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Abstract

Objectives. A DC/DC Zeta topology converter represents a unipolar electronic device for converting an input
positive voltage into a stabilized output voltage of the same polarity, which can be set at voltages both below and
above the input voltage. The aim of this work is to analyze Zeta converter circuitry, which requires the following tasks
to be solved: using Kirchhoff’s Circuit Laws, obtain systems of equations describing converter operation in the phase
of energy accumulation and in the phase of energy transfer; using a method proposed by A.l. Korshunov, combine
the resulting systems of equations into a marginal continuous mathematical model; using expressions describing
constant components of currents and voltages in Zeta converter, analyze their ripples and obtain equations for their
calculation; compare the current and voltage values obtained from the continuous limiting mathematical model with
the Zeta simulation results.

Methods. The tasks are solved using Kirchhoff’s rules and the method for obtaining the limiting continuous
mathematical model proposed by A.l. Korshunov. The results are analyzed using a circuit modelling in NI Multisim.
Results. Itis shown that the phase coordinates of the mathematical model tend to real values of converter currents and
voltages at a switching frequency of the power switch of more than 200 kHz. A strong correspondence was established
between the calculated ripple values and their values obtained in the simulation (when changing the duty factor).
Conclusions. Mathematical models comprise the basis of unified calculation methods for any radio electronic
circuit. The developed limiting continuous mathematical model allows a range of changes in current flowing through
the choke windings and voltages on capacitor plates to be evaluated, including their maximum and minimum values
for various converter parameters, such as power switch switching frequency, duty factor, element ratings, etc.
Obtaining this information in turn enables the rational selection of the electronic component base of the converter.
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HAYHYHAA CTATbA

Anaau3 nyascauuiit DC/DC-npeodpa3oBares,
IOCTPOCHHOIO N0 Zeta-TONmoJIOrMM, ¢ UCIOJIb30BAHUEM
ero npeaeJabHON HeNnpepbIBHOW MaTeMaTHYeCKO MoaeIn

B.K. buTtiokos,
A.W. NlaBpeHos @,
A.A. Manuukuin

MWP3A — Poccuiickuii TexHos1Iorm4eckuii yamsepcutet, Mocksa, 119454 Poccusi
@ ABTOp AN nepenucku, e-mail: lavrenov@mirea.ru

Pe3iome

Uenn. DC/DC-npeobpasoBaTtenib, NMOCTPOEHHLIM MO Zeta-TOMonornu, SBNSETCA YHUMONSPHBIM 31EKTPOHHbIM
YCTPOMCTBOM, KOTOpoe obecrneymBaeT npeobpa3oBaHme BXOLHOrO MOJIOXUTENIbHOrO HanpsiXXeHns B cTabunmau-
POBaHHOE BbIXOOHOE HAMNpPsXeHUEe TOM Xe NOSIAPHOCTY C BO3MOXHOCTbLIO €0 PEryiMpoOBaHUs Kak HUXE BXOOHOIo
HanNpsXXeHus, Tak 1 Bbllwe. Llenb paboTel — NpoaHann3npoBaTb CXEMOTEXHUKY Zeta-npeobpasosaTtens. [Ang atoro
HEOOX0AMMO PELUUTb CheaylLlme 3aaa4un: npy noMoLwm npaesmna Knpxroda noayunTbs CUCTEMbI YPABHEHWUIA, ONKU-
CbiBaBLUME paboTy NpeobpasoBaTens B PeXMMax HaAKOMIEHUS U nepefaym SHeprum; no MeToamke, npeasiokeH-
Hol A.U. KopLuyHOBbBIM, 06beANHUTE CUCTEMbI YPDABHEHWUI B NPEAENbHYIO HEMPEPLIBHYIO MAaTEMATUYECKYIO MOAEb
npeobpasoBartens; NPy NOMOLLM BbIPAXEHNNM, ONUCLIBAIOLLMX MOCTOSIHHbIE COCTABASIOLIME TOKOB 1 HANPSXXEHUNR
B Zeta-npeobpasoBartene, NPOBECTM aHANM3 VX NyNbCaLMi 1 NONY4YUTb YPABHEHUS AN UX PACHETa; MPOBECTU CPaB-
HEHMe MOJIy4EHHbIX NPY NOMOLLM NPefEesbHOM HENPEPLIBHON MaTeEMATUYECKON MOLEIN 3HAYEHMIN TOKOB U Hanps-
XXEHWI C pe3ynbTataMmn MogenmpoBaHus Zeta-npeobpasosarens.

