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ABSTRACT

This paper is devoted to expanding sphere of application of the
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Department of Electrical universal Switched-Capacitor/ Switched-Inductor  Structures by
Engineering, Holon Institute replacing the diodes with MOSFETS. These structures allow to build a

of Technology, 52 Golomb large family of bidirectional converters with an increased/decreased

st. Holon, 58102, lsrael voltage ratio depending on the operating mode. These structures are

based on the three diode blocks proposed for decrease the voltage and

three diode blocks for increase it. The use of MOSFETSs allow to save all the properties of
these structures in the diode mode, but also to obtain new possibilities when the transistors
operate themselves. At the same time, the step-down structures become increasing, and,
conversely, the step-up structures become decreasing. The paper describes the basic
structures, describes the Boost / Buck and Buck-Boost bidirectional converters, and shows
opportunity of their use in bidirectional Cuk, Sepic and Zeta converters. To analyze the
dynamics of such converters having a rather complicated structure, a methodology for
replacing them with an equivalent circuit of a conventional converter of the same type, the
dynamic characteristics of which are well known, is proposed. An analysis of their work and

the results of the experiment are given, which confirm the correctness of the conclusions.

KEYWORDS: Switched-Capacitor/ Switched-Inductor Structures, High Voltage Gain, DC-
DC Bidirectional Converters, Dynamics.
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1. INTRODUCTION

One of the main areas in improving DC-DC converters is the problem of expanding of the
output voltage regulation range (loinovici, 2013). For converters that increase the output
voltage, in particular boost converter, this requirement is expressed in a significant increase
in the output voltage gain, while for step-down converters, for example, in buck converter,

the output voltage should be as low as possible.

The main technical means for achieving these goals can be divided into the following areas:
cascade connections converters, magnetically coupled inductors, diode-capacitor multipliers
(dividers) of voltage and structures with switched capacitors (SC) or switched inductors (SL).
Separately, can be mention the methods based on a combination of all these main areas. The
idea of cascade connection converters is presented in (Maksimovic’, et al., 1991), and
magnetically coupled inductors - in (Zhao, et al., 2001, 2003, Axelrod, et al., 2006). An
additional development of the idea of magnetically coupled inductors was provided in (Wali,
et al., 2005, 2007, Axelrod, et al., 2009), which indicated the possibility of an additional
increase in the output voltage gain and a decrease of the stress on the switches and diodes. Of
particular note is the proposal of a negative coupling coefficient — (Li, et al., 2018, Gao, et al.,
2018), which makes it possible to increase the output voltage while reducing the ratio of coils
of magnetically coupled inductors.

Another effective means of significantly increasing the output voltage gain in boost
converters is the voltage multipliers Cockroft-Walton and Dickson (Feng, et al., 2006). In
earlier publications on this subject, these multipliers were connected in parallel to the boost
converter switch for unidirectional voltage — (Ganesan, et al., 2013, Axelrod, et al., 2012). In
subsequent publications, such multipliers were proposed to be connected to a bidirectional
voltage, which led to an even higher voltage gain and reduction of losses in the converter
(Kim, et al., 2011, Ganesan, et al., 2014, Young, et al., 2013]. Of interest are schemes for

connecting multipliers to voltage with two frequencies, for example, (Prince, et al., 2013).

In addition to the main directions listed above, the so-called switched capacitors converters
are also developing. These converters contain only capacitors, switches and diodes - without
inductors and they have found use at low powers (loinovici, 2001), since they contain, as a
rule, a large number of switches and other elements. The possibility of using switched
capacitors in conventional boost converters without additional switches is shown in (Axelrod,
et al., 2003), then in (Axelrod, et al., 2004, 2004, 2006). In (Axelrod, et al., 2008), this
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proposal was also generalized to switched inductors (SL) and the use of various
modifications of typical structures of switched capacitors and switched inductors on diodes
was shown to both reduce and increase voltage in converters of various types (see also
(Axelrod, et al., 2009)). Generalized modifications of other SC-SL structures and various
schemes of their connections are described in (Li, et al., 2016). Detailed reviews (Forouzesh,
et al.,, 2017, De Paula, et al., 2014, Sivakumar, et al., 2017, Amir, et al., 2018) describe
various combinations of switching on SC and SL structures (modules) and many possible
modifications of converters based on a combination of the basic solutions described in
(Axelrod, et al., 2008).

