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Abstract

The physical processes of the operation of a pulse boosting DC-DC converter of electrical en-
ergy are considered. A computer model of a step-by-step conversion of energy: a power
source into magnetic field energy, magnetic field energy into electric field energy and its ac-
cumulation by a capacitor at increased voltage was created. The converter works in the mode
of pulse-width regulation. Energy conversion processes are described by equations reduced
to the Cauchy form. The computer model is built in the application package Simulink,
MatLab. DC-DC modelling involves calculating each pulse, storing the results, and transmit-
ting it to the beginning of the next pulse. The described modelling algorithm, at the operating
frequencies of the DC-DC converter, imposes increased requirements on the speed of the com-
puter and the amount of its memory. The modelling program was carried out for t =10 s at a
frequency of 100 kHz, more than six hours t,,> 6 hours. Using such a model for research is
not effective. A method was found for modelling at lower frequencies and transferring their
results to the frequencies of the converters. Modelling was carried out at frequencies of 1 kHz
and the adequacy of the results of the converters at higher frequencies was confirmed.
The duration of the experiment is reduced to 30 seconds, which provides convenient model-
ling conditions.

INTRODUCTION

Pulse technology and DC-DC converters are widely
used in a great variety of electromechanical systems,
including power supply and control systems for
DC motors, land and air vehicles, power conversion
and storage systems, control devices for non-conven-
tional energy sources, solar, wind and tidal power
plants, electric drive control systems, etc. Its ad-
vantages include a wide range of functionalities, con-
trollability, low power losses, small size and the abil-
ity to provide the required operating parameters.
A wide class of such equipment is represented by
pulse regulators of constant voltage DC-DC convert-
ers. However, their use is associated with the need to
predict operations as part of the control system,
study the nature of operation during start-up,
changes in the operating mode, input voltage and ex-
ternal load, and calculate the quality of operation in
transient modes. One of the promising methods of
studying the operation of these devices is a numeri-
cal experiment, which is implemented by mathemat-
ical modelling on a computer.

ANALYSIS OF KEY ACHIEVEMENTS

DC-DC converters are widely used in electrical
power conversion and storage systems, solar and
wind power plants, electric drive systems, and vari-
ous types of control systems. The diversity of objects
and requirements for them, the availability of differ-
ent types of converters imposes increased require-
ments for a detailed study of the features of their op-
eration.

References [1-3] enlight the operation of DC-
DC converters, options for using such converters,
and operating modes. The issues of modelling the
operation of converters and their operation in tech-
nical systems are discussed in paper [4]. Papers [5-12]
consider the use of DC-DC converters in the DC mo-
tor power supply circuit, where they are used to reg-
ulate the operation of motors. These converters are
switched on the motor excitation winding power
supply circuit, regulate the magnitude of the wind-
ing current and the induction of the motor magnetic
field to regulate the output of the battery as it dis-
charges, or the DC-DC converter directly supplies
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the motor and provides regulation of its operation by
changing the trolleybus supply voltage [13]. Con-
verters are also used in vehicles powered by renewa-
ble energy sources [14], where DC-DC converters are
used in a complex conversion system that addition-
ally includes an AC system with a voltage trans-
former. Photovoltaic renewable energy systems use
systems that, in addition to DC-DC, contain control-
lers with PID regulators. This expands the range of
applications for DC-DC controllers and provides op-
portunities to generate additional renewable energy
and its practical use. Renewable sources are defined
as environmentally friendly sources, such as photo-
voltaic panels or wind turbines. They are also popu-
lar in industrial, physical, military, medical,
transport, aerospace, and many other applications,
but require ultra-high input voltage boost [15]. Paper
[16] discusses the issues of voltage boosting in more
detail, considering various methods of voltage boost-
ing using repetition and multiple leveling processes.
The method of equations in the state space was used
as the basis of the research.

BUILDING A MODEL OF A DC-DC
CONVERTER

The Simulink and MatLab software packages were
used to build a model of a DC-DC converter and
study the operating modes in renewable energy
sources, electric drive systems, etc. The modelling of
pulse systems operation is mainly based on the con-
sideration of equilibrium states and generalised char-
acteristics, and the establishment of dynamic equilib-
rium of processes. Such methods allow obtaining
generalised characteristics of converter operation,
but do not allow tracing the process in detail. An-
other method of modelling is based on pulse systems,
which include the calculation of each stage of switch
operation, according to the control signal, and the
transfer of the calculation results as the initial condi-
tions for the next phase. For this purpose, integrating
links are used and modelling is performed using an-
alogue circuits and analogue computers. Nowadays,
this is simulation modelling using mathematical
packages such as SimPowerSystems and Scilab/ Xcos
[17,18].