MeTopabl. 3agaya pelueHa npu nomoluu npasun Kupxroda n MeToamkm nonyyeHns npeaenbHom HenpepbiBHOM Ma-
TeMaTn4eckom monenu, npeanoxeHHom A.W. KopyHoBbiM. Pe3ynbtaTbl NpoaHanm3npoBaHbl C MCMNOJSIb30BaHNEM
CXEMOTEXHMYECKOro MoAenMpoBaHusa B cpene Multisim.

Pe3ynbTaTtbl. [TokasaHo, 4TO ha3oBble KOOPAMHATL MaTeEMATUYECKOM MOAENN CTPEMATCH K 3HA4YEHUAM peasibHbIX
TOKOB M HanpsiXXKeHui npeobpasoBaTens Npm 4acToTe KOMMyTaLmmn cunoBoro kntoda 6onee 200 KMy, YCTaHOBIEHO
BbICOKOE COOTBETCTBME PACHETHbIX 3HAYEHUN MyNbCaLMN N NX 3HAYEHWUI, MOJTYHYEHHbIX MPYU MOAENMPOBaHUN (Npu
N3MeHeHNn KoapduumeHTa 3arnoHEHNS).

BbiBOAbI. MaTemaTnyeckme Moaenu SBAsiOTCA OCHOBOW YHUDULIMPOBAHHBIX METOAMK pacyeTa Mto0biX paanosnex-
TPOHHbIX CxeM. [lonydyeHHasa npeaenbHas HenpepbiBHas MatemaTudeckas Mmoaens Zeta-npeobpa3oBartens No3BO-
NSET OLEHUTb Anana3oH U3MEHEeHUs TOKOB, MPOTeKaloLWuMX 4epe3 06MOTKN APOCCENEN, U HAaNPSXKEHUIA Ha 00OKaa-
KaxX KOHAEHCATOPOB, NX MaKCUMaslbHbIE M MUHUMAJTbHbIE 3HAYEHNS NP PA3NYHbIX MapameTpax npeobpa3oBartens,
TakMx Kak 4acToTa KOMMyTaLMW CUIOBOro kio4va, KO3PDULMEHT 3aNONIHEHNS, HOMMHAMbI 3/IEMEHTOB U T.4. JTa
Mo[eNb NO3BONSET BbINMOSHUTL PALMOHANbHBIM N0AO0P 9NEKTPOHHOM KOMMNOHEHTHON 6a3bl NnpeobpasoBaTtens.

KnioueBble cnoea: DC/DC-npeobpa3doBaTesib, NMOHMXKaOLLE-NOBbILIAWMI Npeobpa3oBaTesb, 9KBMBaNIEHTHas
cxema, Tononorus Zeta, npeobpasoBaresb, NpeaesbHas MOLENb, HENPEPbLIBHAS MOAENb, MaTeMaTU4eckass MOLENb,
npasuna Knpxroda, pazmax nynbcaLmi

e MocTtynuna: 28.12.2022 ¢ flopa6oraHa: 10.02.2023 ¢ MpuHaTa k ony6nukoBaHuio: 05.05.2023

Ang umtnposanus: butiokos B.K., JlaBpeHos A./., Manuukuii .A. AHann3 nynbcaumin DC/DC-npeobpasoBaTens, no-
CTPOEHHOro no Zeta-Tononornu, C UCNoJsib30BaHMEM ero npeaesbHON HenpepbIBHOM MaTtemMaTnyeckon Mmoaenn. Russ.
Technol. J. 2023;11(4):36—48. https://doi.org/10.32362/2500-316X-2023-11-4-36-48

Mpo3payHocTb GUHAHCOBOM AEATESNIbHOCTU: ABTOPbI HE NMEIOT (PUHAHCOBOW 3aMHTEPECOBAHHOCTY B NPEACTaBeH-
HbIX MaTepuanax uivM MeToaax.

