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Introduction. This article presents the analysis of energy transition processes in boost converter under
the conditions of load changing. The boost converter laboratory layout is investigated with forms of the
transient process caused by load changing. The transient currents and voltages are measured in harmonic
and anharmonic modes. The parameters of boost converter transient modes are estimated. The analysis of
energy transition processes is performed using two boost converter models.

Problem statement. The boost converter circuits are used in the areas of electronics where the minimi-
zation of energy losses is strictly required. The boost converter energy losses depend on the form of transient
processes caused by load changing. The purpose of energy losses minimization requires exact analysis of
energy transition processes which appear under load changing. The presented work describes the responses
of boost converter circuit to changing the load twice with four different transient modes.

Results. The analysis of energy transition processes is performed with two models. The first model is based
on the iterative mapping technique, where the currents and voltages of each period of gate driving signal are
determined from the circuit parameters and initial conditions given by the previous period of driving signal.
Such model allows to perform an exact analysis of current and voltage ripple transient processes. But the
iterative mapping model is characterized by numerical approximation errors and requires more computation
time. The second model describes the envelopes of boost converter current and voltage transient processes
analytically. This model is based on the state-space averaging method which is widely used for modelling of
switching circuits. Such model does not take into account the waveforms of current and voltage ripples, but
it provides a more simple description of transient process envelopes which are useful for the circuit design
purposes. The modeling results obtained from iterative mapping and state space averaging, match with the
experimental data.

Conclusions. The performed analysis shows that the energy losses depend on the transient process mode
significantly. During the load transient process time, the smallest energy losses can be obtained under the
critical load transient process form which is situated between periodic and aperiodic modes. Such result is
obtained experimentally and confirmed by the both iterative mapping and state-space averaging models.
The analytical results are confirmed by optimization procedure in MATLAB environment.
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Introduction

The boost converters are used in many fields of
modern electronics [1-3]. Mostly, boost converters
function as sources and converters in power supplies
of different electrical devices [3,4]. There are many di-
fferent circuit realizations of boost converters [2,3,5-9].
But the main principles of DC-to-DC power conversion
with output voltage increase correspond to the basic
circuit [3,10, 11] that is shown in Fig. 1, where the
capacitor voltage is increased regarding to the inductor
that functions as a current source.

The analysis of transient processes and minimi-
zation of energy losses in boost converter circuits are
important problems of modern power systems research
[3, 12]. Such problems appear, for an example, in
renewable energy sources [4,13,14], smart grids [14,15],

and other devices with high requirements to energy
consumption [2,16,17]. Also, one of most important
boost converter application areas is the photovoltaic
energetics [4, 18-20]. The work [21] shows that the
photovoltaic battery exploitation efficiency can be
improved significantly by using optimizer circuit based
on a boost converter. The new directions of boost
converter research are related to the investigation of
its transient responses under different control forms
[20, 22—-28]. Various models of boost converters are
investigated due to the practical application features
[29-34]. So, in these works the fractional order models
for DC-DC converters and other circuits are analyzed
in accordance with parameters of real electrical parts.
One of the most important fields of boost converter
development is the analysis of transient responses
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Fig. 1. The boost converter circuit diagram (a) and laboratory realization (b)

under varying load [4,13,17,26]. Thus, it causes transi-
ent processes that influence the loss characteristics.

In this paper the analysis of boost converter losses
and responses to load transients is performed usi-
ng analytical techniques and optimization procedure
based on iterative mapping models.

1 The Considered Boost Con-
verter

The boost converter circuit diagram [3,11,28] and
its realization are shown in Fig. 1.

In the presented work, the boost converter is reali-
zed on the base of 2mH inductor with magnetodi-
electric core (sendust, 1o = 60) and electrolytic capaci-
tors with ESR < 70m) and parasitic inductance less
than 10pH . The switch is designed on the base of power
MOSFET transistor STW88N65M5 [35]. The rectifier
VD is power Shottky diode 30CPQ150 [36]. The source
voltage is ' = 12.87V. A significant parasitic resi-
stance is modelled by resistor Ry = 1€2. The converter
is investigated with load resistances 252, 502, 10012.
The driving signal is generated by UNI-T UTG1010A
functional generator.

The more detailed specifications of designed boost
converter elements are presented in Table 1.

Such elements are selected for achieving a wide
range of experimental modes and more exact analysis
of different boost converter modeling techniques.

2 The Boost
delling

Converter Mo-

The boost converter circuit (Fig. 1) can be
represented by two equivalent circuits [3] for open and
closed MOSFET switch that is shown in Fig. 2.
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Fig. 2. The equivalent circuit: (a) the switch is closed,;
(b) the switch is open

In the state 1 the inductor current increases up
to the maximum value that is defined by parasitic
resistance Ry. The capacitor is discharged to the load
resistance R. Such as the boost converter is separated
into two first-order circuits, the transient processes
have exponential form in the state 1. Accordingly to
the state-space averaging method [3,11,31,37,38], the
boost converter (Fig. 1) model can be represented in
the form (1).