Among the general technical solutions aimed at improving the DC-DC converters, it is also
can be noting solutions based on a combination of the above main directions - magnetically
coupled inductors together with a voltage multiplier or with SC and SL structures (Baek, et
al., 2005, Liang, et al., 2012, Axelrod, et al., 2015], as well as solutions, based on the use of

various modifications of Luo-converters (Luo, 2011).

The attractive side of the structures (Axelrod, et al., 2008) was that the switching in them was
carried out using diodes without additional controlled switches and, accordingly, without
additional control channels. At the same time, in the regard with the wide development of
systems with renewable energy sources and also with the development of electric transport,
DC-DC bidirectional converters have become great relevance, providing an increase in
voltage in one direction of energy transfer and a decrease in voltage in the other (Li-Jun, et
al., 2015, Pathak, et al., 2015,).

It is known that renewable energy sources are characterized by variable output power.
Therefore, they are combined with energy storage devices using bidirectional converters. If
there is an excess of energy, they send part of it, for example, to the battery, using the step-
down mode of the converter. When there is a lack of energy, it is directed back from the
storage device to the load using a step-up mode. Another application of bidirectional
converters is in electric drive systems, - modes of power supply and regulation of the motor

when the voltage rises and braking modes - when it is lowered.

These converters also need to expand the control range using, in particular, SC and SL
modules. Separate modifications of such converters are presented in (Cornea, et al., 2017)

and (Axelrod, et al., 2019). It is quite obvious that, like all other active elements in
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bidirectional converters, diodes in SC and SL modules must also be replaced with
bidirectional switches (for example, MOSFETSs). This paper, which is an extension of
(Axelrod, et al., 2008), presents modifications of SC and SL modules on bidirectional
switches and their application in all types of classic DC-DC converters. All the proposed
structures are also applicable in the converters of Cuk, Sepic and Zeta. The corresponding

circuits for diodes are shown in (Axelrod, et al., 2008).

It must be emphasized that all the above described directions to ensure the expansion of the
output voltage regulation range in the converters inevitably lead to the complexity of their
circuits and to an increase in the number of active and reactive elements. This leads to the
complication or even the practical impossibility of a theoretical analysis of the dynamic

modes of these converters by known linearization methods (Middlebrook, et al., 1976).

Therefore, the presented paper proposes a new approach to analyzing the dynamics of such
circuits using converters with SC and SL structures as an example. The method is based on
linearization on the basis of energy balance and allows you to replace the original
complicated converter with its conventional form, but with modified parameters, however

with the same dynamic characteristics, which are also well studied.

The paper consists of two parts. The first part describes the proposed schemes of new
converters and their static characteristics, and the second gives an analysis of their dynamic
modes. The first part consists of three sections - Section Il, 1l and 1V, while Section Il
describes the twelve basic structures of SC and SL modules, Section Ill presents hybrid
bidirectional Boost / Buck converter, and in a Section 1V - new bidirectional DC — DC

converters based on Buck-Boost converters.

The second part consists of three sections - VV-VII. The first of them gives an introduction to
the proposed linearization method and analysis of two types of hybrid bidirectional Boost /
Buck converter - one based on the SC structure, and the other based on the SL structure.
Section VI on the same converters shows a technique for generating equivalent conventional
converters. Section VII is devoted to the results of experimental verification of dynamic

modes in the indicated converters.
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2. Switched-Capacitor/Switched-Inductor Step-Down/ Step-Up Structures

Earlier, in (Axelrod, et al., 2008), three structures with the use of diodes were proposed.
These structures provide decrease of the output voltage in DC-DC PWM converters with an
improved conversion ratio. They were denoted by Dnl, Dn2, Dn3 ("Dn" — means Down).
These structures, obviously, save the ability to work as diodes when replacing the diodes with
MOSFETSs - in the absence of control pulses on the transistors. Now they will be denoted
Dnl1D, Dn2D, Dn3D (D - diode). When transistors are operate (as controlled switches), these
same structures acquire the possibility, on the contrary, to increase the output voltage.
Corresponding structures will be denoted UplS, Up2S, Up3S - the designation reflects the
increase in voltage and the operation of the S switch. Fig. la shows three pair of
corresponding configurations Dn1D-UplS; Dn2D-Up2S; Dn3D-Up3S. The transistors and
diodes operating in each configuration are reflected in thick lines.