The electrical circuit of the boost DC-DC con-
verter is shown in Fig. 1.
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Figure 1. Electrical diagram of a boosting DC-DC converter

DC-DC converter in Fig. 1 contains: inductance -
Ly, resistor - R;., whose resistance is the sum of the
active winding resistance and the regulator resistor;
a switching key consisting of a transistor VT and di-
ode D and capacitor C. The load resistor R, is con-
nected to the output of the converter. The operation
of the converter is controlled by the control device CS,
which uses a rectangular pulse generator operating
in the pulse width modulation mode with an adjust-
able pulse filling factor - d. The converter increases
the voltage by switching the inductor supply circuit
and transferring the accumulated magnetic field en-
ergy to the capacitor at the required voltage. The
switching is performed by a key that periodically
switches the inductance to the power supply and
then to the capacitor. The inductor Ly, is connected
to the power supply in series with the resistor Ry..
Electric current is supplied to the capacitor C through
the diode D and is spiked in its electric field. The
value of the charge voltage of the capacitor C is reg-
ulated by selecting the pulse filling factor - d. Shorter
pulses - t; provide an increase in the voltage across
the capacitor in accordance with the law of electro-
magnetic induction (1).The duration of the capacitor
charging time increases with the increase in the pulse
coefficient d

U, = % = TlLdC fot’:—‘icoswt dt 1)
where A® is the magnetic field induction of the in-
ductor Ly, the time interval of the magnetic field
change is At = T+ d%, T is the pulse period.

The process of charging the capacitor takes place
when the diode D is open, i.e. when the transistor VT
is open (OFF). When the switch is closed (ON), the
current flows from the source through the inductance
and forms a magnetic field.

The transistor is switched when the generator
voltage changes during the period T. During the time
t;, the generator voltage is 1V, and the rest of the
time (T — t;) is zero. The time ¢; is set by the pulse
filling factor d

d=1. )

The main characteristic of the converter is the con-
trol characteristic (CC). The theoretical CC, which
corresponds to the steady-state DC-DC operation
mode, calculated under the condition of dynamic
equilibrium of the processes of charging and dis-
charging the capacitance, corresponds to the equa-
tion [2]:

Uge = 72, ®)

The equations describing the processes in the
pulse and pause modes were used to model the con-
verter and study its properties.

Pulse mode, key K is open, diode is open:
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di .
Uin = de ﬁ + lchdc + UC;
1 pt,
UC:Efo i.dt; @)
lge = ic + ig;
. Ue
lR == E.
Pause mode, key K is closed, diode is closed:

di .

Uy = deﬁ +igcRacs
©)

1 pt.
—Efo lcdt=0.

After reducing the equations to the Cauchy form,
the system of equations (4) and (5) will look like this:

dige 1

a rdc (Uin —lgcRac — Uc);

avge _ 1. .
at C(ldc lR)-

Q)

Equations (6) describe the electrical processes of
the converter only with the use of two integrating
links that correspond to the magnitude of the mag-
netic field of the inductor and the electric field of the
capacitor.

Using the notation adopted in the Simulink pack-
age for circuit elements, according to the system of
equations (6), the model is shown in Fig. 2.
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Figure 2. Computer model of a boosting DC-DC converter

In the computer model of Fig. 2, the control unit
contains a rectangular pulse generator «Pulse» and
two switches K1 and K2. The control electrode of the
switches is supplied with the generator voltage,
which changes to switch the DC-DC pulse modes.
The switching moment is 0.5 V, the filling factor - d
is set in the range from 1% to 99%, the frequency is

set according to the selected pulse period T: f = 1/T .

The model also includes an oscilloscope for record-
ing current and voltage changes on the converter el-
ements and a two-coordinate recorder. The model
fully describes the electrical processes of the DC-DC
converter according to equations (6).

ANALYSING THE OPERATION OF A DC-DC
CONVERTER USING A MODEL

The proposed computer model of the DC-DC con-
verter is shown in Fig. 2. It meets the requirements of
numerical modelling. In research practice, the use of

such models was widely used in the period of ana-
logue computers, where the solution of research
problems was reduced to sequential integration by a
set of integrating devices. The term «integration» is
also used in the sense of studying the course of pro-
cesses. These methods are now used in simulation
modelling [17]. When studying the operation of con-
verters, transfer functions or state equations are usu-
ally used [18]. Therefore, it is necessary to analyse the
operation of the proposed model and make sure that
the modelling results are adequate to the processes in
real converters.

