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Step-up/step-down regulators in maximum power transmission mode

Introduction. Switching DC voltage regulators are traditionally used to regulate and stabilize the voltage on the load. Due to the
widespread use of non-traditional and renewable sources of electricity, there is a need to select from them the maximum possible
amount of electricity. As is known, the maximum power from the power supply to the load will be transmitted provided that the output
resistance of the source is equal to the load resistance. If this condition is not met, a matching switching regulator is switched on
between the power supply and the load. Most often, for the purpose of matching, pulse regulators of step-up or step-down types are
used. Problem. The operation of regulators in the matching mode has a number of features, in comparison with the modes of
regulation and stabilization of the output voltage. Thus, since in the maximum power transmission mode the output resistance of the
source and the resistance of the load are values of the same order, in any calculation the internal resistance of the source must be
taken into account. There are works in which features of work of regulators of step-up and step-down types in a mode of transfer of
the maximum power are analyzed. In addition to these types of pulse regulators, there are regulators of step-up/step-down types,
which are relatively rarely used for this purpose. First of all it is connected with insufficiently studied abilities of work of such
regulators in the specified mode. Goal. The aim of the work is to analyze the features of the operation of pulse regulators of step-
up/step-down types in the mode of transmission of maximum power from the power supply to the load, as well as to determine the
conditions under which it is possible and appropriate to work in this mode. Methodology. In the work, taking into account the
internal resistance of the power supply, the regulation characteristics of the basic circuit of the pulse regulator of the step-up/step-
down type are analyzed. The conditions under which the transfer of maximum power from the power supply to the load is ensured
are determined. Results. It is shown that the existing variants of the circuits of regulators of the step-up/step-down type can be
obtained from the basic circuit by applying the rules of construction of dual electric circuits. Consequently, the basic calculated
relations for such circuits can be obtained from the calculated relations of the basic circuit using the principle of duality. Originality.
A method for determining and studying the regulation characteristics of pulse regulators, taking into account the internal resistance
of the power supply. Practical value. The obtained results allow to determine the conditions under which it is possible and expedient
to operate different circuits of regulators in the mode of transmission of maximum power from the power supply to the load. Based
on these results, recommendations are given for selecting a suitable range for changing the relative time of the closed state of the
controlled switch, depending on the type of power supply used, as well as the method of connecting the controlled switch in the
regulator circuit. References 14, tables 3, figures 8.
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3 ypaxyeannam eHympiuiHb020 ONOPY Odcepena JiCUBNIeHHS NPOAHANI308AHO Pe2yNOGANIbHI  XAPAKMEPUCINUKY  IMIYIbCHUX
pecyisimopie nioguuysaibHO-NOHUNCY8ANIbHO20 muny. Busnaueno ymoeu, 3a skux 3abe3neuyemuvcsi nepeoasanHs MAKCUMANbHOL
NOMYJNCHOCMI 810 0dicepena JiCUsIeHHs 00 Hasanmaxcenus. Jlano pexomenoayii wjooo eubopy O0oyilbHO20 OianazoHy 3MiHU
8IOHOCHO20 YACY 3AMKHEHO20 CMAHY KepOB8AHO20 KIIOUA Pe2yNamopa , ¥ 3aleHCHOCMi 8i0 Mmuny 0xcepeno HCUIeHHs, a MAKONC
CnocoOy niOKII0YeHHs KepoB8aHo20 Kaoua 8 iMnyavchomy peeyaamopi. bion. 14, Tabun. 3, puc. 8.

Knwouosi cnosa: peryasiTop NiABHIIYBAJIbHO-NOHUKYBAJbHOTO THIY, PeryJiOBajbHi XapaKTepUCTHKH;
MAaKCHMAJILHOI IIOTY KHOCTI.

nepeaaBaHHs

Introduction. DC pulse regulators (PRs) are the load resistance are of the same order, the internal

traditionally used to regulate and stabilize the load voltage
[1]. With the expansion of the use of non-traditional and
renewable energy sources, there is a need to extract from
them the maximum possible amount of electricity. As is
known [2], the maximum power from the power supply to
the load will be transmitted only if the output resistance of
the source r is equal to the resistance of its load R.
To ensure maximum power transmission in cases where
R # r, between the source and load they connect the PR
which matches the output resistance of the source with the
resistance of its load. In the presence of the PR, the role of
the load source R will be performed by its input
resistance. This resistance depends on the load resistance
of the regulator R p as well as the relative time of the
closed (open) state of the controlled key #*: R = (R p, t*).
By changing the parameter ¢*, it is possible to ensure the
condition R = r, i.e. the condition of transmitting
maximum power from source to load Ry p.