LdiL

dt | | —Ro (1D)}X ir n

Cdvic (1-D) -% ve
dt

where t is the time L is the inductance, C' is the capaci-
tance, E is the source voltage, R is the load resistance,
iy, is the inductor current, ve is the capacitor voltage,
D is the duty cycle of switching (Fig. 1). The model (1)
allows to obtain averaged voltage and current transient
processes waveforms. For more exact modelling with
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Table 1 The main parameters of the designed boost converter (Fig. 1) elements
Parts Parameter Value
inductance 2 mH
magnetic core material sendust
Magnetic core material parameters:
initial magnetic permeability pg 60
Inductor eddy current loss coefficient 250-107Y 1/Hz
L hysteresis loss coefficient 5-1073
additional loss coefficient 2.1073
the operation frequency range 10 kHz
maximum loss angle tangent 0.01
Capa- capacitances 8mkF, 40pF, 2.1mF, 1.94mF
citors maximum ESR at 10kHz 70 m$)
C maximum equivalent inductance 10 pH
part number 30CPQ150
Diode type Shottky
VD repetitive peak reverse voltage Vrras 150 V
maximum average forward current Ipav) 30 A
part number STWS88NG65M5
Tran- type MOSFET
sistor maximum drain-to-source voltage Vpgg 710V
Q drain current Ip 84 A
maximum drain-source on resistance Rps(on) 29 mf)

accounting of current and voltage ripple, the boost
converter behaviour can be described by the iterati-
ve mapping (2) and (3) expressed in accordance with
[1-3,39]. The inductor current is determined by (2):

E_E B,
Ry R
. —Bo 1ty
+ir(tg)e , state 1

(Ao + Agerr (7t 4 Aze’”(t*m) Bt (9

state 2.

The capacitor voltage is determined by (3):

vo(ty) - e_ﬁlc(t_t’“), state 1
(Bo — Byepr(t=t) _ BQem(f—fk)) B+

(Boer 1) 4 Byttt ) iy 1)+

ve(t) = { (Bsen ) 4 Boer =10 ) v (ty),  (3)
state 2
vc(tk)e_ﬁlc(t_t’“), state 2,

ir,(t) =0 (t is the time when

i1, (t) reaches value 0),

where ¢ is the time, ¢, is the time of the last commutati-
on to state 1, k is the number of the last commutation,
E is the electromotive force of the voltage source, L is

the inductance, R is the load resistance. The coeffici-
ents A, and B, (n = 0,1,2,3,4,5,6) are defined by
the following expressions:

Aof% B():].*AORO

A=g(-1-5)+d Bi=(Ro+Lp)4
Ap=£ (-1+ %) - Ba=(Ro+Lp2) A
A3=3(1+5)+8  Bs=(Ro+Lp)As
A=1 1_% 0 By = (Ro+ Lp2) As
A5:& Bs = (Ro + Lp1) As
AG__QlL BG:(R(]+Lp2)A6

where b and c are the state 2 characteristic equation (4)
coefficients, which are defined as follows:

_RRC+L R+ R

RLC RLC ’
s24+b-s+c=0.

b

(4)

@ is the square root of characteristic equation
discriminant, i.e. Q = +/b% —4c, where s is the
complex frequency, and the coefficient d is defined as
d = 1/(RLC). The characteristic equation (4) roots
arep;y = (—=b+ Q)/2, and p; = (=b — Q)/2. In the
state 2, the dynamics of transient processes depend on
the values of the roots pjand ps. If the roots are real
numbers, then the inductor current iy, (t) and capacitor
voltage vc(t) change with time by exponential laws
that correspond to (4). If the roots p; and p, are
complex (4c > b?), then the transient processes are
damping harmonic oscillations. The roots of characteri-
stic equation are

P12 = —(5:|:ij7 (5)



20 Martynyuk V. V., Kosenkov V. D., Geydarova O. V., Fedula M. V.

where § = /2, wy = /b?/4—c. In such case,
the inductor current and capacitor voltage include
harmonic components:

ir(t) = E/(Ro + R) + Ge™® -sin(wst +v),  (6)

ve(t) = E+ Ge™
-cos (wyt — (Ro — 0L)/(Lwy)) -

A\ (Lwp)? + (0L - Ro)>, (7)

where G is the amplitude of harmonic oscillations.