A similar situation with the previously proposed step-up structures - now in their designation
will appear the sign "D", i.e. the diodes operate, and in the reverse mode — sign "S", i.e.
transistors operate. Fig. 1b shows three pairs of corresponding configurations Up1D-DnlS;
Up2D-Dn2S; Up3D-Dn3S;

S, Dn1S Dn2S DnSS|
b)

Fig. 1: Basic switching blocks, a) Step-down/step-up blocks.
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b) Step-up/step-down blocks

3. New Basic Hybrid Bidirectional Boost/Buck Converters

Let us begin the description of various circuits of bidirectional converters from the most
common case, when voltage is converted from left to right (boost mode), and from right to
left (buck mode). The common name of such a converter will be Boost / Buck converter, its
possible modifications are shown in Fig. 2. Note that the modifications of Boost/Buck
converters with the Up2D-Dn2S and Dn3D-Up3S blocks coincide with the modifications of

Fig. 2b and Fig. 2c respectively. But in this case, the output voltage V, reverses its sign.

Table 1 presents all the possible combinations of the above structures in various circuits of

bidirectional DC-DC converters. Consider these options.

The operation of the presented structures becomes clear if we write the operation of switches
and diodes for each of them both in the voltage increase mode (energy direction from left to

right) and in the voltage decrease mode (energy direction from right to left).

Table 2a corresponds to the modification presented in Fig. 2a and so on (Tables 2b, 2c, 2d).
In all these tables, "1" indicates the conductive state of the element, and "0" - non-conductive

state. Functioning areas of the switches or diodes in different structures are

Table 1: Possible realizations of bidirectional converters with C-/L-Switching

Structures.
. . [9p) (9p] [(9p] (7p] )
-/L-Switching | | - =R O
9422222
Structures 52 @ % %_ %_ %—
Converters 51 5 5155
Buck/Boost ® | ® | & | ® | & | ®
Buck-Boost ® ®? | ® ® | & | ®

! _ Inverting Buck/Boost;

2 - Non- inverting Buck-Boost.

marked into frames. The designations S1 and S2 reflect the ability of the device to function in
the switch mode (S) or in the diode mode (D).
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Fig. 2: Modifications of the Boost/Buck converter with step-down and step-up

structures.

Table 2a: Operation of the switches and diodes in both direction of energy for the

modification of Fig. 2a.

Regimes of S1 S2 DnlD | UplS
Converters Da Dc | Sa Sc
Fig. 2a S DS D p sb
Boost ton{1 0 O 0|0 O |O 1
toff | O 0 0O 1]0 O 1 0
Buck ton | 0 0 1 011 O 0 O
ue off[0 1 0 0|0 1 |0 o

Table 2b: Operation of the switches and diodes in both direction of energy for the

modification of Fig. 2b.

Regimes of s1 Dnl1S UplD
Converter Dn2S Up2D
Fig. 2b S D|Sa Sb|Da Db
Boost ton]1 0 0 0] O 0

toff [ 0 0 0 O] 1 1

ton [0 0] 1 110 0
Buck Fofffo 10 0] 0 0
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Table 2c: Operation of the switches and diodes in both direction of energy for the

modification of Fig. 2c.

Regimes of S2 Dn2D Up2S
Converter Dn3D Up3S
Fig. 2c S D| Da Db | Sa Sb
Boost ton| 0 0 O 0|11 1

toff | 0 1 O 0]0 O

ton|1 0| O 0]0 O
Buck Mofffo o] 1 1[0 o0

Table 2d: Operation of the switches and diodes in both direction of energy for the

modification of Fig. 2d.

Regimes of | S1 S2 Up3D Dn3S
Converter

Fig. 2d S D|S D |Da |Dc]|Sa |Sc

Db Sb

Boost {ton {1 O O O 1 0 0 0

toff |[O O 0 1 0 1 0O O

Buck [ton |0 O 1 O 0 O 0 1

toff |0 1 0 O 0 O 1 0

Consider on the basis of Table. 2a the functioning of the switches in the converter Fig. 2a. In
the boost converter mode, when the energy is directed from the left to the right source, at the
interval t, the switches S1 and Sc in the block UplS are turned on. Diode D of the converter
is blocked. In this case, the voltage of two series-connected capacitors of the block Up1S will
be applied to the load. At the interval ty, these switches are turned off and two switches Sa
and Sb of the block UplS turn on. In this case, the capacitors of the block are connected in
parallel, and the voltage across the load will be half. Thus, due to the double voltage on the
interval to,, the average value of the voltage across the load will be greater and equal to V2 =
V1 (1 + D)/ (1-D) (Axelrod, et al., 2008).