ABTOpbI 3a9BASOT 06 OTCYTCTBUM KOHMIMKTA MHTEPECOB.
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INTRODUCTION

DC/DC converters are widely used in autonomous
battery-powered devices such as unmanned aerial
vehicles (UAVs), pyrometers, pacemakers, automotive
electronics, robots, etc. [1-8]. Since the presence
of a DC/DC converter in the power supply device
determines both its mass-size parameters and efficiency,
as well as the energy efficiency of the entire radio-
electronic means (REM), it also affects the maximum
period of autonomous operation without recharging.
The complexity of manufacturing such power supply
devices is also due to the tendency of autonomous
devices to require stabilized low-voltage potentials.
All this predetermines the need to develop specialized
methods, algorithms, and design tools for DC/DC
converters.

DC/DC converters implementing basic topologies
of step-up, step-down, and polar inverting types [9, 10]
into complex DC/DC converters—i.e., step-up and
step-down  (buck—boost) converters—require the
development of design methods and a sufficient detail
of supporting research [2, 4, 11-13].

The development of DC/DC converters, like that
of other REMs, is based on appropriate mathematical
models, which are the basis for the unified methodical
approach to developing, designing and researching
devices. Limiting continuous mathematical models
of basic DC/DC converters are proposed in [9, 14-17].
However, so far, a converter for buck—boost DC/DC
converters based on the Cuk topology exists only in the
form of a mathematical model [18, 19]. Meanwhile,
there is no mathematical model of unipolar DC/DC
converters based on Zeta topology or single-ended
primary-inductor converter (SEPIC) topology. Here
it should be noted that, while SEPIC, Zeta, and Cuk
converters are identical in terms of the electronic
component base, they differ significantly from the
schematic viewpoint.

MATHEMATICAL MODEL

A phase plane comprising a set of points of its
possible states for each continuous mathematical
model can be constructed to represent processes of a
real device; here, a point on the phase plane represents
the current state of the model and a change in the state
when it moves. The trace from the representing point
movement is referred to as a phase trajectory, while the
point itself represents a phase coordinate. Continuity
of the system means that the state of the system, i.e., the
values of phase coordinates, can be established at any
time.

The mathematical model of the device provides
a means of obtaining the relationship between phase
coordinates, which correspond to real currents and

voltages of the DC/DC converter. Phase coordinates and
real values of currents and voltages of the mathematical
model coincide when the switching period T of the
electronic switch tends to zero. Such mathematical
models of key devices are commonly referred to as
limiting models [14, 15].

The circuit of the unipolar Zeta converter (Fig. 1)
first proposed in [12] comprises two chokes, L1 and
L2, two capacitors, C1 and C2, an electronic switch
VT1 typically implemented by field-effect transistor,
as well as a control unit determining the transistor
mode. Chokes L1 and L2 perform the function of energy
storage and transfer via electromagnetic induction, while
capacitor C1 is present in the circuit to separate the
converter input from its output. The separating capacitor
Cl1 is also sometimes referred to as a “flying capacitor”
since it performs not only the function of separation but
also the function of energy storage and transfer between
sections of the converter [11, 12]. The remaining radio
components perform traditional functions.

Two operation phases may be distinguished for the
DC/DC converter, as well as for the majority of key
devices. The first phase determines the energy storage
mode, while the second determines the energy transfer
mode. Thus, the mathematical model requires equivalent
circuits to be constructed for each phase of the converter.
Based on equivalent diagrams, systems of equations
describing two operation phases are written.