3 The Approximate Calculation
of Boost Converter Parameters

If the ripple level is low and transient processes have
the form of almost straight lines, then the parameters
of boost converter can be obtained by approximate

techniques related to the ones described in [3]. Some
of such techniques are presented below.
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Fig. 3. Almost linear form of inductor current (a) and
capacitor voltage (b) transients

If the forms of inductor current and capacitor
voltage transients are almost linear (Fig. 3), then the
initial conditions for the state 1 are given by the
expressions:

iL(tO) = IL,min = IL,avg - AILa (8)
UC’(tO) = VC,max = VC,avg + AVCv
where I, 444 is the averaged inductor current, Vi 444 is
the averaged capacitor voltage, Al and AVy are the
ripple estimations, tg, t1, to are the commutation time
moments, accordingly to Fig. 3.
Therefore, the initial conditions for the state 2 are
defined by the following expression:

. E
ZL(tl) - IL,max - Rio—i_
+ (IL,min - 5) e*%(“*t“) 9)
0

t1—

t
ve(t1) = Ve, min = volty) e~ o,

The periods of the state 1 and state 2, Aty and Ats
(Fig. 3) can be obtained from the conditions for the
ripple of inductor current (Aly) and capacitor voltage
(AVe). If we set Al = Ky - I1, 44, Where K is a real
positive coefficient, then, for ¢ = t;, the inductance
current is determined by (10):

7:L(tl) = IL,avg + Kl : IL,avg =
_ o — Loy
E/Ro+ (IL, min — E/Ro) e . (10)

The above expressions allow to obtain the equati-
on (11).

_%Atl . IL,avg + KIIL,avg - E/RO

e - b
IL,avg - KIIL,avg - E/RO

(11)

which provides the state 1 duration At; given by the
following formula:

L (1+K1)IL,avg_E/RO

At = ——1n .
! Ry (1—K\)IL avg — E/Rg

(12)

The averaged capacitor voltage can be determined
using [26,31,33] for Ry = 0:

Veawg = Ks - E, (13)

where Ks = (Aty + Atg)/At;. The averaged current
Iiq,qvg and power Pyg 4,4 values are given by (14):

Ild,avg = VC,avg/Rv Bd,avg = VC27¢wg/R' (14)

Besides, we can use a more exact formula for
averaged load power:

]Dld, avg — (]-5)

1 [ (v(n))?
T / —r T
0

but a simple analysis shows small error under At; =
Aty = T/2, where T is the period of commutation.
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Such as at the state 1, we obtain Vo = ve(tg) —
4AV - t/T, then, during the time 7/2, the averaged
load power is

Pld,avg =

2
)dt:

T/2
1 / (Veumax — 4AV )T
T/2 R

0

1

1
R(ngg + gAVQ). (16)

For instance, if the ripple AV is limited by condi-
tion AV = 0,1Vg 4y (voltage oscillation level is
significant), then the error is only 0.33%, due to (17).
Thus, for Ry = 0 obtain

P;=PFPy or E- IL,avg = VC,avg : Ild,avg (17)
and the inductor current is I, qvg = lid,qvg Ve,avg/E =
Ild,avg - Ks - E/E =K - Ild,avg~

So, the boost converter circuit is a step-up
transformer with transformation coefficient Kj.
Vi I
Ciavg _ L,avg — K. (18)
E Ild,avg

Now, let’s analyze the influence of resistance Ry
on the averaged values of capacitor voltage Vi 4. and
inductor current Iy q44. If Rg # 0, then equivalent
source voltage is

Vi=F — IL,avg - Ry (19)
and the load voltage is defined by (20):
VC’,avg = Ks- (E - ILJM}g : RO) =
- K5(E - KJ : Ild,avg : RO) =
= K&(E - Kévc,angO/R)~ (20)

Hence, the averaged load voltage Vi e.g and
averaged load current Ijg .. are determined by the
following expressions:

VC,cwg = K§ : E/(l + K(?RO/R)v (21)
Ild,avg = VC,avg/R~ (22)
Thus, the averaged inductor current is
IL,avg = Ké : VC,a’ug/R =
= (Ks/R)- KsE/(1+ KiRo/R). (23)

Such as Vomin = Vomaxe /), then we obtain
the following expression for the state 1 duration:

Verang — AV)

24
VC,avg + AV ( )

Atl = —RC'In (

If we consider the voltage ripple AV = 0.1 Vi qug
and state 1 transient process time constant RC =

2.5-10"%sec, then we obtain At; = 5-107° sec from
the formula (24). On the other hand, let’s determine
the parasitic resistance Ry value that makes boost
converter losing advantages in comparison with direct
load-to-source connection, i.e. Vg qvg > E-R/(R,+ R)
or

K(;E/(I—FK(?'R()/R)>E~R/(R0+R). (25)

After several transformations of expression (25), we
obtain the condition:

Ry < R/Ks. (26)

If Ry = R/K;, then the boost converter load
voltage is equal to the voltage of direct load-to-source
connection. For the state 2, the boost converter circuit
must satisfy the condition Aty << 27/w; to avoid
high losses and load voltage distortions. The performed
analysis and measurements show, that under At; =
Atgy 2n/wy > 3 - RC, the capacitor discharges
almost to zero, and we can consider Vo min = O.
Then, Vo avg = Vo,max/2. Thus, for the selection of
capacitance C, we can set the condition Aty = Aty =
RC/(5...10). The value of K; can be obtained from the
following condition:

dvo _ d

=— (Ks;E/(1+ K3 = 2
dK(; dK5 ( 1 /( + §RO/R)) 07 ( 7)
hence, we obtain the transformation coefficient:
Ks =+/R/Ry (28)
4 The  Analysis of Boost

