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Regulation characteristics of a step-down pulse regulator in continuous and discontinuous
conduction mode

Introduction. Pulse regulators (PRs) are widely used to regulate and stabilize the supply voltage of DC consumers. The main
characteristic of any regulator is its regulation characteristic. In the general case, two modes of PR operation are possible:
continuous conduction mode and discontinuous conduction mode in the inductance of the PR. Problem. When the PR transitions
from one operating mode to another, its regulation characteristics change. In the continuous conduction mode, the regulation
characteristic is a function of one variable. In the discontinuous conduction mode, the regulation characteristic becomes a function
of two variables. Therefore, in such a mode, PR is described by a family of regulation characteristics. The goal of the work is to
develop a mathematical model that describes the operation of the controller in both continuous and discontinuous conduction modes,
as well as to determine the control characteristics that are valid for both of these modes. Methodology. In the work, using the
example of a step-down type PR, the conditions for the PR transition from one operating mode to another are determined, as well as
the dependence of the PR output voltage on the duration of the pause in the inductance current. Results. The influence of the
parameters of the PR elements on the pause duration is analyzed. A graph of the family of PR control characteristics is constructed,
which is valid for both continuous and discontinuous conduction modes. Scientific novelty. It is shown that when PR transitions to
discontinuous conduction mode, its control characteristics shift towards higher output voltages. This shift is greater, the longer the
pause duration in the inductance current. Practical value. It is determined that the specified ripple coefficient of the PR output
voltage in the discontinuous conduction mode is provided by a smaller value of the LC product of the PR elements, compared to the
continuous conduction mode. References 17, tables 2, figures 5.

Key words: discontinuous conduction mode, control characteristics of a pulse regulator, ripple coefficient of the output
voltage.

Bcemyn. Iunynvcni pecynamopu (IP) wupoko uxopucmogyloms 0 pe2yat08ants ma cmabinizayii nanpyau JHCueieHHs Cnodicueayie
nocmiinoco cmpymy. OCHOBHOW0 XapakmMepucmukoio 6y0b-s1K020 pe2yiamopa € U020 pe2ynioeaibha Xapakmepucmuka. Y
3a2a1bHOMY 8URAOKY MOJNCIUGI 08a pedicumu pobomu [P — pedicum 6e3nepepenoco cmpymy ma pedjicum nepepusiamozo Cmpymy 6
inoykmuegnocmi IP. IIpobnema. Ilpu nepexoodi IP 6i0 00nozo pesicumy pobomu 00 iHWO20, 1020 pe2ynio8anbHi XapaKmepucmuku
sMiHIIOMbCA. B pesicumi 6esnepepernozo cmpymy iHOYKMUBHOCIE pe2yio8aibHa XapaKmepucmuka € QYHKYieo 6i0 oOHici 3minHoi. B
pedcumi nepepueuacmozo Cmpymy pe2ynio8anbha Xapakmepucmuka cmae @yukyieio 06ox sminnux. Tomy, 6 maxomy peowcumi, IP
ONUCYEMBCSA CIMEUCMBOM pe2ynioganvHux xapakxmepucmux. Memoto pobomu € po3pobra mamemamuynoi moodeni, ska 6 onucysana
pobomy IP y pescumax 6e3nepepenoco ma nepepuguiacmozo cmpymy iHOYKMUBHOCTI, 30KpeMd O00epIICaHHs pe2ynio8albHUX
Xapaxmepucmux, AKi 6 Oynu OilicHumu 015 000x éxazanux pexcumis. Memoouxa. B pobomi na npuxnaodi IP nonusicysanvnozo muny
BU3HAUEHO YMO8U nepexody IP 6i0 001020 pedcumy pobomu 00 IHUL020, a MAKOIC 3aNedcHicmb euxioHoi Hanpyeu IP 6i0 mpueanocmi
naysu y cmpymi inoykmuenocmi. Pezynemamu. IIpoananizosano enius napamempie enemenmie IP na mpusanicmv naysu.
Tlobyoosano epagix cimeticmea pezynoganvuux xapakmepucmuk IP, saxuti € OiicHum, 5K Os pedcumy 6e3nepepeHozo, max i
nepepuguacmozo cmpymy inoykmuernocmi. Haykoea noeusna. Iloxaszamo, wo npu nepexodi IP oo peoicumy nepepusyacmozo
cmpymy, 11020 pe2yno8anbti XapaKkmepucmuKky 3Miuylomscs 8 cmopomy Oinbuiux euxionux nanpye. Lle smiwjenns € mum Oinouium,
yum Oinbwo € mpueanicms naysu y cmpymi inoykmusnocmi. Ilpakmuuna 3uauumicme. Busnaueno, wo 3adanuil Koe@iyicHm
nynvcayii euxionoi nanpyau IP, y pescumi nepepusuamoz2o cmpymy, 3a6e3newyemovcs Menuwum 3navenuam 0ooymky LC enemenmie
1P, y nopisnsanni 3 pesxcumom beznepepsrnoeo cmpymy. bion. 17, tabm. 2, puc. 5.