In the buck converter mode, during to, all switches are open, and the capacitors of the block
Dnl1D, connected in series through the diode Dc, are each charged to a voltage of V2 /2. The
inductor current of L1 is closed through the diode of the transistor S1. At the interval top,
switch S2 is closed and the voltage of two parallel-connected capacitors with a voltage of V2 /
2 is applied to the load through the diodes Da and Db. As a result, the output voltage of the
buck converter will be V1 =V2D / (2-D) (Axelrod, et al., 2008).
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If the duty cycle D of the switches S1 or S2 is designated in their conducting state, and also
D1 =1-D, then the voltage ratio factors M = Vo / Vin for boost converter for all types of

circuits can be written as

1+D
M == 1
boost D]. ( )
and for the buck converter
D
M, = 2
buck 1+ Dl ( )

From (1) and (2), it can be seen that in the boost converter mode, the voltage is increased by
1 + D times, which for large values of D approaches a double value. In buck converter mode,
the voltage is reduced by 1+ D1 times, which, on the contrary, at small values of D,

approaches a double value.

As indicated in the note to table 1, the structures Dn3D-Up3S and Up2D-Dn2S lead to a

change in the sign of the output voltage, i.e., they are inverting.

4. New Hybrid Bidirectional Buck—Boost Converters

In this section, we describe the modifications of bidirectional converters, when the voltage
conversion according to the scheme from left to right and the inverse conversion from right to
left is carried out in the Buck-Boost converter mode. This will be the common name of such

converters; their possible modifications are shown in Fig. 3.

The analysis shows that the tables of state of the switches and diodes in these modifications
of bidirectional Boost-Buck converters completely coincide with the tables 2a-2d for the
Boost / Buck modes. However, the values of the voltage ratio M for different structures are

different. The corresponding expressions are presented in Table 3.

The table shows that in the boost mode, a double increase in the output voltage is provided

(for the Dn1D-Up1S structure, it is 1 + D times more - (a)). In the buck mode,
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Fig. 3: Modifications of the Buck-Boost converters with step-down and step-up

structures.

Expressions (h) and (l) show that the voltage decrease two times lower than in the

conventional buck-boost converter. According to (b) and (d), the voltage decrease is (1 + D1)

times smaller, which at small values of D approaches a double value. At the same time, the

Table 3: Voltage ratio in possible regimes of bidirectional buck-boost Converters with

C-/L-switching structures.

C/L- A wn A » A » Aw A » Aw
Switching = = = = @23 Qe
Structures o= o0 o0 o0 Q> o0
Regime D(+D) (4 2D (. 2D (g 2D 2D (i 2D (K
Boost 1-D () l—D() 1—D() l—D(g) l—D() 1—D()
Buck (1- D)1+ D1) (1- D)(1+ D1) 1+ D1 21-D) 1+D1 21-D)

two structures - (h) and (l) operate as buck converter, but with a decrease in the output

voltage (1 + D1) times more.

As indicated in the notes to table 1, the structures Dn2D-Up2S and Up2D-Dn2S lead to

change in sign of the output voltage, that is, as for buck-boost converter, they lead to a non-

inverting mode. When applying the Dn2D-Up2S and Dn3D-Up3S structures, the installation

of an additional diode is required, without this diodes the converter turns into a boost

converter.
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Note that the modifications of Buck-boost converters with the Up2D-Dn2S and Dn3D-Up3S
blocks coincide with the modifications of Fig. 3b and Fig. 3c respectively. But in this case,

the output voltage V; reverses its sign.

5. Dynamic modes of the proposed converters. Introduction to the proposed
linearization method
For the analysis of dynamic modes in DC converters, the well-known small signal analysis
(SSA) method is used (Middlebrook, et al., 1976). However, the use of SSA to analyze the
dynamics of the proposed schemes (in particular, Fig. 2a, Fig. 2b, Fig. 2d) requires the
preparation and transformation of systems of fourth-order differential equations, which
makes such an analysis difficult and its results are poorly observable. This paper proposes a
simpler linearization method. It provides an equivalent linear circuit (usually of the second
order) for each of the proposed converters. And further, the method assumes the analysis of
an equivalent conventional boost or buck converter, the dynamic modes of which are
identical to those in the original more complex converters. The method is based on the
balance of energy increments in the basic and equivalent schemes and was partially presented
in (Axelrod, et al., 2015).

Consider a simple boost converter (Fig. 4a), which is described by the following system of

equations:
Lﬂ +d,(t)v=Vv,
dt
dv v . )
CE‘FE = dl(t)l

Whered, (t)) is the switching function, d,(t)=1-d(t) and d(t)=1 on the interval t,,and

d(t)=0on the intervalty . Multiplying the first equation byi and the second by

vV (i#0, v=0) and summing the two obtained equations, we exclude the switching function:
di dv Vv

di .
Li—+Cv—+—=V.
Idt+ dt+ R Vil 4
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Fig. 4: Justification of the proposed linearization method (a) boost converter (b) the

equivalent linear circuit (c) method validation in PSPICE.