In practice, for the purpose of coordination, up or
down PRs are most often used [3-5]. The operation of
regulators in the matching mode has a number of features
compared to the mode of regulation and stabilization of
the output voltage. In particular, since in the maximum
power transmission mode the output source resistance and

resistance of the source must be obligatory taken into
account in any calculation. In the existing literature [1, 9],
when determining the control characteristics of the PRs
which operate in the mode of stabilization of the output
voltage, it is believed that the internal resistance is much
lower than the load resistance. Therefore, the internal
resistance of the source is not taken into account. In
addition, the internal resistance of the source will affect
the coefficient of utilization of electrical energy of the
source, and hence the overall efficiency of the system
power supply — pulse regulator. In [6] the peculiarities of
the operation of the up and down PR in the mode of
transmission of maximum power from the power supply
to the load are analyzed in detail. In addition to these
types of PRs, there are step-up/step-down regulators [7-9]
which are relatively rarely used for this purpose. This is
primarily due to insufficient study of the features of such
regulators in this mode.

The goal of the work is to analyze the features of
the step-up/step-down PR in the mode of transmission of
maximum power from the power supply to the load, and
to determine the conditions under which it is possible and
appropriate to operate in this mode.
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Analysis of regulatory characteristics. The most
important characteristics of any regulator are its
regulatory characteristics. In the case of power supply
from real sources of electrical energy, due to the presence
of internal resistance, the regulatory characteristics will
depend on the load resistance. In this regard, the
properties of the regulator are described by a family of its
regulatory characteristics which determine for different
values of load the resistance R;p. Let us analyze the
regulatory characteristics of the classical circuit of the
step-up/step-down PR (Fig. 1) [9].
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Fig. 1. Basic circuit of the step-up/step-down PR

For simplicity, we assume that the internal resistance
of the source 7 is linear, and the losses in the PR elements
are  insignificant. To describe the regulatory
characteristics, we will use relative values [9].

According to [10], the regulatory characteristic of
the PR (Fig. 1) is described by this expression

e
* **, (1)
(l—t )2+rt

where U = U/U,; ¥ =rlR,p; = t4/T; U, is the source’s
no-load voltage; ¢ is the duration of the no-load state of
the key S in the period T.

Figure 2 presents a family of regulatory
characteristics for several fixed values of relative
resistance . The same graph shows the regulatory
characteristic for the case of power supply from an ideal
voltage source (+ = 0). Let us analyze the obtained
characteristics. For an ideal voltage source (" = 0), with
increasing parameter ¢ the output voltage U will increase
indefinitely. In the case of real sources (+ # 0), at £ = 0
and ¢ = 1, the output voltage will be zero, as there is no
energy transfer from source to load. At a certain value of

*
U =

the parameter ¢ =t; , the output voltage, and hence the

output power reaches the maximum value P, The
question arises: does this mode of operation correspond to
the mode of transmission of maximum power from source
to load?
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Fig. 2. Regulatory characteristics in the absence of the storage
capacitor C

As is known [2], in the case of linear internal
resistance of the source, its point of maximum power

(PMP) has the coordinates U;/[P =0.5; I;,[P =05.
Therefore, the maximum possible output power of such a
source is P;,P = UX/,P -IX/IP =0.25. The output power of
the regulator, at the point of maximum output voltage

(Fig. 2), can be determined by the formula
P:lax =U:ﬁlx / RZD =U:;2ax .. The test shows that for

any value of the parameter »* P;;ax < P;[P. Therefore,

this circuit, for any value of the parameter r, does not
provide the ability to transfer maximum power from
source to load. This is due to the fact that energy is taken
from the source only when the key S is closed, i.e. in
discrete portions. If the key S is permanently closed
(£'=1), the power supply will operate in short circuit
mode, as a result of which energy from the source to the
load will not be received. To ensure the continuity of
energy extraction from the source, it is necessary to install
a storage capacity C, of sufficient value at the input of the
PR (Fig. 1). Due to the redistribution of currents, in the
presence of Cp, the regulatory characteristic will be
described by the following expression

