximum power from non-traditional
and renewable sources is the use of various algorithms to
search for MPP of the source [5-10]. Most of these
algorithms consist in periodically changing the duration
of the locked state of the PR key and, depending on the
consequences of such a change, adjusting this duration in
the direction of decrease or increase. The main
disadvantage of such methods is that at the time of start-
up or a sudden change in external conditions, when the
coordinates of the MPP are unknown, its search may take
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a certain amount of time, during which a certain amount
of energy will not be received from the source. Moreover,
in the process of searching for MPP, there may be cases
when the duration of the locked state of the key will
change in the opposite direction from the required one,
which will increase the amount of under-received energy.
Supplementing the existing algorithms with analytical
methods for determining the MPP makes it possible to
significantly speed up its search and reduce the amount of
electricity not received from the source.

Quite often, the amount of energy coming from non-
traditional and renewable sources depends on external
conditions. Therefore, to ensure a more uniform supply of
energy to the load, a battery is connected to the PR
output, which operates in buffer mode [11-13]. In such
cases, the PR load will be the battery itself, and the role of
the source load will be performed by the input resistance
of the regulator. The mode of selection from the source of
maximum power can be ensured by selecting the
appropriate operating mode of the PR.

The goal of the work is to analyze the conditions
under which it is possible and expedient to transfer the
maximum possible amount of electrical energy from the
power source to the battery, as well as the features of PR
operation in this mode.

To do this, it is necessary to determine and analyze
the control characteristics of the regulator, taking into
account the internal resistance of its power source. Let’s
consider these questions on the example of PR circuits of
step-down and step-up types, which are most often used
to match the output resistance of the power source with
the load resistance.

Determination and analysis of regulatory
characteristics. Since we are interested in extracting the
maximum power from the power source, we will consider
those variants of PR circuits that provide this possibility
[14]. The corresponding circuits of step-down and step-up
regulators are presented in Fig. 1, 2.

We will assume that the internal resistance of the
source r is linear, and the internal resistance of the battery is
much smaller compared to the internal resistance of the
source. We will determine and analyze the -control
characteristics of the regulator circuits presented in Fig. 1, 2.
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Fig. 1. Circuit of the step-down regulator
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Fig. 2. Circuit of the step-up regulator

Step-down type regulator. If losses in the elements
of the PR circuit are not taken into account, for the

regulator (Fig. 1) in the mode of continuous inductance
current, the conditions will always be fulfilled [15]

Uout = Uz'nt*; [out = Iin/t* > 1
where ¢ = t./T is the relative time of the locked state of
the key S.

Taking into account that the internal resistance of
the battery is much smaller than the internal resistance of
the source, we can assume that during the adjustment
process the output voltage of the regulator remains almost
unchanged and is equal to U,,, = E,. Therefore, in order
for the system to be in a state of equilibrium in the
process of regulation, the input voltage of the regulator
must be

Uianoul/t*zEa/t*' )
In real power sources, due to the presence of internal
resistance in them, the input voltage of the regulator will
change due to changes in the current consumed by the
source. In the case of linear internal resistance of the
source, its output voltage (PR input voltage U,;,) will be

determined by the output characteristic of the source
Uin =Upe = 1jr 3)
where U, is the open-circuit voltage of the power source.
Therefore, in the state of equilibrium, (2), (3) must

be fulfilled simultaneously

Upe =Liyr = Ea/t* > 4)

or in relative units [15]
-1, =E,[t", )
where ];1 :Iin/lsc ; U U/Uoc > =K /Uoc >

I, =U,./r isthe short-circuit current of the source.

Taking into account that the open-circuit voltage of
the source, as well as the battery voltage, are fixed values,
as a result of changes in the parameter ¢, the input and,
accordingly, the output current of the regulator will be

adjusted
:[I—EZ/t*] (6)
Taking into account (1)
I*m=[;/t*=|:1—EZ/t*:|-ti*. (7

Therefore, the control characteristics of PR (Fig. 1)
are described by (6), (7). Let’s analyze the obtained
characteristics.