As a rule, DC-DC converters operate at frequen-
cies from 10 kHz to 100 kHz and higher. The pro-
posed model of Fig. 2 includes a generator of rectan-
gular pulses, which can operate at frequencies cover-
ing the entire possible range. The parameters of the
model used have the following values: inductance -
Lg. = 0.01 H; capacitance - € =5 F; inductor winding
resistance - Ry, =0.1 Ohm; external load resistance
- R, = 20 kOhm. The voltage of the power supply is
Uy, =10 V.

The operation of the model of Fig. 2 was studied
at different values of the pulse frequency of the con-
trol generator. The pulse period was set in the range
T = 0.1-0.00001 (frequency f =10-100 000 Hz). Since
the steady-state value of the output voltage of the
converter U, is established after a certain time after
its switching on, the operation was modelled during
the time from the moment of switching on to the tran-
sition to the steady-state mode. We considered the
operation time of the DC-DC converter of t=10s.
The duration of the simulation time, at different fre-
quencies, with a pulse filling factor of d = 50% is
given in Table 1. The modelling time significantly ex-
ceeds the operating time of the DC-DC converter due
to the increase in the number of calculations with in-
creasing frequency. The modelling results are shown
in Table 1.

Table 1. Results of modelling the operation of the DC-
DC converter for a time t =10 s, at different control pulse
frequencies

Pulse Duration
s Ugcmax, I.max, Calculfite of th'e
Hy ! \% A quantity ~ modeling
process
10 2418 258.7 212 <1ls
100 24159 257.22 2013 3s
1000 24156 257110 20015 0.5 min
10 000 24156 257102 200011 17.5 min
100000  24.156 2571016 2000012 375 min

Table 1 shows the results of modelling at frequen-
cies from 10 Hz to 100 kHz, the size of the data arrays
(the number of calculations performed), and the du-
ration of the modelling process. The final voltage val-
ues and maximum current pulse values are given.
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With an increase in the pulse frequency, the model-
ling time increases significantly. The computer mod-
elling process at different operating frequencies lasts
from a fraction of a second to 6,25 hours. At the op-
erating frequency of the DC-DC converter of 100 kHz,
the modelling is not effective due to its long duration.
To use the proposed model, it is necessary either to
replace the equipment with a faster computer or to
find a way to reduce the modelling time.

Table 1 also shows the values of the maximum
output voltage Uy.max and the magnitude of the
current pulses I.max of the capacitor charge. The
modelling results at different frequencies of the mod-
el's operation coincide up to the fifth significant fig-
ure (except for the frequency of 10 Hz). This coinci-
dence opens up the possibility of reducing the mod-
elling time.

A more detailed analysis of the electrical pro-
cesses of the modelling at different frequencies is
shown in Fig. 3.

te

Figure 3. Analysis of processes in the DC-DC regulator ob-
tained on the model at frequencies of 10 Hz - 100 kHz;
d =50%: (a) is the variation in the voltage of the regulator
Ugc; (b) is the charging currents of the capacitor I.; (d), (e) -
detailing of electrical processes: (c) is the voltage of the con-
trol generator, (d) is the pulses of the charging current I, (e)
is the voltage on the capacitor

Fig. 3, a shows the graphs of changes in the output
voltage of the DC-DC converter at simulation fre-
quencies from 10 Hz to 100 kHz. The duration of the
modelling time corresponds to the data in Table 1.
The modelling results reflect the operation of the DC-
DC regulator for t =10 s (the graphs in Fig. 3 are lim-
ited to t =4 s). The voltage change at the output of
the converter Uy, is the same at all modelling fre-
quencies, and the graphs coincide. The steady-state
voltage value is established after 1.5 s from the mo-
ment of switching on. At any modelling frequency,
the duration of the control transient is the same and
the voltage changes are identical (including the ultra-
low frequency of 10 Hz).

Fig. 3, b shows the change in the capacitor charge
current pulses I, at different frequencies of the con-
trol pulses U;,. Their values, as well as the voltage
value (see Fig. 3, a) at different frequencies, coincide.
At frequencies of 1 kHz to 100 kHz, the converter

output voltage and the capacitor current coincide to
the fifth decimal place, i.e., by 0.002%.

The pulses of the capacitor charging current in
Fig. 3, blast for a certain time and stop. The converter
voltage is set at 24.5 V, which is greater than the con-
trol characteristic and does not change during the
modelling. This situation can be explained by the fact
that the load resistance in the model is assumed to be
quite large, 20 kOhm. There are no pulses of the ca-
pacitor charging current (at the output of diode D).
The magnitude of the pulses is typical for a transient
process with a gradual increase to a maximum value
that is the same for different frequency values, equal
to I;max = 257.1 A. A direct current of about 1 mA
flows through the load resistance R,,.