Converter Transient Process
Modes Under Varying Load

The boost converter models and laboratory layout
are investigated with the parameters £ = 12.87V,
L = 2mH, Ry = 1Q, At; = Aty = 5- 10 °sec for
load resistances 252, 502, 100€2. The capacitance C'
impacts the boost converter transient process mode. It
is obtained by four different techniques in subsections
4.1 — 4.4, respectively.

4.1 The Critical Transient Process in
the State 2 (Switch Off)

The aperiodic and periodic modes of capacitor
charging are considered for fixed values of F,L,Ry,R.
If the characteristic equation (4) has a single solution
p1,2 = —6, then the critical capacitor charging mode
appears. The critical mode condition is defined by (29):

(L + RyRC)/(2RLC) = (Ry + R)/(RLC).

The solution of the equation (29) gives the following
result:

L
O'= o | (Bo +2R) + 2V/RoR + R?] . (30)
0

(29)
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Thus, the capacitance value (30) provides the cri-
tical form of state 2 transient process. Whereas, for
periodic charging mode, the inequality (31) must be
satisfied:

C< ﬁ [(RO +2R) + 2V RoR + RQ} . (31)
0

For the presented boost converter parameters, state
2 critical capacitance (30) is 8 mF.

In Fig. 4, the load transient processes are shown
for the load resistance changing from initial value
Rinit = 50Q to R = 250 (triangle markers) and to
R = 10082 (square markers). The left plots show the
ranges of experimental and modeled boost converter
transient current and voltage. Right plots show the
respective current and voltage ripple waveforms for the
load resistances R = 2502 and R = 10012. Also, the
ripple waveforms are plotted for the case, when the
load transient is absent and the resistance remains still
R = Rini = 50Q (circular markers). The final values
of load resistance are denoted in the figure legend. The
next plots Fig. 5, Fig. 6, Fig. 7 are organized in the
same way.

4.2 The
Mode

The following analysis is performed for obtaini-
ng the capacitance value, that provides the maxi-
mum speed of periodic capacitor charging. The boost
converter circuit is connected to the voltage source E
under the initial conditions: i (0) = 0, vc(0) = 0.
Under p; 2 = —6 + jw we obtain

Maximum Voltage Boost

_ ER 5t
Uc—RO+R+G€ sin (wst + 1),
ic = CGe % (=6 (sinwt + 1) + w cos (wt + 1)) .

(32)
Next, the expressions (32) are simplified for ¢ = 0,
as follows.

Gsiny = —ER/(R+ Ry), (33)
Gcost) = — (8/wo) - ER/(R+ Ry),

where tgy) = wy/d, ¥ = arctg(wy/d). On the other

hand,
T
costp = /4 /w} 402 = d/wo,
G = (=ER/(Ro + R)) /sint) =
= —(wo/ws) - E-R-/(Ry+ R). (35)

As a result, we obtain the expression for capacitor
voltage:

_ FER
_R0+R

Vo

(1 _ 20 st sin(wyt + ¢)> . (36)
wf

The maximum value of the voltage uc can be
reached under ¢ = T /2, i.e.

E R X

v =F—

C,Tf/g R+ Ry

L+RoRC
2RLC

Ro+R _ (L+RoRC)?
RLC IR?L2C?

X |1+ exp (37)

The capacitance, that provides the maximum
voltage vofor t = Ty /2, can be defined by the differenti-
al equation

dv 7,
C I
——= =0 38
w12, (39)
The solution of equation (38) is
C = L/(RyR) (39)

The maximum voltage boost condition (39) gives
the capacitance value C=40uF.

Fig. 5 shows the respective transient processes
where the load changes from 502 to R, similarly to
Fig. 4.

4.3 The Critical Averaged Envelope
Transient Process Mode
The characteristic equation of state-space averaging
model (1) is given by (40):
g2, BoRC+L R (D- 1)> + Ry
RLC RLC
Thus, for the critical envelope transient process, the
condition (41) must be satisfied.
RoRC + L 2_4R-(D—1)2+R0
RLC RLC

From equation (41), the critical capacitance is
obtained as (42).

—0. (40)

=0.

(41)

C1, : (RO +2R(1 — D)?

" RIR

+ \/Rg + (fRO —2R(1— D)2)2>. (42)

Such as Cy reaches very low values (near 1077)
under the given boost converter circuit parameters
(R() =1 Q, R =50 Q, L = 2mH, D = Atl/(Atl +
Aty) = 0.5), then we select

L

c:q:@.

(Ro +2R(1 — D)?