C1 L2
o VT o /A
o1 1= Uy
in 1 e ()
+0)
I g Bwr e []R
-(*)
—U.
o il _Uout

Fig. 1. Schematic diagram of the buck-boost converter
based on Zeta topology. U,, and U, ; are input and output
voltages; R is the duty resistor. (In the diagrams that
follow, the designations adopted in the GOST 2.710-81"
standard are used.)

In[20], only the mathematical model of the converter
with the same chokes L1 and L2 is presented. Therefore,
it makes sense to construct a mathematical model of the
buck-boost DC/DC converter based on Zeta topology,
but in a general form.

The system of equations describing both operation
phases are made according to Kirchhoff’s rules. The
DC/DC converter in the energy storage mode (first
phase) is described by five equations of algebraic sums
of currents and voltages, as follows:

1 GOST 2.710-81. Unified system for design documentation.
Alpha-numerical designations in electrical diagrams. Moscow:
Standartinform; 2008 (in Russ.).
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ly g~y =0, (1)
e —Li ——1 u
it C, " R,C, ¥
duc, 1,
e ¢
i (2)
au_1, _hy
dt Ll in Ll L1
diy, 1 1 n 1
= ——Up —— Uy — =iy ——U._,
dt L2 Cl L2 C2 L2 L2 L2 in

where L, is the inductance of a choke L1; L, is the
inductance of a choke L2; C, is the capacitance of a
capacitor C1; C, is the capacitance of a capacitor C2;
R, is the resistance of a duty resistor Ry; i; ; and i , are
instantaneous currents flowing through the winding
of chokes L1 and L2; r, and r, are active resistances
of the L1 and L2 choke windings; and u, and u, are
instantaneous voltages at the coatings of capacitors C1
and C2.

Equation (1) containing input current i, , according
to Kirchhoff’s rules, is necessary for describing the
first phase of the inverter operation in detail. However,
considering the equations of system (2) not depending
on the input current, Eq. (1) can be excluded from the
system.

The system of equations determining the inverter
operation in the energy transfer mode (second phase)
may be written as follows:

ducy _ 1, 1,
it C, % R, ¥
ducy —Li
da ¢
di 3)
w4, 1
., 7 T e
a LMoL
diy » _ 1 ;
dt L, 127, e

For building the mathematical model, it is necessary
to combine systems of Egs. (2)—(3) according to the
method [14, 15]. The mathematical model may be written
as the following matrix system of equations:

1
X = L2 , (4)

] 1
- 0 -(1-D)— 0
L L
o E oo g
1-D)— D— 0 0
1 G
0 1 0 b
L G RC, |
pL
L
B= —DL 6
0
|- O -

where X is the matrix of the system phase coordinates;
A is the coefficient matrix of the phase coordinates;
B is the coefficient matrix of an external source,
such as the input voltage; D is the fill factor of the
pulse-width modulated signal controlling by power
switch VTI.

Thus, the system of Egs. (4)~(6) is the limiting
continuous mathematical model of DC/DC converter
based on Zeta topology.

Instantaneous currents and voltages contain
constant and variable (called ripple) components.
Analysis of the mathematical model shows that
it would be advisable to determine separately the
constant components of currents /; |, I} ,, voltages U,
U, and their ripples.

Solving the system of Eqgs. (4)~(6) of the
mathematical model for the constant components
of currents /| |, I , and voltages U, U,-,, the following

LI
equations may be written:

U, D?
[Ll = 2 " > (7

;o U,,D(D-1) ®
L2 — >
RyD? —(r; +2R)D + Ry
RyU;,D(D-1)
d
Ue, = = ©)

RyD?* —(1; +2R))D + Ry |

Ui, D((r, + 1 + R)D ~ (1, + R))|

U~, =|— . (10
c2 RyD? —(rj +2R)D+Ry | (10
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Using Egs. (1), (7), and (8), the following equation
for the constant component of the input current /;, may
be written:

I = | Ui“DZ |+
in |RdD2 (1 +2Ry)D + Ry |
(1n)

Jo uwow-y )
|RyD2 — (1 +2Ry)D + Ry |

Equations (7)—(11) are the basis for the preliminary
calculation of the converter and hence for the selection
of its electronic component base.