Diagrams Fig. 3, c, d, e show the details of electri-
cal processes. Fig. 3, c shows a graph of the voltage
pulses of the control device U;,, which correspond to
operation at a frequency of 1000 Hz with a pulse fill-
ing factor d = 0.5 ¢). Fig. 3, d shows the current pulses
of the capacitor I.. The shape of the current pulses in
Fig. 3, d is presented in the form of triangles, the same
for all frequencies of the model. This is due to the in-
tegration method, since the integration step is se-
lected automatically, depending on the specified
pulse period. Fig. 3, e shows a graph of the voltage
change U, (t) starting from time t = 0.6 s. The volt-
age across the capacitor increases with each current
pulse.

The magnitude of the voltage rise depends on the
magnitude of the current pulses. At the moment the
pulses stop, the voltage rise stops and it is set at a
value higher than the regulatory characteristic,
namely Uyz.max =24.5V. Similar graphs were ob-
tained for other frequencies of the model, and they
coincide on the scale of the entire model, although
the duration of the pulses is shorter and their number
is greater.

The theoretical analysis and estimation of the time
constants of electrical circuits, which are characteris-
tic of the operation of converters, shows that they are
significantly longer than the duration of the pulses of
the generator during the modelling. The formulas for
describing the operation of the converters (3)-(6) do
not explicitly include the pulse frequency. Therefore,
the modelling results describe the electrical processes
of the converters with sufficient accuracy.

The analysis shows that it is possible to use the
proposed model to study the operation of a DC-DC
converter at lower frequencies and transfer the re-
sults to converters operating at high operating fre-
quencies. The increase in the operating frequency of
DC-DC converters in their manufacture is associated
with the energy parameters of the elements, their
ability to accumulate energy, with the limitations of
the amount of energy accumulated by them in one
cycle of operation, and the weight and dimensions of
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the converter elements. The computer model works
with numbers, and there are no significant limita-
tions on the values it works with, such as the accu-
mulated energy per pulse, voltage, current, dimen-
sions and weight of the device, etc. Based on these
considerations and modelling results, it is concluded
that the proposed model allows us to study processes
on a slower-acting model and transfer research re-
sults to real converters operating at higher frequen-
cies. This possibility is ensured by an appropriate
choice of modelling time intervals and time constants
of the modelling object.

Taking into account the above considerations and
the analysis of the equivalence of the model to the
object of study, we conclude that it is legitimate to
use the proposed mathematical and computer model
to study the operation of DC-DC converters. We will
use this model at control signal frequencies of the or-
der of 1 kHz and transfer the research results to reg-
ulators operating at higher frequencies. This signifi-
cantly reduces the time spent on modelling and al-
lows us to use existing equipment. The duration of
the modelling is reduced from 6.5 hours to 30 sec-
onds, which allows for efficient detailed studies.

It should also be taken into account that when
considering the operation of converters in electrical
process control systems, it is necessary to take into
account the change in the output voltage of the con-
verter from the start of operation, which in the exam-
ple under consideration is 1.5 s. Traditional power
sources change the voltage value in a fraction of a
second, and in the case of a DC-DC converter, the
rate of change of electrical parameters at its output is
much lower.

STUDY OF THE REGULATORY
CHARACTERISTIC OF A BOOSTING DC-DC
CONVERTER USING THE PROPOSED
COMPUTER MODEL

The regulatory characteristic obtained by the model,
namely the dependence of the steady-state value of
the output voltage on the pulse filling factor, is
shown in Fig. 4 as a solid line. The dotted line shows
the modelling results.

120 Dependence of the voltage of the DC-DC converter on the duty cycle of
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Figure 4. Regulatory characteristic of a boosting converter

The experiment gives approximately the same de-
pendence as the theoretical formula. According to
the model, most of the control characteristic passes
above AU, =4.5V (see Fig. 4, points A and B). The
question arises: why the results of the experiment do
not coincide with the calculation according to for-
mula (3)? The measurement results were performed
accurately, repeatedly, at different frequencies of the
model. The model is based on equations that describe
in detail the operation of the converter. Is this a meas-
urement error or something else? Let's accept the re-
sult as a fact and continue our research.

In the practice of using DC-DC converters as a
control element, the peculiarities of its operation with
different load values and the processes when it
changes are important. One of the important param-
eters is the dependence of the converter voltage on
the load. The voltage at a given pulse ratio is deter-
mined by the control characteristic, but to some ex-
tent depends on the load. The theoretical formula for
the control characteristic (3) does not take this into
account. It does not describe the time characteristics
of the regulator voltage stabilization process. If DC-
DC is used in a control system, the time characteris-
tics are important.