+ \/Rg + (—Ro —2R(1 - D)2)2>. (43)

The critical envelope mode capacitance C=2.1mF
is obtained from (43).

Fig. 6 shows corresponding transient processes and
ripples, where load changes from 252 to 1002 value.
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Fig. 4. The transient processes under state 2 critical capacitance C=8mF": (a) inductor currents; (b) output
capacitor voltages
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Fig. 5. The transient processes under maximum voltage boost capacitance C=40 pF: (a) inductor currents; (b)
output capacitor voltages
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Fig. 6. The transient processes under critical envelope capacitance C=2.1mF: (a) inductor currents; (b) output
capacitor voltages

4.4 The Optimized Transient Process
Mode

In boost converter circuit, the losses are estimated
by the input energy W;,, and output energy W,,:. The
boost converter efficiency estimation is the maximum
energy loss between the cases when the load resistance
does not change (R = 50 €2), when it decreases twice
(R = 25 Q) and when it increases twice (R = 100 Q).
Such estimation allows obtaining the best parameters
for boost converter under the varying the load resi-
stance in the given range R = 50 4+ 50%.

The input energy W;,, is the energy that passes from
voltage source with electromotive force E to the boost
converter circuit from time ¢; to time to:

ta
Win == /E-iL(T)dT
t1

Respectively, the output energy W;, is the energy
transmitted to load resistance:

(ve(n))?
CR d

(44)

Wia =

t1

T (45)

The energy loss coefficient is given in per cents:
Kipss = 100 - (Wln - VV[d)/Wm (46)

The boost converter efficiency is estimated by the
expression

Kloss,max = maX(Kloss,07 Kloss,la Kloss2)7 (47)

where Kj,ss50 is the loss coefficient for the initial resi-
stance (Ryq,0 = 50 ), Kjoss,1 is the loss coefficient for
the resistance Ryq,0/2, and Kjoss 2 is the loss coefficient
for the resistance R = 2R;q.

Thus, the boost converter losses minimization
problem can be represented as (48):

min (maX(Kloss,Oy Kloss717 Kloss2)>7
C

(48)

under the condition Vy — AV < ve < Vg + AV, where
AV =01-V,Vp =24 V.

The minimization procedure is performed in
MATLAB environment using fmincon function. As the
result, the capacitance C=1.94 mF is obtained.

The load transient processes and ripples are shown
in Fig. 7.

5 The Comparison of Boost
Converter Efficiency with Di-
fferent Load Transient Process
Modes

The boost converter losses (46), (47) are
analyzed for the capacitances obtained from expressi-
ons (30), (39), (43) and (48) for the observation time
t € [Ty, Ti] where Ty, is the duration of the
longest of the investigated transient processes (for
the capacitance 8 mF). In Table 2, the experimental
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and modeled losses are presented with corresponding
relative errors of modelling (the averaged envelope (1)
is compared to the averaged experimental data). All
modelling errors are calculated in per cents by the
formula

|Xexp - Xmodel|
max(Xexp) — min(Xexp)’

e(X) =100- (49)
where Xeyp is the experimental value, X040 is a
modeled value.

The loss coefficient time dependencies are presented
in Fig. 8 for the four obtained capacitances under the
source equivalent resistance 1§2. The graphics show

that boost converter losses significantly depend on
output capacitor value during the load transient. After
the ending of the transient process, the maximum boost
converter loss coefficients do not depend on the output
capacitance significantly. The case of critical envelope
mode (C=2.1mF) shows the longest time during which
the maximum loss coefficient is less than 10%. Very
similar result is obtained by optimization procedure
(C=1.94mF). Thus, the boost converter efficiency can
be increased by selection of output capacitance wi-
th accounting of estimated load transient processes
duration.
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Puc. 7. The transient processes under optimized capacitance C=1.94mF: (a) inductor currents; (b) output
capacitor voltages

Table 2 Experimental and modeled losses and modelling relative errors for different boost converter transient

modes
Experiment Tterative model Averaged model
Transient Mode C losses (47) | losses | current| voltage| losses | current| voltage
(47) error error (47) error error
(49) (49) (49) (49)
Critical for state 2 (30) 8,1 14.26% 13.57%| 1.10% | 1.96% | 13.39%| 2.28% | 1.42%
mF
Maximum voltage boost (39) | 40 pF 11.42% 11.28% | 2.31% | 1.83% | 11.04% | 2.86% | 2.52%
Critical envelope (43) 2.1 9.08% 9.23% | 1.58% | 1.31% | 9.12% | 1.84% | 1.78%
mF
Optimized (48) 1.94 9.31% 9.12% | 1.76% | 1.25% | 9.17% | 1.65% | 2.03%
mF
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Puc. 8. Energy losses in different modes: (a) critical sta

te 2, C=8mkF; (b) maximum voltage boost, C=40 pF;

(¢) critical envelope, C=2.1 mF; (d) optimized, C=1.94 mF

Conclusions

The boost converter efficiency (energy losses) and
transient processes are analyzed for four different
modes: critical mode of switch-off state, maximum
voltage boost mode, critical averaged envelope mode
and optimized mode. These modes are characterized
by different energy losses during transient processes
caused by load varying.