Knrouogi crosa: pesxuM mepepuBYACTOr0 CTPYMY iHAYKTHBHOCTI, Pery/Ti0BajIbHi XapaKTePHCTHKH iMITyJbCHOTO peryJasiropa,
koedinieHT myJbcanii BUXiIHOI HAaNpyrH.

Introduction. Pulse regulators (PRs) are widely used
to regulate and stabilize the supply voltage of DC
consumers [1-4]. Due to the widespread use of non-
traditional and renewable sources of electrical energy, PRs
have been used to match the output resistance of the
electrical energy source with the load resistance, in order to
extract the maximum possible power from the source [5-9].
The main characteristic of the PR is its regulation
characteristic U, = f(¢") — the dependence of the PR output
voltage on the regulated parameter £, where t =1,/ T— the
relative time of the closed state of the key #,, during the
period T. In the general case, two modes of operation of
the PR are possible [10—-13].

e mode of continuous current flow in the inductance;
e mode of intermittent current in the inductance.

At the moment of transition of the PR from one
operating mode to another, its regulation characteristics
change.

In the continuous current mode in the operating
range, the average value of the voltage across the load
does not depend on its resistance R. The current flowing
through the PR inductance has a relatively small ripple.
Since the variable component of this current is closed
through the filter capacitor, the capacitance of this
capacitor can be relatively small. In the intermittent
conductance mode, the shape factor of this current
increases. Therefore, the power losses in the PR elements
will be greater than in the continuous current mode. The
capacitance of the filter capacitor also increases. An
important disadvantage of such a mode is that the PR
output voltage will depend on the load resistance R. Since
in the intermittent conductance mode, the PR regulation
characteristic U,,, = f (¢ ; R) is a function of two variables,
in this mode the PR is described not by one, but by a
family of regulation characteristics. Taking into account

© V.Y. Romashko, L.M. Batrak

Electrical Engineering & Electromechanics, 2025, no. 5

57



the above disadvantages, PRs in various fields of
application operate mainly in the continuous conductance
mode. However, in certain cases, for example, to reduce
switching losses in the key and valve elements of the PR,
its operation in the mode of intermittent inductance
current is possible and advisable [14—17].

In the listed works, the continuous and intermittent
current modes are considered separately. The regulation
characteristic is given only for the continuous current
mode. At the same time, the converter can be used
simultaneously in two modes. In such cases, it is
necessary to have regulation characteristics that would be
valid for both of the specified modes. Therefore, it is
important to know the features of the PR operation in the
intermittent conduction mode, as well as methods for
determining the regulation characteristics in such a mode.

The goal of the work is to develop a mathematical
model that would describe the operation of the PR in the
continuous and intermittent conduction modes, in
particular, to obtain regulation characteristics that would
be valid for both of the specified modes.

The main part. As is known [16], the continuous
current mode in the inductance L will be ensured under
the condition

Al /2L, (1
where I, is the constant component of the current through
the inductance; Al = Ijmax — Ipmin 1S the ripple of this
current.

In the intermittent current mode, as well as in the
limit mode, I;m, = 0. Therefore, for these modes
Al = Ipmax = I,- Let us analyze the conditions for the
fulfillment of inequality (1) using the example of a common
PR circuit of the step-down type. In the analysis, we will
assume that the output voltage of the PR is well smoothed,
and the losses in its elements are insignificant [14—17].