. =) o

e

For this case, the graphs of the regulatory
characteristics are presented in Fig. 3.
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Fig. 3. Regulatory characteristics in the presence of the storage
capacitor Cy

The test shows that the output power at the points of
maximum output voltage of any of these graphs
corresponds to the maximum output power of the source

Py = Pyp =0.25. 3)

Therefore, in the presence of capacity Cy, the step-
up/step-down regulator provides the possibility of
transmission from the source to the load of the maximum
possible power. To do this, it is necessary to provide a

certain value of the parameter £ :tZ,[p. Determine the

conditions under which the maximum possible power will
be transmitted from the source to the load.

As is known [9], the input and output parameters of
the step-up/step-down PR (Fig. 1) are related by the

relationships

t*
® * *
out =Uin - t* ;

*
« 1—t

U Lowe =1in - l‘* . 4
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Taking into account that at the linear internal
resistance of the source, its output voltage and output

current in the PMP UX,[P =0.5; IIT/[P =0.5, we can write

that in the case of the source operation in the PMP the
output voltage and current of the PR

* *
* t

* 1—¢
UoutZO.S'W; IoutZO.S' t* . (5)

On the other hand, U;m = IZMRZD ,1.e.

*

1-¢

Uy =0.5: t* Rip. (6)
Equating (5) and (6) we obtain
05— —051Z &,
1-1¢ t
or
C2IR =t =(1-1)2. (7)

Therefore, the parameter tZ,[P can be determined by
solving such a quadratic equation

20" -1 +2t -1=0. (8)
This equation has two roots
* \jr* -1 =« l+\1r*
h =— s b= I
r —1 1-r
Taking into account the physical meaning of the
parameter ¢ we come to the conclusion that only the root

e

'vp e (10)
r —1

Table 1 shows the calculated numerical values of the

)

11 will be valid, i.c.

parameter ¢,,p for different values of relative resistance

r". The numerical value for the case r = 1 is obtained by
revealing the uncertainty of the form 0/0.
The results presented in Table 1 are confirmed by
the graphs in Fig. 3. Thus, at the PR input (Fig. 1) a
storage capacity C, of sufficient value is installed, this
regulator, in contrast to the up or down PR [6], provides
the ability to extract from the power supply maximum
power, theoretically, at any value of the load resistance of
the regulator R p.
Table 1

Dependence of the parameter ZLP on the resistance 7*

E3

0,05 ] 01 [025] 05 ] 08 1
Ly | 0841077067 | 058 053 | 05
r 1,25 | 2 4 10 20

tup | 0,48 | 0,41 | 0,33 | 024 | 0,19

In [6] it is shown that the electric circuits that form
the up and down PRs are dual. This, in particular,
explains the similarity of their parameters and
characteristics. If we apply the principles of construction
of dual electrical circuits to the circuit of the considered
PR (Fig. 1), we obtain the circuit of the PR shown in
Fig. 4, which is well known as the Cuk circuit [9, 11, 12].

in

o . !
Fig. 4. Step-up/step-down regulator according to Cuk circuit

Taking into account the principle of duality, the
following relations are valid for it

*
* x 11—t * * t
out =Uin —— Lour =1in-

*

U = (1D
where = t,p/T, where top is the duration of the open state
of the key S for the period 7.

Similar to the previous circuits, it can be shown that
its regulatory characteristic for the output voltage will
look like

® ®
out =Uin*

£ (-t
K=ty +1?
Taking into account that for dual circuits the
parameter » is analogous to the parameter

U (12)

RzD =R;p/r =1/r", it can be argued that this circuit
will take the maximum power from the source, provided

that

JRp -1
Rip-1
Table 2 shows the calculated numerical values of the

* *

t:tM:

(13)

parameter ¢,,p for different values of relative resistance

¥ =1/Rjp.
Table 2
Dependence of the parameter #,,, on the resistance r*
for Cuk circuit

v 1005] 01 [025] 05 | 08 1

fp | 0,19 024|033 | 041 | 048 | 05
roo[1,25 2 4 10 20

e 10,53 10,58 (0,67 (0,77 (0,84

Figure 5 shows graphs of the dependence

tLP =f (r*) for the PRs the circuit of which is shown in
Fig. 1, 4.