The first mode is given by the condition of criti-
cal transient process (between periodic and aperiodic
modes) for the state 2 (switch-off). This transient
mode appears under a great value of the circuit ti-
me constant, thus, it requires a great value of output
capacitance. Such mode allows minimization of the
losses during state 2. But the main disadvantage is
that the state 1 transient processes are not taken
into account. Thus, during the load transient process,
energy loss is 14.26% under the state 2 critical mode.
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The second mode is determined by the condition of
maximum output voltage boost. In this case, the boost
converter efficiency is higher. The losses are 11.42%
during load transient process. The disadvantage of such
mode is that the time-domain waveforms of transient
processes are not taken into account. But this techni-
que is useful, if the short-time load transient losses
constraints are strict.

The third mode is obtained from the condition of
critical transient process (between periodic and aperi-
odic modes) for averaged envelopes obtained by the
state-space averaging method. Such transient process
mode shows only 9.08% energy loss.

The fourth mode is obtained by using optimization
procedure in MATLARB environment. The procedure is
realized by MATLAB functions. The obtained result
is closed to the critical transient process for the
averaged envelope. The energy losses are 9.31%. The
disadvantage of this technique is the presence of
numerical calculation errors that appear in the opti-
mization procedure.

The presented results show that different transient
modes can be required for obtaining the best effici-
ency of energy transition under different load variation
frequencies and durations. For example, if the load resi-
stance changes for a short time, then maximum voltage
boost mode is convenient with a small output capaci-
tance which provides a short response time, as shown
in Fig. 8 (b). But, if the load resistance changes for a
longer time, then critical envelope mode (Fig. 8 (¢)) is
more efficient and provides a longer protection from
high energy losses.

It should be noted that optimization procedure
leads to parameters close to critical envelope mode.
Probably, the minimum energy losses can be obtained
in critical envelope mode. In such case, the difference
between critical envelope mode parameters and opti-
mization result can be caused by the calculation errors
of boost converter models and optimization procedure.

Therefore, consideration of load transient process
modes can provide a significant improvement of boost
converter efficiency under varying load.

All modelling errors are lower than 3%, but the
iterative model given by (2) and (3) does not match
exactly with current and voltage ripples, because of the
parasitic parameters that are not taken into account.
Thus, for more exact boost converter ripples modelling,
the more complex models should be used to fit the
characteristics of semiconductor and passive elements.
Especially, the investigation of fractional order capaci-
tor models [40, 41] is interesting in accordance with
greater capabilities of the ripple curves fitting without
a significant increase of model parameters number.
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ITocranoBka mpobGsemu. Kona migpumryiounx mepe-
TBOPIOBAYIB BUKODPHUCTOBYIOTHCS B OOJIACTSIX €JIEKTPOHIKM,
Je MiHIMi3aIig BTpAT eHeprii € KpUTHIHO BaXKaInBoo. Brpa-
TN eHeprii y MABUILYIOYOMY II€PETBOPIOBAYL 3a/IeKaTh
Big dbopME mepexiTHuX MPOIeCiB, BUK/INKAHUX 3MIHOKO Ha-
BaHTaykKeHHd. MiHiMi3anig BTpaT eHeprii BEUMara€ TOYHOTO
aHaJsIi3y MPOITECiB mepeati eHeprii, siki BUHUKAIOTH IIPU 3Mi-
HI HaBAHTAXKEHHs. 3aIIPOITOHOBAHA POOOTA OIMCYE PEaKINl
CXeMHU IIepeTBOPIOBAYA HA 3MIHM HABAHTAXKEHHS BIBIUL 3
90TUPMA PI3HUMU PEKUMAMHU TIEPEXiTHOTO IIPOIIECY.