PR of the step-down type. For PR of the step-down
type (Fig. 1) in the mode of continuous current of
inductance L, the following conditions are met [16]:

Uit = Un 0’5 Lo =L/ 1, 2
where ¢ = 1,/ T is the relative time of the closed state of
the key S in the period 7. These are the regulation
characteristics of the PR for the continuous conduction
mode.

Fig. 1. Step-down type PR

In the steady-state mode of operation of the PR, the
change in the inductance current in the stages of the
closed and open state of the key S is the same, but has the
opposite sign

AILcl = AILop = Im-
Let’s determine the value of this change:
U,,-U U
__—in ; out tcl — zut top . (3)

1

m

Then, the condition for continuous inductance
current (1) can be written as follows:
Uin _Uout tc[ < IL =7 Uout ) (4)

2L out = R
Divide both sides of the inequality by 7:
([Jin - Uaut)t* < Uout ZT*,
where 7 =L /RT.
Therefore, the condition for continuity of current in
the inductance for the circuit (Fig. 1):
r>(1-1)/2. (5)
The larger the parameter ¢, the smaller the
inductance L can be, at which the continuous current
mode is ensured. To ensure such a mode in the entire
control range (1 > 0), the following condition must be
met:
T >0.5. (6)
If 7 < 0.5, the mode of intermittent current of
inductance L will arise during the PR regulation process.
Therefore, 7 = 0.5 is the critical parameter at which the
PR transitions from one operating mode to another:
., =L/RT=05. )
To ensure continuous current mode in the entire
control range, the inductance L should be selected from
the condition L>0.5RT. If the resistance R will change
during operation, it is necessary to take its maximum
value. Under such a condition, the inductance L is called
critical:
L = 0.5R T ®)
Discontinuous conduction mode. Figure 2,a shows
the inductor current graph in the limit mode, and
Fig. 2,b — in the discontinuous mode. Since the voltage at
the input of the PR is constant and the output voltage is
well smoothed, the current in the inductance L at intervals
varies linearly and has a triangular shape [14—17].
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Fig. 2. Inductance current:
a) limit mode; b) intermittent mode

In the steady-state mode of operation of the PR,
regardless of the inductance operating mode, the average
value of the voltage on it for the period Uy (T) = 0.
Therefore, the volt-second integrals at the stage of the
closed and open state of the key should be the same, but
with the opposite sign. According to Fig. 2,b, for the
intermittent current mode we can write:

(l]in - Uout)tcl = Uout (tap - Z‘p)s (9)
where ¢, is the the duration of the pause in the inductance
current.

Let’s determine the output voltage in the intermittent
current mode:

l]in la= Uout (tcl + Ztup - tp) = Uuut (T_ tp)'
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Therefore:
Uout = l]in lel / (Tf tp)s
or in relative units:
U=t/(1-t),
where U = U,,, /Uy tp* =t,/T.

Thus, for a given value of the parameter ¢, the
output voltage of the PR will be the greater, the greater
the duration of the pause in the inductance current. In the
continuous current mode, as well as the limit mode, 7, = 0
and the output voltage U,,, = U,, t*, which coincides with
(2). Let us determine what the duration #, depends on.

In the steady-state mode of operation of the PR, its
output voltage is:

(10)

Uout = Iout R= IL R.
In the limit operation mode (Fig. 2,a), the average
value of the inductance current can be determined as:
1 L= Im /2.
According to Fig. 2,b, the average value of the
inductance current in intermittent mode:

I :I_m(T_tP):I_M(l_t*),
Lo r 2 VP
Similarly to (3), we can write:

L _ Uout UoutT( * *)
oo oyt )= =2 N~ —t, ).
2 2L (”P P ) 2L P
Then, according to (11):

I :IL:TI—I —tyll—t,).

(11

out

Therefore:

U

U * % &
out = LowR= 20'” (1—: —thI—tp).

out™ — *
T
As a result, we obtain the following quadratic
equation:
*2 * * & &
ty —tp(2—t )+(1—t -27 ):0. (12)

The real root of this equation is the duration of the

pause:
o (Z—t*)—\/t*z +87°
= :

2 (13)

Table 1 shows the results of calculating the interval
duration tp* (13) and the PR output voltage (10) for
different values of the parameter 7.