Circuit ofrFig..4

| Circuit of Fig. 1

0 2 4 6 8 10

Fig. 5. Dependence of the parameter t;{lp on the resistance 7*

These graphs are a mirror image of each other
relative to the corresponding lines which corresponds to

t;{,fp =0.5. Figure 6 presents graphs of the regulatory
characteristics of the regulator (Fig. 4) for different values
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of the parameter ~ which confirm the results presented in
Table 2.
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Fig. 6. Regulatory characteristics of Cuk circuit

Thus, both of these circuits provide the ability to
take the maximum power from the power supply,
theoretically, at any value of load resistance R;p.

Recommended regulatory ranges. In accordance
with the regulatory characteristics (Fig. 3, 6), the output
voltage of the regulators reaches its maximum value

U ;m provided that £ = t;\k/[P- The output voltage
U :u, <U ;ax can be obtained at two different values of

the parameter ¢, one of which is greater than tLp and the

other less. In such cases, as shown in [6], when choosing
the regulatory range, it is advisable to take into account
the coefficient of utilization of electrical energy of the
power supply 7.

If the power supply is a voltage source, taking into
account (11), the dependence # = f(t*) for the PR (Fig. 4)
will look like

3
* t
out *

Therefore, with increasing parameter 7, 5 will
increase. Therefore, in the case of power supply from the
voltage source, it is advisable to change the parameter ¢

in the range t;,[p...l. If the power supply is a current

source, the dependence 5 = f{r’) for the same circuit will
look like

* ® * l—t*
n=1 :Iinzloutt_*' (15)

. . * * * & *
Taking into account that [, =U,,,/R;p =U " »

we obtain that

1-¢"
* * | —
n=Uour PR

Thus, in the case of power supply from the current
source, it is advisable to change the parameter ¢ in the

range O....t;[p. In addition, the energy efficiency of the

source will increase with increasing #, i.e. with
decreasing load resistance R p.

Taking into account the duality of the circuits of the
considered regulators, we conclude that for the PR (Fig.
1) the recommendations will be the opposite. The analysis
of the obtained results, as well as the results presented in
[6], shows that to select the appropriate range of
regulation of the parameter ¢, it is necessary to take into
account two factors:

1) type of electricity source;

2) method of connecting the controlled key S to the
RP, relative to the power supply and load.

Table 3 shows the recommended control ranges of the
parameter ¢, depending on the type of power supply and
the method of connecting the controlled switch S. In
practice, this is not always convenient. Therefore, variants
of these circuits have been developed in which the
polarity of the output voltage coincides with the polarity
of the input voltage.

Table 3
Recommended ranges of parameter #* regulation
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They are known as ZETA converter (Fig. 7) and
SEPIC converter (Fig. 8) [13, 14].
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Fig. 7. Regulator type ZETA
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Fig. 8. Regulator type SEPIC

The circuits of these regulators differ from the
considered basic circuits (Fig. 1, 4) by the method of
construction of the output circuit, as well as the presence
of additional reactive elements. However, since the most
important properties of the regulator are determined by
the method of construction of its input circuit, in
particular the method of connecting the controlled switch
S, the results obtained for the Buck-Boost regulator
(Fig. 1) will be valid for the controller type ZETA (Fig. 1)
will be valid for the regulator type ZETA (Fig. 7), and the
results obtained for the Cuk regulator (Fig. 4) will be
valid for the SEPIC regulator (Fig. 8). In particular, to
ensure the possibility of extracting the maximum power
from the power supply, capacitor Cy of sufficient capacity
must be installed at the input of the ZETA type regulator

(Fig. 7).
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Conclusions.

1. Pulse regulators circuits with serial (parallel)
connection of the controlled switch S provide the
possibility of taking the maximum power from the power
supply only if there is a storage capacity C, (inductance
Ly) at their input.

2. Step-up/step-down pulse regulators provide the
ability to take the maximum power from the power supply
to the load for almost any value of load resistance Ry p.

3. The appropriate range of regulation of the parameter
{" is selected taking into account the type of power supply,
as well as the method of connecting the controlled key in
the pulse regulator.
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