After averaging the valuesi and vby integrating the equation during each period, i.e., going

to their integral (average) values (indicated by the sign "tilde" -

X = %Lm xdt ), we obtain the equation of energy increment balance

2

LT, AT +C\73VA\7+%T —v i, T (5)

in‘av

Herei, =(l/ 2)(f(t)+f(t+T)) and ¥, =(1/2)(9(t)+V(t+T))are the average vales for each
current  averaged period of the values of current and  voltage,
AT =i (t+T)—i(t), AV=V(t+T)—V(t), are the changes of the averaged values of current and
voltage during each period. We will further assume that at each period for the averaged values
of the load current: i, =i, D, and load voltageV, =V,,/D,. We write the input current
reduced to the output voltage i, ,, =i ,,D,and Ai, =AiD, i.e., in the expression Li,Afin (5)

i, =i ., /D, and Ai, = AiD,. Now the last equation is written as

L. .- Vs -
oz I, Al +CV, AV + FT =V I T (6)

1

If v., is a step function with a levelV, , then in the steady state we get V =V, /D,. The

In?

energy increment balance equation (5), compiled for the boost converter, corresponds to an
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equivalent linear circuit L, —(C || R), while L, =L/D} and the supply voltage is V (Fig.
4b).

This suggests that the transient in the obtained equivalent circuit corresponds to the transient
in the boost converter considering the linearization. Note that in the linear model Fig. 4b

should be included be active resistance R, . It consider losses in the boost converter and is

reduce to the output circuit by multiplying by a factor 1/ D?: R, =R,/ D}.

To illustrate the effectiveness of the method in Fig. 4c shows the simulation results in the
PSPICE program of the transient in the scheme with parameters: Vi,=12V, L=400uH,
C=5uF, R=500, f=50kHz, D=0.5.

Further, on the basis of the proposed approach, we will analyze the dynamics using of some
example Fig. 2. In Fig. 5, they are presented in a simplified form - depending on the direction

of energy conversion and, accordingly, the operation of diodes or transistors.

5-1. Boost converter with block Up1D. As the first example of applying this approach to the
analysis of dynamic modes in the above-proposed converters, we will conduct such an

analysis for the boost converter circuit with the block Up1D (Fig. 5a). If we accept V, = V, =
V. and C,=Cp=C, the system of equations in this case takes the form:

di;
"t dt

di,
x dt

+d,(t)-v, =V,

2V, +d,(t)-v.+v, =0
(7)

+2d, (t)-

dl (t) ) i1

C, d(;/z +-=2 V2 =i,

Multiplying the first equation by i, and the third equation by v, after summing them and
considering the second equation we get:

iy d'l +2d(0)-v.C e 124, (1) -v.c Do 4
ot ot ©

+Hi, (L L2+V2) Vi -y
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After averaging we get

L1|1 avAll + 2DO7 AV + 2Dl C. avAvc + LZiLZ.avAiLZ + iLZ av 2. avT Vlll av T (9)

L, Da
YN >t
i
DC‘ h V’l==C1 Sl.E vb iig— Va
Db
Ll a) m Sa
L1
>R1 + Cl Dl L _+_Cb I
zl =W a Vp e - A
< il [- ?
Sy ] ]
L
o 9 L

Fig. 5: Converter circuits with blocks (a) Up1D (b) Dn1S (c) Up2S (d) Dn2D.

Note that the transition to averaging the values of voltages and currents also makes it possible
to replace the switching functions d1(t) and d(t) by their average values - respectively D1 and
D. The transformations of the last equation give:

LM |1LA|1L+2DI\SI: v, ., AV, +2D; '\;: v, . AV, +L2|L26WA|L2+|L2av | = VlllaT (10)

2.av \
1 1

Here M =(1+D)/(1-D), M, =1+D,i, , Ai,- the currents reduced to the output voltage,

L., =L M, A =AM . Since D+D, =1, the sum

2D I\i v,., A0, +2D, |\§|: v, AV, = |5/|C v, AV, (11)
1 1 1
i.e., (10) is written as
s = 2C
LiM IlLAIlL +— M ZavA\7 + I-2|L2 avAIL2 + IL2 av\72 avT \72 av|2 avT (12)

1

The resulting expression may correspond to a linear circuit consisting of the input

inductance LM? =L, capacitor2C/M; =C,,, inductance L,, output capacitor C, and

eq’

loadR,. Obviously, due to the equality of voltages, capacitor ZC/Mszeqcan be

WWWwW.wjert.org 451




Berkovich et al.