CURRENT AND VOLTAGE RIPPLES

Instantaneous currents #; ; and i} , flowing through the
windings of chokes L1 and L2 as well as instantaneous
voltages u, and u., on capacitors C1 and C2 contain
constant and variable components

iy =1y +0ipy,  ugy =Ug +ducy,

. . (12)
Iy =1y +0ip 5, ey =Ucy +8uc,,

where 87 , is the variable component of current i ;
di} , is the variable component of current i ,; du- is the
variable component of voltage u,; du, is the variable
component of voltage u .

Substituting (12) into the systems of Egs. (2) and (3), which describe both phases of the converter operation, the
following may be written:

d(I;,+0i 1 § .
w U= +8i). 43

d(I; , +di 1 1 r , 1
iz 0z det L2) L (Ve +6“C1)_E(UC2 +5“c2)_i(1u +5’L2)_L2 Uin» (13:2)
d(Ugq +0u 1 .
%:a(&ﬁ&u), (13.3)
d(Ux, +6u 1 . 1
( Czdt _Cz):—(j2 (]LZ +81L2)—E(UC2 +6MC2)' (134)

(13)

d(I;, +0i r; ) 1
( let Ll) :—Zl(lLl +81L1)_Z(UC1 +8uC1), (14.1)

d(I;, +0i r . 1
—( det LZ):_i(]LZ’LS’LZ)_Z(UCZ +6uC2), (14.2)

d(Upn, +0u 1 .
W:a(lu+&u), (14.3)

d(Uq, +0u 1 . 1
—( Czdt CZ)ZC—2(IL2 +61L2)—E(UC2 +8uc2). (144)

(14)

U,
Given that % ~ I 5, Egs. (13.4) and (14.4) may be simplified, as follows:
d

d(UC2+E‘>uC2)~ Ly, L s
— . ROy, Olcy.
dt C, R C,

The constant components of currents and voltages are usually much larger than the ripple, so in the right-hand
sides of Eqgs. (13.1)—(13.3) and (14.1)—(14.3), the ripple can be neglected compared to the corresponding constant
components:
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ddi
%:éUin_%lLl’
t
doi, 1 1 r 1
L2 2
— L Uy -—Uq -2 ——U._,
dt L, C1 L, C2 L, L2 L, ™

5.1

(15.2)

douc, 1 (13)
=17,
i ¢t

a8
oo o Vg o su,. (5.4
G TRG

(15.3)

ddi

w_ Ny oLyl aen
a L

a’SiLZZ_r2 1

20 ,-—U,
L2 C2>
dt L, L,

dduc, 1

:—1 .
da ¢ M

ds
ter o s ol sue,. (64
i G R,C,

(16.2)
(16)

(16.3)

Using Egs. (15.1)—(15.3), the following equations for
variable component (ripple) 8i; |, 8} ,, and Suc, of the
first phase may be written:

. 1 ]
Oi | = I[L_Uin _L_Iu}d’:
1 1

| . (17
(et}
Oy p =
_ I[_LLZUCI _L_IZUC2 —Z—Zlu —L—ZUin]dtz (18)
Sugy =j[cil[L2Jdt=(CillL2Jt. (19)

Using Egs. (16.1)~(16.3), the following equations
for variable components 6i; |, i ,, and du., of the
second phase may be written:

. " 1
Oiy = I[_L_Iu _L_Uc1 Jdt:
1 1

(20)
i 1
L S
( LMo Cl]