The dependence of the converter output voltage
on the load was studied at different values of the load
resistor resistance R, in the range from 200 Ohm to
0.2 Ohm and operating currents from I, ~0.1 A to
I, =70 A. Fig. 5 shows the measurement results at a
pulse filling factor d = 50%. In addition, we note that
in the experiment of Fig. 5, the control characteristic
was obtained at a load of R; =2 kOhm.

()

Figure 5. Regulator voltage and capacitor charging current
at different loads: () is the voltage change graphs after
switching on the regulator; (b) is the change in capacitor
charging current (pulse delay periods)

The analysis of the data in Fig. 5 a) shows complex
processes of voltage and current changes in the reg-
ulator. At different values of the resistance R, = 200-
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0.2 Ohm, the DC-DC voltage and the charging cur-
rent of the capacitor U, (the same as U;.) change in
different ways (see graphs No 1+10 in Fig. 5, a). Com-
mon to most of the graphs is the presence of a voltage
peak at the initial moment - Uy.max ~24.5V, and a
further decrease in voltage to a steady-state value of
Uye =20 V. Moreover, the voltage changes almost lin-
early. If we compare the data (see Fig. 5, b), the volt-
age peak value corresponds to point A on the DC-DC
model, and the steady-state voltage values approxi-
mately correspond to point B of the theoretical con-
trol characteristic. The voltage difference at points A
and B AU, ~4.5 V. This result partially explains the
deviation from the theoretical values of the control
characteristic. It can be assumed that the experi-
mental curve corresponds to peak values, and the
theoretical curve to steady-state values.

Fig. 5, a shows that the steady-state value of the
regulator voltage Uy, is set at different intervals, de-
pending on the load. After switching on the model, a
transient process occurs, characterized by a peak
voltage Ug.max ~24.5 V and a gradual change to the
steady-state value Uy, = 20-19,5 V. The time to reach
the peak voltage value is t = 1. The steady-state time
is longer, up to 90 s or more. It depends on the load
value R,. At lower values of resistance R, (the cur-
rent of the used converter is greater than 10 A), the
voltage U, decreases more significantly, for exam-
ple, at a current of I;, =35 A, the voltage value
Uy =175V (Fig. 5, a No. 9), and in the case of a cur-
rent of I;. =70 A, it is equal to Uy, =14 V (Fig. 5,4
No. 10).

The results of the experiment showed that after
switching on the DC-DC converter, three consecutive
processes take place: transient - from the beginning
of switching on to the peak voltage value, stabilisa-
tion - the output voltage decreases and stabilises at a
value that corresponds to the regulatory characteris-
tic, and steady-state - operation at a constant voltage.
For the model under consideration (see Fig. 4),
point A corresponds to the peak voltage value, and
point B to the steady-state value. The model was ob-
tained at d =50% Uy, =20 V.

As a result of the transient process, the voltage
across the capacitor rises above the level of the con-
trol characteristic after switching on and is set at
24.5 V. In our example, the control characteristic cor-
responds to a voltage of 20 V. Gradually, the voltage
across the capacitor decreases to a value that corre-
sponds to the control characteristic. During this pe-
riod of time (see Fig.5, b), there are no pulses of
charging the capacitor, the process of discharging the
capacitor is underway, the current passes only
through the resistor R,. The diode D does not pass
the charging current. Only after the voltage is re-
duced to the value of the regulating characteristic,
the diode D passes the capacitor charge pulses. That

is, the charging process does not take place until the
voltage is reduced to Uy,.

The described process can be explained by the fact
that as a result of the initial transient process, excess
energy is accumulated in the capacitor and the dy-
namic equilibrium of the processes is disturbed. Dur-
ing the transient process, the excess energy stored in
the capacitor is reduced by the load consumption,
and the capacitor charge pulses stop. Based on this, it
is possible to calculate the duration of the transient
process during which the capacitor discharge stops.

The amount of excess capacitor charge:

Q =C-AUyg, (7)

where AUy, = Ugcmax — AU, the voltage difference
corresponding to the overcharge of the capacitor; Q
is the excess charge of the capacitor, C.

The excess charge of the capacitor Q (compared to
the equilibrium process) allows to calculate the time
of stabilisation of the converter operation in the tran-
sient period. Average load current (capacitor dis-
charge)

. Ugcmax
lg = dCT . (8)
Pulse absence time t,, (transient duration):
Q
tpa = - ©)

iq
Calculation results at different values of load re-
sistance R, are given in Table 2.