PesyabraTn. Anani3 mporeciB nepemadi eHeprii 3/iii-
CHIOETHCS 3 BUKOPUCTAHHAM IBOX Mozesneit. [lepura momesn
6a3yeTbCs HA METOMUIN ITEePATHBHOTO BimoOpazKeHHs:, e
CTPYMHU 1 HANpyrW KOXKHOTO TEpIOAy CHUTHAJY KepyBaH-
H$I 32TBOPOM TPAH3UCTOPA BU3HAYAKTHCS 33 TapaMeTpaMu
CXeMH 1 IOYATKOBHMH YMOBAMW, 33aHHMU IIOIEPEIHIM
MepioOM KepyI0doro CUTHAJILY. Taka MOIeIb JO3BOJISIE TIPO-
BOOWUTH TOYHWI AHAJI3 MEPEXiTHUAX IPOIECIB 1 Iysbcamii
crpymy Ta Hanpyru. IIpore, Mozmesns itepaTuBHOro Bimodpa-
JKEHHSI XapaKTePU3YETHCS MOXUOKAMM UHCIOBOI AIPOKCH-
Mamii, i Bumarae Oinpire wacy Ay BUKOHAHHS OOINC/IeHbD.
Jpyra Momenb aHAJITHYIHO OMKUCYE OTMHAIOYL HePeXiTHIX
IIPOIIECIB CTPYMY 1 HAIPYIH IepeTBopioBada. Taka Momessb
0a3yeThCs Ha METOl yCepeaHEeHHs Y MPOCTOPi CTaHIB, IO
MIUPOKO BUKOPUCTOBYETHCS [IJIsI MOETIOBAHHS 1MITY/IbCHIX
cxem. Taka Momesib He BpaxoBy€e (hOPMU ITyJIbCALi CTPYMIB
i HampyrwH, aje 3abe3mevye OLIBIT TPOCTHIT OIUC TIePeXiTHIX
IIPOITECIB, AKi KOPUCHI A1 1Iiyieii cxemoTexuiku. Pesyabpratn
MOJIEJIIOBAHHSI, OTPUMAaHI 3 iTepaTUBHOIO BigOOparKeHHS Ta
yCcepeqHeHHs Y TIPOCTOPi CTaHIB, CHIBIAJAIOTh 3 €KCIIePH-
MEHTAJIbHUMU JIAHUMU, i3 BiJHOCHOIO IMOXUOKOIO, sKa He
mepesuntye 3%.

BucuoBku. IlpoBenenwmit anasi3z moka3ye, mo BTpa-
TH eHeprii y MiABUILYIOYOMY II€PETBOPIOBAYL 3aJI€KATh
Bix mepeximuHoro mporecy. IIporarom mepeximHOro mpore-
Cy, BUKJINKAHOTO 3MIHOIO HAaBAHTAYKEHHSI, HAMEHIII BTpa-
TH eHeprii MOXKyTb OyTH OTpHMaHI 32 yMOBU KPHUTHIHOL
dopmu mepexigHOrO TPOIECY, IO PO3TANIOBAHA MiXK rap-
MOHIYHMM Ta HETAPMOHIYHUM peRkuMaMu. Takuil pe3yabrar
OTPUMAHO €KCIIEPUMEHTAJILHO 1 IIITBEPKEHO K iTepariii-
HUM BiZOOparKEHHSIM, TaK 1 MOJEISAMU yCepeTHEHHS CTaHy
npocTopy. AHAMITUYHI Pe3yabTaATH TiATBEPIKYIOTHCSA TIPO-
ueyporo onrumizanii B cepenosuini MATLAB.

Karwosi caosa: miaBumyounii iMITy/IbCHHI IT€PETBO-
pIOBad; BTPATH €HEpril; MepexiTHWil MpoIec; KPUTUTHHI
PEeKUM; MOZE/TIOBAHHS

Amnanu3 nporeccoB nepeiavu YHEPTUN B
MOBBITIAIOIIEM MMITYJIBCHOM ITpebopaso-
BareJie

Mapmuwimiox B. B., Kocenxos B. /1., Ietidaposa E. B.,
Dedyaa M. B.

BBenenue. B crarbe ommceiBaeTcss aHAJM3 MIPOIECCOB
[epeady SHEPruy B IIOBBIIIAIONIEM IIPE0OpPa30BaTENE IIPH
W3MeHeHun Harpys3ku. VlcciemoBaH 1a00paTOPHBIN MaKeT

npeobpa3oBaresiss IMPU PA3IUYHBIX (HOPMAX IIEPEXOTHOTO
TPOIIECCa, BHI3BAHHOTO W3MEHEeHWeM Harpys3ku. llepexom-
Hble TOKU U HAIPIAKEHUS W3MEPEHbl B TAPMOHUYECKUX W
HErapMOHMYECKUX pexmMax. [IpoBemeHa oreHka mapamMer-
POB TIEPEXOIHBIX PEXUMOB. AHAJIU3 TIPOIECCOB TEPEXOIa
SHEPIUU OCYIIECTBJIEH C IOMOIIBIO ABYX MOJEJeil MOBbIIIa-
OIEro IIpeodpa3oBaTeIs.

ITocranoBka mpobGusiembl. llernmn MOBHLIMIAONAX TTpe-
obpa3oBaTesieil WCHOIB3YIOTCS B OOJIACTAX IEKTPOHUKH,
rj1e MUHAMHU3AOUd [IOTEPh SHEPIUU SBJIAETCH KPUTHIECKH
BaxkHOW. [loTepm 3HEpPrHM B TMOBBIMIAIONEM ITPEOOPA30-
BaTese 3aBUCAT OT (POPMBI TEPEXOIHBIX IIPOIECCOB, BBI-
3BAaHHBIX H3MEHEHWeM HAarpy3ku. MuHmMuzanuws norepb
Hepruyu TpebdyeT TOYHOIO AHAJIN3a IIPOIECCOB IIEPEIaty
SHEPIUH, KOTOPhle BO3HUKAIOT IPW M3MEHEHWW HArpPy3KH.
IIpemyoxkennas pabora ONUCHIBAET PEAKIMH CXEMbl IIpe-
00pa30BaTe/Is Ha M3MEHEHWsSI HATPY3KU BJIBOE C UETHIPhMST
Pa3IUYIHBIMA PEKUMAMHU MTEPEXOTHOTO IPOIECCA.