. D) 1
dipy = I(_L_ILZ _L_Uchdt=
2 2

@21
) 1
= __ILZ__UC2Jt’
( Ly Ly
1 1
Sucy = [ (?Iu Jdt = (Elu}. (22)
1 1

Equations (15.4) and (16.4) have the same form,
so they may be written as follows:

ddu
2 _
= =px— 5 23
=Y =Py (23)
where ¢ = , coefficient p is expressed by the
a2
equation
1 1 1 T 1
Py =_(__Uc1 BT R Sl Ch J
G L Ly L, L, "
for the first phase and L n, 1,
or the first phase an = | -2 ——
p Py AW L2 L, Cc2

for the second phase.
Solving differential Eq. (23), the following equations
may be written:

—1)ed*
y :[—p(qx De +K]e“7x or

q2
t
Sty = —q% + % + Ke 4. (24)

For simplifying calculations, the boundary condition
y(0) = 0 may be taken. Equations of constants for the
first and second phases are written as follows:

Kl :ﬂ and K2 =

P
C]2

(25)
q2

Using Egs. (17)—(19), the following equations
for determining the ripple spreading Aij,, Ai,, and
Au, of the first phase may be written:

. . . 1 r
Aiy | = 8iy {(TD) - 8iy (0) = [L—Uin ——11L1JTD =
1 L
Uin DT (1 = Ry) D* + (1 + 2Ry ) D— Ry )

L, (RyD? =(r, +2Ry) D + Ry )

(26)
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Aiy 5 = 8i 5 (TD) = 8ii ,(0) =

1 1 n 1
=l Va Ve T U |TP =
2 2 2 2 (27
_ UinDT((rl —Ry)D? +(r +2Rd)D—Rd)
Ly (RyD? = (1 +2Ry) D+ Ry)
1,
1
(28)

_ U, D°T(D~1)
G (RyD? = (1 +2Ry)D +Ry)’

Using Egs. (20)—~(22), the equations for determining
the ripple spreading A ,, Ai| ,, and Au, of the second
phase may be written:

Aiy | = 8i | (TD) iy (T) =
- [ Hly - UCl JT(I -D)= (29)
1

_UinDT(l—D)((rl +Ry)D—Ry)
L (Rd1)2 (5 +2Rd)D+Rd) ’

Aiy 5 = 8i 5 (TD) —8iy 5 (T) =

)
2
-2
L2
( L,

_ Ui, DT (1-D)((1 + Ry) D~ Ry)
L, (RdD2 (5 +2Rd)D+Rd) ’

! UchT(l—D) = (30)
L2

Aucy = 0uc (TD) —du (T) =

:[CLIJUJT(D—l):

_ U,,D°T(D~1)
G (RyD? = (1 +2Ry) D +Ry)’

€2y

Considering that the equations for determining
the current ripple spreading Ai; , and Ai;, both are
different in two phases and are equivalent, it would
be advisable to determine the average ripple spreading
Ai 1, and Ai;, - of currents flowing through the
choke windings:

U DT (7 = Ry) D* + (1 + 2Ry ) D~ Ry )

L, (RyD? (1, + 2Ry ) D+ Ry )
AiLlaV = 2

NE2
Ui, DT (1-D)((1; + Ry ) D~ Ry)

m
Ly (RyD? (1 + 2Ry ) D+ Ry )
2

All gy =
Up DT (1 = Ry ) D2 + (1 + 2Ry ) D= Ry )
L,(R;D* ~(r; +2R;)D+R
_ 2( d (4; ) D+ d) . 63
UinDT(l—D)((rl+Rd)D—Rd)
Ly (RyD? = (r +2Ry) D+ Ry )
2

Using Eq. (24), the following equation for
determining the ripple spreading Au-, may be written:

D 1-D
Sty | — || +|8 T—=|=
“CZI( 5 ) ”czz( 5 j‘

D
— D
_n a1
=t -
q q

Auc2 =

T—— 1-D
p, P2y —qT
St
q q

:1| RyUD((1i + Ry) P~ Ry)
2 ‘Lz RyD? ~(r; +2R;) D+ Ry) (34)