Table 2. Transition period duration

Ry, C, Ugmax, Ly,

O o \ N
1 200 5 24.5 0.12 225 1837
2 100 5 245 0.25 225 918

3 75 5 24.5 0.33 225 689
4 50 5 24.5 0.49 225 459

5 20 5 24.5 1.23 225 184

6 4 5 24.5 6.13 225 37

7 2 5 24.5 1225 225 1.8

8 1 5 24.5 2450 225 09

2000 5 24.5 0.012 225 1837 S
31 min

According to the results given in Table 2, the du-
ration of the delay time of the capacitor charging cur-
rent pulses is obtained. The voltage of the converter
varies almost linearly from a maximum value equal
to the voltage pulse in the transient process to a volt-
age corresponding to dynamic equilibrium (voltage
according to the control characteristic), Fig. 5, a.
From Fig. 5, b it can be seen that the numerical values
of the delay of the charging pulse of the capacitor cor-
respond to the values given in the column t,,. The
obtained results fully coincide with the given results
of calculations according to formulas (7)-(9) confirm
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the correctness of the proposed model and the expe-
diency of its use for the study of processes in pulse
power supply systems.

When using a DC-DC boost converter, especially
in control systems, in addition to the adjustment
characteristic, it is important to take into account the
time characteristics of operation in different modes.
The study of adjustment and time characteristics was
performed using the proposed model. The output of
the DC-DC converter of Fig. 6 represents a change in
the voltage U,., with different values of the duty fac-
tor d.

70 T T T T T T T T

\Y
E

n
=
T

8

]
=]

(]
=

Voltage on the capacitor,

-
=
T

Figure 6. Variation of DC-DC converter output voltage at
different filling factor (10 Ohm load resistance)

The output voltage of the converter U, varies de-
pending on the duty cycle d, for different times. De-
creasing the duty cycle d results in a higher voltage
Uy (3) and a longer time. With values of the duty cy-
cle within 30 to 70 %, this time is from 1 to 3 s. When
the duty cycle increases to 10 %, the voltage stabili-
zation time increases to 40 s. The steady-state voltage
value of the DC-DC converter does not depend on
the frequency of the model. This confirms the possi-
bility of transferring the results of studies performed
at a lower frequency of the model to a higher fre-
quency of the converter. In addition, this confirms
the conclusion that the DC-DC output parameters
are independent of its operating frequency.

Verification of the experiment results is done on a
real converter. Fig. 7 shows an increase in the voltage
of the converter above the control characteristic prac-
tically at a shallow value of the external load.

The value of the load resistance R, = 820 kOhm
and voltage 27V, i.e. significantly higher than the
steady-state voltage 20 V (see Fig. 7). As can be seen
from Fig. 7, almost in the absence of a load, the volt-
age of the converter rises above the equilibrium value,
which confirms the results obtained in the work.
However, the transient is monotonic rather than ape-
riodic as in the model in question. This can be ex-
plained by the fact that the real converter has extra-
neous energy loss not taken into account in the model
and the nature of the transition process at a high op-
erating frequency (71 kHz) changes.

Figure 7. DC-DC converter output voltage change at load
*20 kOhm (Input voltage 10 V, d = 50%)

Perhaps the reason for the lack of a sharp transi-
tion process is that the model used two switches K1
and K2 (see Fig. 2), as a result of which the induct-
ance L, is not constantly connected to the diode D,
and at the moment of switching the connection is
broken and re-restored, which can contribute to in-
creasing the pulse of the transient process.

Considering the results of the studies performed,
it should be noted that the proposed model is prom-
ising and allows to identify the details of the opera-
tion of pulse power systems. If we consider examples
of using DC-DC converters in control systems, we
should take into account the peculiarities of the oper-
ation of pulse systems and processes that are often
not taken into account when analyzing their opera-
tion. When analyzing a number of publications, the
processes of DC-DC converters are not reflected,
which raises doubts about the accuracy of the results
obtained. The use of state equations and the methods
of continuous systems used to analyze pulse systems
do not take into account all the details of the work of
the latter.

CONCLUSIONS

A mathematical model of the DC-DC converter has
been created, which provides a detailed analysis of
each cycle of converting the energy of the power
source into the energy of the magnetic field of the
throttle and the subsequent conversion into energy of
the capacitor's electric field at increased voltage. A
model of the equations of the dynamics of processes
reduced to the Cauchy form and a computer model
developed in the Matlab package, Simulink.

The use of the proposed model puts strict condi-
tions on the speed of the computer and the amount
of its memory, which complicates the study of the
DC-DC converter at its operating frequencies. It has
been experimentally proved that the use of the pro-
posed model is possible with a significant decrease in
the frequency at which the DC-DC converter oper-
ates, and the adequacy of the modelling results with
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the operation of the converter at its own frequencies
has been proved. With the help of the model, a de-
tailed analysis of physical processes in a typical DC-
DC converter was carried out and it was shown that
during DC-DC operation the following three periods
are changed: transient, stabilization and steady oper-
ation.