According to (6), to ensure the transfer of energy
from the power source to the battery ([, > 0), the
condition must be fulfilled

[I—EZ/t*}>O, (8)
or
i >E,. 9)
Considering the physical content of the parameter ¢,
we conclude that it can vary within a limited range
121 >E,, (10)

and the battery voltage cannot be greater than the open-
circuit voltage of the power source. The lower the battery

voltage E .

> the wider the permissible range of

adjustment of the parameter 7.
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As is known [16], in the case of linear internal

resistance of the source, its MPP has coordinates
I"'=05;U =0,5. Taking into account that I" = I; of
the regulator, the condition for taking the maximum

power from the source according to (6), takes the form
[1—E2/t*}=0,5. (11)
Thus, the maximum power from the source to the
battery will be transferred provided that ¢~ = t;,fp , where
Taking into account that # = [0...1], we conclude
that the maximum power from the source to the battery
can be transferred only if
E, <0,5. (13)
Step-up type regulator. For this regulator (Fig. 2),
in the mode of continuous inductance current, the
following relations are valid
Uour :Uin/t 3 Loy = Lt (14)
where ¢ = topen | T topen 1s the duration of the unlocked
state of the key S on the period 7. So, in steady state, the
input voltage of the regulator should be

Uy =Uput = Eyt . (15)
The system will be in a state of equilibrium under
the condition

in

Ej =U,, —1,r. (16)
In relative units, this condition will look like
E,l =1-1I, . (17)

Therefore, the control characteristics of the PR of
the step-up type (Fig. 2) will be as follows

Ly =[1-E-"]; (18)
Lo =[1=Eq -0 | (19)
According to (18), the condition of energy transfer

from the source to the battery (I;, > 0) will have the form

I;n:[l—EZ~t*}>0, (20)
that is, the parameter ¢ can vary in the range
0<t <1/E] . Q1)

So, for this regulator, the battery voltage,
theoretically, can be both higher and lower than the open-
circuit voltage of the source. However, in the case of

E: >1, the permissible range of adjustment of the
parameter / will be limited. The stronger the inequality
EZ > 11is fulfilled, the narrower the permissible parameter

¢ adjustment range will be.
The condition of taking from the source of
maximum power will be as follows

[1 —EZt*} ~0,5. 22)
So,
typ =1/2E; . (23)

Taking into account (23), the maximum power can
be taken from the source only if

E 20,5, (24)
that is, the battery voltage can be both higher and lower
than the open-circuit voltage of the source. Figures 3, 4
present graphs of the family of control characteristics of
the considered regulators for different values of the
relative voltage on the battery EZ . These graphs confirm

the results of the analysis carried out.
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Fig. 3. Regulatory characteristics of the step-down regulator for
different values of the relative voltage on the battery
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Fig. 4. Regulatory characteristics of the step-up regulator for
different values of the relative voltage on the battery

Table 1 shows the conditions under which it is
possible to transfer energy from the power source to the
battery in the case of PR operation in the mode of
continuous inductance current.

The parameter tZ,[P for which the maximum power
is taken from the power source is provided, as well as the

reasonable range of changing the parameter EZ is

suggested.
Table 1
The condition The condition for| APpropriate
Pulse for energy taking the range of change
regulator | taking from . —
the source | Maximum power in E,
Step-
‘13‘;’: £ >E, typ =2E, 0,I<E, <05
(Fig. 1)
Step-up
type & <1/E, fyp=1/2E, | 05<E. <5
(Fig. 2)

In the case of switching the regulator to the
intermittent inductance current mode, it becomes possible
to adjust the parameter { in the full range [0...1].
However, in this mode, the battery charging current is
insignificant [17]. Therefore, it is advisable not to use this
mode for charging the battery, but to compensate for its
self-discharge in the charged state.
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Conclusions.

1. If there is a battery at the output, the PR will operate
in the input and, accordingly, output current (battery
charging current) regulator mode.

2. The regulatory characteristic of the current will
depend on the ratio of the numerical values of the battery

voltage and the open-circuit voltage of the source EZ .

3. In the mode of continuous inductance current, the
permissible range of adjustment of the parameter ¢* is
limited and depends on the type of regulator, as well as

the numerical value of the parameter E Z .

4. The output current of the regulator (output power of
the source) reaches its maximum value at a certain value

of the parameter i :tZ/IP, which is a function of the

parameter E: , as well as the type of PR.
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