Pesynbrarbl. AHau3 TPOIECCOB TIEPEIAYN SHEPTUU
OCYIIIEeCTBJISIETCSI C UCIIO/IH30BAHMEM IByX Mozesneit. [lepBas
MOZeIb OCHOBAaHA HAa METOMKE UTEPATHUBHOTO OTOOparke-
HUS, T TOKW W HAMPSAKEHUS KayKIOTO TEPUOA CUTHAJIA
YIIPABJIEHUS 32TBOPOM TPAH3UCTOPA OIPEIEISIOTCS IO IIa-
pamMeTrpaM CXeMbl W HAYAJIHHBIMH YCIOBUSMU, 33 IaHHBIMU
TPEeBIAYIIAM TEPUOIOM YIIPABJSIONIEr0 CUTHAJIA. Takas
MOJIEJIb TI03BOJISET TPOBOIUTD TOYHBIN aHAJIN3 TIEPEXOTHBIX
[POIECCOB U ILyJibcanuii ToKa u Hanpsikeaud. OIHaKO, MO-
JIeJTh UTEPATUBHOTO OTOOPaKEHNUsT XapaKTEPU3YeTCs MOTpe-
MTHOCTSMU YHCJIOBOI aNMIpOKCUMAIiu, U TpedyeT Oosbime
BpEMeHU [JTsi BBIOJIHEHNs BbhIYucaeHuil. Bropas mozmesns
AHAJINTUYIECKU OTUCHIBAET OTMOAIONINE TEPEXOTHBIX TIPO-
TIeCCOB TOKa W HAIpsizKeHwsi mpeobpa3oBaressa. Takas Mo-
nenb 0a3upyeTcs Ha METO€ yCPEIHEHHS B IIPOCTPAHCTBE
COCTOSTHU, KOTOPBII HMIMPOKO WCHOJIb3YeTCA IJIA MOJEIn-
pOBaHUs MMITYJIbCHBIX cxeM. Takas MO/e/b He YAUTHIBAET
GbopMBI ITysIbcarnii TOKOB U HAIIPSIKEHUN, HO 00€CIIeInBaeT
6oJIee IPOCTOE ONMMCAHNE TTEPEXOIHBIX IIPOIECCOB, TOIE3HOE
mpu pa3paboTKe CXeMOTeXHWKH. Pe3y/ibTaThl MOIe/TMPOBa-
HUS, ITOJIy9eHHbIE U3 UTEPATUBHOTO OTOOPaKeHUs U yCPe-
HEHWs B MPOCTPAHCTBE COCTOSTHUIN, COBIAIAIOT C IKCIIEPH-
MEHTAJIbHBIMU JTAHHBIMU, C OTHOCUTEIBHON ITOTPEITHOCTHIO,
KOoTopasd He mpesbrmaer 3%.

BeiBoawl. [IpoBenennblii aHa M3 MOKA3bIBAET, UTO IIO-
Tepu SHEPTHHU B MOBBIMIAIONIEM Peo0pPa30BaTee 3ABUCIT
0T IIEPEXOJHOrO IIpolecca. B TedeHme mepexoaHoro Ipo-
1ecca, BBI3BAHHOTO W3MEHEHWEM Harpy3KW, HAWMEHbIIe
TOTEePH SHEPTUU MOTYT OBITH IIOJIy9€HBI MHPU KPUTHIE-
CKOIt (bopMe TTepexXOqHOTO MPOIECCa, PACTIOJI0KEHHOW Me-
KTy TAPMOHWYHBIM ¥ HETAPMOHWYHBIM pPeRuUMaMu. Takoi
Pe3yJIbTAT MOy YeH SKCIIEPUMEHTAIBHO U TOATBEPKIeH KaK
WTEPATUBHBIM OTOOpaYKEHWEM, TaK M MOIEISIMU YCPeIHe-
HHUSI COCTOSTHUS TPOCTPAHCTBA. AHAJUTUYECKUE PE3YJIbTa-
THI TIOATBEPXKIAIOTCH IIPOIEAYPON ONTUMHUBAIMU B CPeJie

MATLAB.

Karowesvie ca06a: TIOBBIMIAIONININ TPEOOPA30BATED; TI0-
TepH SHePIuH; ePeXOTHbII IIPoIece; KPUTHIeCKAH PeXKIM;
MOZEeIUPOBAHIE
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