World Journal of Engineering Research and Technology

transferred to the right and combined with capacitor C,. But at the same time inductance

L, will be transferred to the left in the direction of a larger current, since its current now also

includes the current of the capacitor Ceq (i, >1,).T0o keep the energy of this inductance

unchanged, it must be reduced by a factor of M/, the same as the decrease of capacitors C.

As a result, we obtain the final equivalent circuit L, —L,,, —>C,IIC,[|R,, where

Lo =LM? L =L, /M, C, =2C/ M} at supply voltage V,,, =V,,M . Considering the

connection of series inductances L, . and L, , and parallel-connected capacitors C,, and C,

the final equivalent circuit (L, o, +L,.,) = (C, +C,) || R, with the structure Fig. 4b.

5-2. Buck converter with block Dn1S. Next, we analyze the circuit of Fig. 5b with a block

DnlS. The converter is powered in the opposite direction (Figs. 1b; 2b) - operate transistors

Sa, Sb, instead of the diodes and instead of transistor S1 operates a diode. The circuit

generally function as a buck converter with a gain M =D/(2—D). Assuming as before

V,=V,=V, and C,=C,=C, compose a system of equations describing the operation of this

circuit;

Next, we simpl

di,

L, Eer(t) vV, +d,(t)2v, =V,
2o|(t)-c%uoll(t)-c%ﬂj(t)-iLl —d(t) i, +2d, ()i,

di (13)
Lid—;l+V1 =d(t)-v,

dv, v
Cld_tl+§l =l
ify the first two equations to the form
L% @ d,@)-v, =v,

dt

dv . . (14)
2Cd—t°+d(t)-|L1 =1+d,(t))-i,

Now we multiply the first of them by i2, and the second by V., and then add them

Li, %+ 2Cv, cij‘i +d(t)-iV, =V, (15)
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We substitute the value d(t)-v, into the obtained equation and then the current valuei,, we
substitute from (13)

dv, v v
dt R

ll e +Liy —= di, +CVv—

d|2
2C
L2'2 et dt

After the averaging operation of the last equation, we obtain

- VT o -
AV, + L, oAl +C VL AT, + R =V,l

L2|2 avAlz + ZC 2.avT (17)

C av 1%1.av

Considering, as before, that for each period for average values of the load

current, i, =i, ,,M, reduced to load voltage current i, =i, M, AL,=Ai,M

andv,,, =v,M, M =D/(2-D), v_,, = Dv__, the last equation is written as
. .~ 2C Doy T
LZM 2IZLAIZL D2 \70 avAvc + I-1|L1 avAI +C \71 avA\7 + lR1 - V2 lavMT (18)

and it can match the linear diagram of Fig. 4b (V=V,M, L, =L,,C=C R=R)), but also

having an input filter L. —C,: L, =L,M? C,=2C/D?. The dynamic mode in it is

similar to the dynamic mode of the basic circuit Fig. 4b for averaged values.

5-3. Boost converter with block Up2S. Let us turn to the analysis of the dynamic mode
boost converter with the block Up2S (Fig. 5¢). Taking as before 1, , =1, =i, and L,=Lp=L,

we compose a system of equations describing the operation of this circuit:

2d(t)- L%+ 2d,(t)- L% +d,(t)-v, =2d(t)-v, +d, (t)v,

(19)
c, Y2 _g )i,
dt
Now we simplify the first equation to the form
‘;'L +d (0)-v, = (L+d(D) -y, (20)

also multiplying it byi, , and the second equation (19) - byVv, , and then adding them, we get:

2LiLﬂ+Cv2 v, +-= v
d R,

at = (L+d(t))-wi, (21)
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After the averaging operation of the last equation and, as before, considering that for each

period for the averaged values of the currents i, and i, are validi,_,, =i,,,M1,Ai, =Ai,M1,
M1=1/1-D) and, M =(1+D)/(1-D), V,,, =Vv,M the last equation is written in the form

\722avT 1
AQ, +C¥,, AV, + R =V, ,, MT (22)

2.av
2

2LM 2%,

I2 av

The equivalent linear circuit corresponds to this equation - Fig. 4b with parameters:

supply voltage V =M, L, =2LM?*, C=C,, R=R,.