Table 1
Duration #, calculations

205t [017]02]03]04]0.5]0.6[0.7]0.8]09[1
Ut,=0[ 0.1 ]0.2]03]04[0.5]0.6]0.7[0.8[0.9]1
S04l to 006[0 0 JofoJofo]o[o]o
U 10.106[0.2]0.3[0.4[0.5]0.6[0.7]0.8[0.9]1

03 |t 017]0.120.08] 0 [0 [0 [0 ] 0 [0]0
U~ 10.12]0.23]0.33[0.4[0.5]0.6 [ 0.7 [ 0.8 [0.9]1

#—0a |t [032]026/0210.14[0.07] 0 [ 0 [ 0 |00
U~ 10.15]0.27]0.38]0.46[0.54] 0.6 [ 0.7 [ 0.8 [0.9]1

0.1 |t | 0.5 [0.44]0.37[0.31]0.24]0.16[0.08] 0 | 0 [0
U] 0.2 0.36]0.48]0.58[0.66/0.71]0.76] 0.8 [0.9]1
0,05tz [0.63]0.57] 0.5 ]0.42[0.34]0.27]0.18]0.09] 0 [0
U~ 10.27]0.46] 0.6 [0.69[0.75/0.82]0.85[0.88]0.9]1

Based on the results of these calculations, in Fig. 3,
graphs of the regulation characteristics of the step-down
type PR are plotted, which are valid for both the
continuous conduction mode and the intermittent mode.
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Fig. 3 Regulation characteristics of PR of step-down type

According to these graphs, in the case of 7 < 0.5 the
PR switches to the mode of intermittent current of
inductance L. With a decrease in the parameter 7, the
regulation characteristics will deviate towards higher
output voltages compared to the continuous current mode.
However, smoothing of the output voltage of PR is
provided not only by the inductance L, but also by the
capacitance C, or rather by their product LC [16]. Let us
determine how the transition of PR to the mode of
intermittent current will affect the value of this product.

Let the ripple coefficient of the output voltage of PR
be given:

Ky = AUpi ! 2Up

which must be provided on the load R.

Let us consider in more detail one period of the
inductance current i; in intermittent mode (Fig. 4).

Under the influence of the shaded part of this
current, the voltage on the capacitance C will increase by
the value:

(14

AUc=Aq/ C,
where Ag is the change in charge on a capacitor.
This current has the shape of a triangle with height
(I, — 1) and duration ¢,. The average value of this current,
which is proportional to the area of the triangle, will
determine the change in charge on the capacitor:

qu (Im _]L)tx — ([m_IL)Tt: )

(15)

16
5 5 (16)
Taking into account (11):
1 ( *) 1 *)
Im—IL:Im—T’”l—tp :7’”(1“[, . (17)
I .
A S— 5
" Im_IL
1,72
A
IR 7 IR ANR f
< t.\' >
T

< »
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Fig. 4. Inductance current in intermittent mode

Using the properties of similar triangles, we can
write:

I T—t 1

Ly (18)

—t
*
X
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Therefore, taking into account (17):

- <fm—15>~(1—r;:>:fm(n;:;)-(l—r;);—f 19)
m m

Then, according to (16):
Im(1+t;)-T-(l—t;2):ImT(1+t;)-(l—t;2) 0
2:2-2 8
Taking into account (9) and (15), we finally obtain:
Aq _ U, outT

C SLC (Op tX1+t Xl t )(21)

Then, according to (14), we obtain the formula for
determining the ripple coefficient of the output voltage of
PR of the step-down type, which is valid for the modes of
continuous and intermittent current of inductance L:

2
AU, T (* *)( *)( *2)
——out = TelC top —tpy N+2, \1=2,"). (22)

g 2Uout
In particular, for the continuous conduction mode
(t, = 0), we obtain the well-known formula [16]:

2
T «
K,=——t,.
P 1eLc®
Thus, in the continuous current mode, in particular
in the limit mode, for a given value of the LC product, the
ripple coefficient of the output voltage will depend on the
duration of the open state of the key top* and, in the worst
case (t,,p* —1), reaches the maximum value:
T2
16LC
Suppose that the task is to provide a given value of
the ripple coefficient of the PR output voltage K,,. In the

continuous current mode, to provide a given K, the
product LC:

Ag =

AU, =AU =

(23)

24

pmax —

¢ .