The transient period of operation of the amplify-
ing converter is characterized by a voltage rise at the
output above the value of the dynamic processes of
charging and discharging the capacitor, which ex-
ceeds the values of the adjustment characteristic of
the converter, as a result of which an excess electric
charge is created in the capacitor.

The DC-DC voltage stabilization period occurs by
gradually reducing the accumulated excess energy of
the electric field to a value corresponding to the con-
trol characteristic. During this period, the pulses of
energy transfer of the magnetic field from the induct-
ance stop. The reduction of excess energy in the ca-
pacitor occurs almost according to a linear law.

The period of steady work comes at the end of the
stabilization process, the inductance current pulses
are restored, the dynamic equilibrium of the pro-
cesses of charging the capacitor and discharging it
through the load resistance occurs. Depending on the
parameters of the converter and its load, the equilib-
rium process can be of an oscillatory nature, in which
groups of pulses are transmitted and their absence.

A mathematical description of the process of volt-
age stabilization is obtained on the basis of calculat-
ing the reduction of excessively accumulated energy
by the capacitor during the transition process and the
discharge rate through the load.

In the case of using the DC-DC converter in con-
trol schemes, it is necessary to take into account the
alternation of periods of its operation and approach
the theoretical analysis taking into account the
marked periods of operation. In view of this, a num-
ber of research results in which the processes consid-
ered are not taken into account require additional
analysis.
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HocaimkenHs nigsunyBaabHOro DC-DC nepeTBoproBava IIISIXOM YMCeJIBHOTO eKC-
nepuMeHTy