5-4. Buck converter with block Dn2D. In conclusion of this section, we consider the circuit
diagram of Figs. 1a, 5d with a block Dn2D, in which when feeding in the opposite direction
(Fig. 2¢), instead of transistors S,, Sp, of Up2S operate diodes D,, Dy , and instead of diode
D,, operates transistor S;). The circuit in general functions as a buck converter with a gain
M =D/(2-D).

We compose a system of equations describing the operation of this circuit:

d|L d|L

20(t)- L +20,(0) Ll +d (1) v+ 20,0) % =d OV,

dv1 vl (23)

“ &R

—d()-i, +2d, ()i,

Simplifying these equations to the form

d'L L (@, (0) v =4 ),

% o (24)

C1dt

=(1+dy(0)-1
and multiplying the first equation by i,_, and the second equation byV;, and then adding

them we get:

H 2
9oy MY g)vi, (25)

2Li
"t dt R

After the averaging operation of the last equation and, as before, considering that for each
period for average values i, ,, =i, ,,M1, M1=1/(2-D)and, v,,, =V,M ,M =D/(2-D) the

last equation is written in the form
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. V2T

2LMZ2i, , Al +C¥, , AV, + 1T =\,i, ,,MT (26)

The equivalent linear circuit Fig. 4,b L, —(C || R), corresponding to this equation will have

the parameters: V =v,M u L,, =2LM1*, C=C,, R=R,.

6. Formation of equivalent conventional converters
6-1. Boost converter with block Up1D. In this section, we will try, to receive the scheme of
equivalent boost or buck converters based on the obtained equations and structures of the

equivalent linear circuit. Indeed, in order to conversion from a linear circuit back to a boost

converter circuit, it is necessary to use inductance L=LEq(1—D)2 and supply

voltageV =V, (1+D) in this converter, leaving the parameters C and R unchanged.

Following this principle, for the equivalent linear circuit obtained for boost converter with

UplD link, the conventional boost converter will have the following

parametersV =V, (1+D),C =(C, +C,) ,R=R,, L, =(L +L,e)@1—D)*.

The dynamic characteristics of the resulting converter are completely identical to the more
complex initial boost converter circuit with the Up1D cell and, which is especially important,
both when the supply voltage changes, and when the duty cycle changes. Fig. 6a shows the
results of testing the proposed methodology in the PSPICE program using the example of
boost converter with the Up1D cell and with parameters: L;=600xH, L,=1000.H, C=0.54F,
C,=0.2uF, R,=20042 first when turned on V;,=12V at D=0.5, and then with a drastic change
in duty cycle to D=0.75.

6-2. Buck converter with block Dn1S. Next, we compare the conventional buck converter,
which would be equivalent to the original buck converter with the Dn1S. We will be based on
the previously obtained linear circuit, from which it is easy to obtain the structure of a

conventional buck converter - input voltage V =V, M1, M1=1/(2—D), then the input L-C

filter — L=L,M1% C; = 2C, and then buck converter with output inductance L = L1, output
capacitance C = C1 and load R = R1. Fig. 6b, shows the results of testing the proposed
methodology in the PSPICE program are shown using the buck converter example with block
Dnl1S and with block Up1D parameters and at V2 = 36V, R1 = 8 Ohm. Fig. 6b shows the
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curves of the output current i 5, as well as the output voltage v, in the initial and equivalent
buck converter. Initially, both converters are turned on at D = 0.5, and then with a sudden
change in duty cycle to D = 0.75. The test results show a good agreement between the

obtained voltage and current curves.

6-3. Boost converter with block Up2S. The dynamic characteristics in the case of the initial
boost converter circuit with block Up2S are completely identical to the dynamic
characteristics of the conventional boost converter with an input inductance of 2L and a
supply voltageV =V, (1+ D). Parameters C2 and R2 remain unchanged. As in previous cases,
the identity is remained both when the supply voltage changes, and when the duty cycle
changes. In Fig. 6¢ shows the results of testing the proposed methodology in the PSPICE
program using the boost converter as an example with block Up2S and with parameters:
L1=400uH, C2=5uF, R2=5042 at the beginning when turning on the voltage Vin=12V at
D=0.5, and then with a drastic change of the duty cycle to D=0.75.