—top (25)
16K,

(LC)ecw =
and the given K, can be obtained by increasing the
inductance and decreasing the capacitance, and vice
versa.

In the intermittent current mode, the required
product LC:
S A R ) N
(LC)DCM - 16Kp top_tp +tp _tp 5 ( 6)

will depend not only on the duration of the open state of
the key top , but also on the duration of the pause t . To
analyze this dependence, we define the relation:
* * * *2
(e = (ZC)peu _ (tt)p _tp)(lﬂp)(l_tp )
(ZC)een top

27

Taking into account the results presented in Table 1,
Table 2 shows the results of the calculations of the
relation (LC)". Figure 5 shows the graphs of the
dependence (LC) f(top) for different values of the
parameter 7, on Wthh the duration of the pause t
depends at a given top

Table 2
Calculation results of (LC)"

o5ty 09708[0706]05[04[03]0.20.1
Cleos=o 1 1 1 a1
o4l 1006 0 [ 0 [o[o[o[o]o0]o0
@o Jo97] 1 [ v [t
=03 i, 10.17]0.12]008[ 0 [0 [0 [0 [0 ]o0
Sl wo” Jo92loozloos[ 1 11111
oo |t 103210261 02 [0.14[0.07[ 0 [ 0 | 0 |0
“ o Jo71079]082]0.84f091] 1 [ 1 [ 1 |1
0.1 ,  105]0.44]0.37]0.31]0.24[0.16]0.08] 0 [0
" @o* [05]0.52]0.54[0.57]0.62]0.68[0.78] 1 |1
=005t 10-63[0.574] 0.5 [0.42]0.34]0.27[0.18]0.09] 0
) (LO)” [0.3]0.305]0.321[0.34]0.35[0.38]0.46]0.59] 1
LC T=0,5
0; L0
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o8 \ \ ' . T=03
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0,2
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I
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Fig. 5 Dependence (LC)'=f (zo,,*) for different values -

Analysis of the obtained graphs shows:

e in the intermittent conduction mode, the specified
ripple coefficient of the PR output voltage K, is provided
by a smaller value of the product LC of its elements;

e with a decrease in the parameter r = L/RT, the
required value of the product decreases;

e with an increase in the duration of the interval top ,
the required product LC decreases. In the extreme case

(tp —1)
(Lc) - (1—;}?)2 : 28)

In the continuous current mode, by changing the
inductance L to kL, we can reduce the capacitance C by
C/k. The intermittent current mode occurs when the
inductance L < L. decreases. However, in this case, the
necessary increase in the capacitance C will be less than
in the continuous current mode. For example, in the case
of 7 =0.05,L <L, by a factor of 10. At the same time,
according to the graphs (Fig. 5), to ensure the same K, in
the case of top* > 0.4, the capacitance will have to be
increased only by a factor of 3.5. This can be explained
by the fact that in the discontinuous mode, at a given
input voltage, the output voltage increases, which,
according to (14), reduces K. Therefore, the given ripple
coefficient can be obtained using a smaller value of the
product LC.

Conclusions.

1. A mathematical model is proposed that describes the
behavior of the PR in the continuous and intermittent
conduction modes, which made it possible to unify the
description of both modes within a single theoretical
basis.
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2. A family of regulation characteristics is determined
that are valid for both modes of operation of the PR and
show that when the PR transitions to the mode of
intermittent  conduction  current, its  regulation
characteristics are shifted towards higher output voltages.
This shift is greater, the longer the duration of the pause
in the inductance current.

3.1t is shown that to ensure a given ripple coefficient
of the PR output voltage, in the intermittent current mode,
a smaller value of the LC product of the PR elements is
required than in the continuous current mode, which
makes it possible to reduce the size and cost of the PR
element base.
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