T(D-1)
x| 2R Cye 2R +((1-D)T -

2R,C, ) ||+

| R D((1i + Ry) D~ Ry)
| Ly (RyD? = (1 +2Ry ) D+ Ry )

-TD
x| 2R Cye* M2 +(DT - 2R(C,) ||,

where du-,, is the function of the voltage ripple variable
component on the capacitor C2 obtained by solving
the differential equation in the first phase; duC,, is the
function of the voltage ripple variable component
on the capacitor C2 obtained by solving the differential
equation in the second phase.
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Fig. 2. Simulation scheme of the DC/DC converter

Using Egs. (1), (32), and (33), we can write the
following equation for determining the ripple spreading
of input current Ai; :

_ AiLlaV + AiLZaV 1

Aiin_ 2 D[m_
1| UWDT((5~Ry)D? +(r +2Ry) D~ Rd)|
i L, (RyD? (1, +2R;) D + Ry ‘

_UinDT(l—D)((rl +Ry)D- Rd |+
L (RyD? =(1 +2Ry) D+ Ry ) |

((ri ~ Rg)D? + (1 +2Ry) D - Rd)|+ 55)
LZ(RdD (i +2Ry) D+ Ry) ‘

(1-D)((r +Rd)D—Rd)|
‘ L, (RyD? ~(r; +2Ry) D+ Ry ‘

[I Uy, - D2 R

+
|Ry-D? = (1 +2Ry)- D+Rd|

| U, -D-(D-1) |
|Rd D? - (r1 +2:Ry) D+Ry| |

Thus, Egs.(28)or(31)and (32)—(35)allow calculating
the ripple spreading of currents i; |, i; , flowing through
the windings of chokes L1 and L2, input current 7,  and
voltages u,, uc, at the coatings of capacitors C1 and C2,
if the nominal values of selected electronic components
and the converter operating mode (duty factor D and
period 7) are known.

SIMULATION IN THE MULTISIM
ENVIRONMENT

For checking the validity of the obtained expressions
for determining the ripple currents and voltages of the
DC/DC converter based on Zeta topology, circuit

simulation in the Multisim’ environment is used.
The derivation of analytical formulas and the results
of simulating constant components of currents and
voltages of the considered converter are presented
in [20-22].

The simulation is preceded by the study of MOSFET
power switches, as recommended in [23, 24], in static
and dynamic mode. On this basis, the IRLZ44N
transistor, whose model characteristics correspond to the
Datasheet?® data, was selected.

In the simulation scheme depicted in Fig. 2, the
switch VT1 commutes the current of the input power
supply V1 with the frequency of the clock pulses set
by generator V2. Components from the Multisim database
are selected as elements. The chokes are represented
by equivalent circuits. The active resistance of the choke
having an inductance of 55 pH does not exceed 1 Ohm.

To study the impact of the duty factor D on ripples,
the circuit is simulated in the transient analysis mode.
Here, the current and voltage ripples are recorded in the
steady-state mode 5-12 ms after the simulation has
started. The study results of the impact of duty factor D
as the main parameter determining the converter
operation mode are shown in Figs. 3-5. The impact
of switching frequency f on the ripple spreading value
is shown in Figs. 6-8.

The studies of the impact of duty factor D on the
ripple spreading value show a good coincidence of the
results of the mathematical model and simulation.
However, at duty factors D less than 0.3 and greater than
0.7, a significant difference is observed. This discrepancy
is caused by imperfection of mathematical model and
impact of parasitic parameters of radio components
on converter operation. The coincidence of calculated

ripple spreading Ai, , Aij, , and Au along with values

2 https://www.ni.com/ru-ru.html.  Accessed March 27,
2023 (in Russ.).

3 International rectifier, IRFZ44N HEXFET Power MOSFET,
Data Sheet. https://static.chipdip.ru/lib/158/DOC000158617.pdf.

Accessed March 27, 2023.