A V) (") (V)
5.0 160 361 36 I I I I ‘
32132 T
4.01120
301 80 24|24 i
i Ny
40 /“’M\ 16 1 hlh b o

2, !
’ w M"‘W l’-l‘."".‘ o
10] 0 LM 10l 8

w‘"‘“‘“ Time
0 ol o (ms)

0 08 16 0 08 16 2.4 32 40
b)
V)(A) V) (A)
120 1 - - - - - - - 07 6
80 8 201 4
401 4 10} 2 (—phom m
/ i
ll Time

ol 0 olo (ms)

0 0.8 16 24 32 4.0
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Fig. 6: An example of the process of turning on different converters with a different
links and its equivalent converter for constant voltage at D = 0.5 with subsequent
change at t = 2ms duty cycle to D = 0.75 (a) boost converter with an Up1D link (b) buck
converter with a Dnl1S link (c) boost converter with an Up2S link (d) buck converter
with a Dn2D link.

6-4: Buck converter with block Dn2D. Similarly, for a buck converter with block Dn2D in
the equivalent conventional buck converter circuit, the input voltageV =V, /(1+D,) and

inductance will be L. The results of testing the proposed method in the PSPICE program
using the buck converter with a Dn2D link with parameters: V2=36V, L1=600uH, C1=6uF,
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R1=8¢2. are presented in Fig. 6d. It shows the curves of the output voltage and output current
of the initial and equivalent conventional buck converter - first, when turned on, the voltage
is at D=0.5, and then when the duty cycle changes abruptly to D=0.75.The test results show a
good agreement between the obtained voltage and current curves. In all graphs Fig. 6 the

values of currents in the original and equivalent converters are reduced to one value.

In conclusion, we note that converters with Up3D, Dn3S links, as can be easily see, will
correspond to linear equivalent circuits that coincide with the circuits for converters with
Up2S, Dn2D. Similarly, we get the same coincidence for pairs of blocks - Dn1D and DnlS,
UplS and UplD.

The remaining four blocks - Dn3D, Up3S and Up2D, Dn2S are not considered here, since
their use is associated with buck-boost, Cuk, Sepic and Zeta converters and requires a

significant increase in the size of the paper.

7. EXPERIMENT RESULTS
An experimental verification of the obtained theoretical results of the transients analysis was

performed for the Dn2D-Up2S converter (Figs. 7 and 8).

1
q At -‘\,L\*, Vo !
o Mg g IL
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N 5 RAAAA A AAANAA AA4
r"h
f" 11.5V] 0.95A]
p iDZ.SV 60ps i ’\EO.SA 60
.
¥
=7
|
a. b.

Fig. 7: The process of turning on buck converter with a block Dn2D - (1) and its
equivalent converter — (2) for constant voltage at D = 0.5 (a) - output voltages (b) —

inductor currents.

The parameters of the laboratory model were as follows: Vin=36V, L1 = L2 = 600uH, C =
6uF, R = 802, f = 50 kHz, D = 0.5. The parameters of the conventional buck converter,
providing the same dynamic characteristics as the original converter Dn2D, according to

paragraph 6-4 were Vin=24V, L= 600.H, and the other parameters remained unchanged.
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Fig. 8 shows the curves of the output voltage (Fig. 8a) and inductance current (Fig. 8b)
during the starting the two above converters - converter Dn2D and convectional buck

convertor, at a constant voltage. The corresponding curves in both cases practically coincide.

1 i
AR AAAAAAA !
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==
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Fig. 8: The process with an abrupt change in the duty cycle from D = 0.5 to D= 0.75 on
buck converter with a link Dn2D (1) and its equivalent converter (2); (a) — currents, (b)-

voltages.

Similarly, Fig. 8 shows the curves of the output voltage and inductance current with an abrupt
change in the duty cycle from D = 0.5 to D = 0.75 with R =8.. Moreover, Fig. 8 displays the
transient in converter Dn2D — curve 1, and in the conventional buck convertor - curve 2. In
the second case, the supply voltage also changed simultaneously with the duty cycle: at D =
0.5, Vin=24V, and at D = 0.75 Vin = 28.8V. In Fig. 8a current 2 is reduced to current 1 using
the multiplier 1/(2-D). And in this case, the processes in two types of converters - basic and
equivalent, proceed are completely identically. It should be emphasized that the inductance
value of the equivalent conventional converter remains unchanged when the duty cycle

changes.

8. CONCLUSIONS

1. The use of bidirectional switches in the switching-capacitor and switching-inductor
structures instead of diodes allows you to expand their functions, providing with the same
type of structure both the possibility of increasing the output voltage and decreasing it.

2. The modules with bidirectional switches allow creating a wide family of bidirectional
converters based on classic DC-DC converters with an extended range of output voltage

regulation in each direction.
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3. To analyze the dynamics of such converters having a rather complicated structure, a
methodology for replacing them with an equivalent circuit of a conventional converter of

the same type, the dynamic characteristics of which are well known, is proposed.
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