Kocrsurna Copoka, Bikrop Xapuenko, Isar Koctenko

Awnoranis. Y crarTi posrisHyTOo disvuHi mporecy podoTy iMItysibcHoro minsuiysaiasHoro DC-DC nepeTBoproBadva erre-
KTpu4HOi eHepril. CTBOpeHO KOMII'TOTepHY MOZeJIb IIOKPOKOBOIO IepeTBOPeHHSI eHepril: Bifj Jpkepesia XX/BJIeHHs B eHep-
rifo MarHiTHOIO II0JISl, Bill eHeprii MarHiTHOTO IIOJIS B €HEePIilo eJIEKTPUYHOrOo II0JI4 Ta Tl HaKOIIMYeHHs KOHIeHCaTOPOM
HpW HifgBuILeHin Hanpysi. [lepeTsopioBad mparjfoe B peXXyMi IIMPOTHO-IMITYJILCHOTO perysiosaHHs. [Iporecn neperso-
PEHHS eHepril ONMUCYIOThCS PiBHSIHHAMM, 3BeneHVMY 10 dpopmu Kommi. Komir'roTepHy Momens moOymoBaHO y mporpam-
HoMmy makeTi Simulink, MatLab. MogeroBaras DC-DC nepeTsoproBaya rependadae po3paxyHOK KOXXHOTO iMITyIIbcy, 30e-
PeXXeHHST pe3yJIbTaTiB i IX epeady Ha MOYaTOK HAaCTYITHOTO iMITyITkCy. OmvicaHMIT aJITOpUTM MOJIeIIOBaHHsI, IIpu pobo-
unx gacrotax DC-DC nepeTsoproBaya, HaKJIafa€ MiABUIIEHI BUMOIM 0 MIBUAKOMIT KOMII'IOTepa Ta 00CATY 110To ITaM'gTi.
MonenroBanH: 6y10 mposereHo s t = 10 ¢ ipu wacroti 100 xI'm, i TpuBasto Gimeime mrectt ToaMH (tm > 6 TomyH). Brxo-
PpVICTaHHS TaKOI MOIeJIi A1 AOCIKeHb He € edeKTMBHMM. byIio 3HaeHo MeTo[, MOIeJIFOBaHHS Ha HIDKUMX YacTOTax 3
IOJAJIBIIOIO [lepeaJelo X pe3yJIbTaTiB Ha 4acTOTH IlepeTBOproBauiB. MopesmoBaHHs IIpoBOaWwIOCs Ipu dactoTax 1 I,
i Oyra migTBep/IKeHa a/TeKBaTHICTh pe3ysIbTaTiB [T IIepeTBOPIOBaviB Ha BUIIMX YacTOTax. TpuBaicTh eKcIlepuMeHTy
ckopoueHo 110 30 ceKyH, 1110 3abe3redye 3py4Hi YMOBM IJISI MOJIeJTIOBaHHS. JIOCIIIKeHHsI, IIPOBEJieH] 3a IOIIOMOTO0 3a-
ITPOTIOHOBaHOI MOZIEJIi, O3BOJIAIOTh BUUIVTY TPY 9acoBi epiofy pobOTH MiABWIITyBaJTbHIX TIepeTBOPIOBaviB: Tlepexis-
HUW, cTabimisanivtamit i crarionapamit. Ilepeximauit mepion xapakTepusyeTbes 3pocTaHHAM BruxinHoI Hanpyru DC-DC
BUIIle 3HAYEHHS AVHAMIYHOI PiBHOBAru IIepeTBOPIOBaYa, TOOTO 3HAYEHHS, SIKe ITePEBUIIY€ BU3HAUEHEe PeryJIIoBaIbHOI0
xapakTepucTukoro. ITpy 11boMy Ha[JIMIIIKOBa eHepris HaKONMYyeThCs B HAaKOIIMYYBaJIbHOMY eJIeMeHTi, a IMHaMiuHa piB-
HOBara IIporecis 3apsyKaHH4 i po3psamKaHHA 3MilyeTbcs. [lounHaeTbest niepion, crabitisariil, min gac sikoro BigcyTHI iM-
IIyJIbCU CTPYMY, €Hepris He HaJIXOUTh 10 KOH/IeHCaTOpa, i BiH po3ps/KaeThcsl CTPYMOM HaBaHTakKeHHs. Hayymmkosui
3apsiIl 3MEHIITY€ThCA 0 3HaAUeHHs], siKe BilIloBinae cranioHapHin poboti. Hampyra B 1ieiz Iepiosl 3MeHIITy€ThCS MavbKe 3a
JIHIVHMM 3aKOHOM, 00epHEHO IPOIOPIIITHMM [0 BeJIMYMHM HaBaHTaXeHHs. OTprMaHO popMYyIIN I PO3paxyHKY dacy
crabimnisartii. ITepion cramioHapHOi pobOTV XapaKTepU3yeThCS AMHAMIYHOIO piBHOBATOIO IIPOIIECiB 3apsKaHHs KOHIeH-
caTopa IMITyJIbcaMy CTPYMY i po3psiIKaHHS HaBaHTaKeHHSIM IIOCTIMTHOTO CTpyMy. BiH TpuBae moTu, mOKM He BinOymeThcs
3MiHa HaBaHTa)XeHH: abo HaIIpyTV Ha BXOZIi IlepeTBopioBada. Yac cTabiisamirfHOTo Iepiofy MoJKe ITepeBUIIyBaTH KilTbKa
XBWIVIH, CYyIIPOBOIKYBaTMCh IIOBTOPIOBAHVIMI OHOBJIEHHSIMM Ta 3yIIMHKaMU IMITyJIbCiB CTPYMY, a B IeIKMX BUIIaIKaX B3a-
rajti He BcraHOBIoBaTHCh. Ockiyibkit DC-DC miepeTBoproBadi IIMPOKO 3aCTOCOBYIOTHCS B CHICTeMaX KepyBaHHS Ta MalOTh
onmcaHi BuIIe pobodi Iepiony, IIpy IPOEKTYBaHHI CrcTeM KepyBaHHS Ta aHaIi3i ix poboTr HemoCTaTHBO BpaXOBYBaTV
Jymviile piBHOBaXKHI pexxnMi. HeoOxigHO TakoX BpaxoByBaTu 3MiHy poboumx nepiofis. Y psai murosadvx poOiT oi nepionm
He OIVCaHi, ITI0 YaCTKOBO 3HVDKY€E HafIiVHICTh IXHiX pe3ysbTaTiB. [lMHaMiuHa piBHOBara IporieciB He MOXe OyTV BCTaHO-
BJIeHa offpa3y micirst nepemukasHs pexxuMiB DC-DC, i TpuBasIicTh 1IbOT0O IPOLIeCy 3aJIeXKUTh Bill BeJIMUMHIM HaBaHTa KEHHS.
Buxopucranas DC-DC peryssiTopis, HalIlpMKIIaf, y cxeMaX >KMBJIEHHS Bif] aKyMyJISTOPiB, 3a 3MiHM 30BHIIIIHbOIO HaBaH-
TaXeHHS MOXKe IIPU3BecTy H0 HebakaHo1 3MiHM pexnmy pobotrt DC-DC, 1110 3HVIKY€ epeKTUBHICTE 110I0 BUKOPUCTAHHS.

Kirouosi croBa: mimsumnysamsaMTT DC-DC mepeTBopioBad; KOMITIOTepHa MOJIeNb; ITMPOTHO-IMITYJIbCHa MOYJISIIIS;
Simulink, MatLab; MomertoBaHHS; orepartiviHi mepiofy; edpeKTMBHICTb BUKOPUCTaHHS.
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