Russian Technological Journal. 2023;11(4):36-48

43


https://www.ni.com/ru-ru.html
https://static.chipdip.ru/lib/158/DOC000158617.pdf

Analysis of the DC/DC Zeta topology converter ripples
by applying its limiting continuous mathematical model

Vladimir K. Bityukov,
Alexey |. Lavrenov, Daniil A. Malitskiy

Ai, o, Aip o, and Auc - obtained during simulation

is observed at duty factor D equal to 0.5. Here, Ai;
is input current ripple spreading obtained by simulation;
Ai; s the ripple spreading of current flowing through
winding of chokes L1 and L2 obtained by simulation;
Au,, is the voltage ripple spreading on capacitors C1 and
C2 obtained by simulation. The difference between
calculated values and simulation results for input current
ripple is 6 mA at Ai; = 718 mA. The difference between
calculated values and simulation results for current ripple
i 15 Ip o 18 7mAat Ai; , =218 mA. The difference between
calculated values and simulation results is 0.3 mV at
Auc; =15mVand 0.05 mV atAu, =5.45mV for voltage
ripple spreading Au, and Au.,, respectively.

Ai
5

A

in’

0
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fig. 3. Impact of the duty factor on the input current
ripple: 1 is the calculated value Ai;; 2 is the simulation
result Ai

From Fig. 3 it can be seen that the calculated value
of input current ripple corresponds to the simulation results
across almost the whole variation range of duty factor D.
However, the calculation and simulation results differ
at duty factors D < 0.25 and D > 0.75. This is especially
evident at a duty factor D greater than 0.75. For example,
at duty factor D = 0.8, the difference of calculated and
simulated ripple is ~4 A at Ai; . = 4.3 A while at duty factor
D = 0.2, this difference is ~48 mA at Ai; = 163 mA.

Ai, A
0.40
0.35
0.30
0.25
0.20
0.15
0.10g
0.05

0.00
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fig. 4. Impact of the duty factor on ripple currents
flowing through windings of chokes L1 and L2: 1 is the
calculated value Aj ; 2 is the simulation result Aj 4,;
3 is the simulation result Aj 5,

Figure 4 shows that the ripple currents flowing
through the choke windings practically coincide. The
calculation and simulation results, as well as in case
of input current, differ systematically at duty factor
D < 0.25 and D > 0.75. At duty factor D = 0.8, the
difference of calculated and simulated ripple values
is ~47 mA at Ai; =349 mA while at duty factor D= 0.2,
this difference is ~13 mA at Ai; =87 mA.

Augy, mV Augy, mV
100
14
80 12
10
60
.£8
40 .46
4
20
3 2
0 Blo
0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fig. 5. Impact of the duty factor on the voltage ripple
at capacitors C1 and C2: 1 is the calculated value Aucy;
2is the simulation result Aug,,,; 3 is the calculated value

Aug,; 4 is the simulation result Aug,,,

It follows from Fig. 5 that at duty factor of 0.5,
the calculated ripples and simulation results coincide.
However, the voltage ripple on capacitor C2 differs
by 1.59 mV at 6 mV if D = 0.8, and by 0.6 mV at
Auc, =22mVifD=0.2.

The difference between calculated voltage value
Aug, on capacitor Cl and simulation result Awu,.,
reaches 76 mV at Au; = 160 mV if D ~ 0.8; however,
the difference between the calculation and simulation
results would be insignificant at D ~ 0.2.

When the switching frequency of the power
transistor is increased, the ripple currents and voltages
are significantly reduced. As shown in Fig. 6, the
calculated ripple values Ai; and simulation results Ai;
coincide at switching frequencies from 50 to 800 kHz.
The maximum difference of the calculated ripples and
simulation in the operating frequency band is observed
at the frequency of 50 kHz (in the enlarged scale,
the difference is shown in the inset of Fig. 7) and
is0.35 AatAi, =42 A.

It is shown in Fig. 7 that calculated ripple Ai; and
simulated ripple Ai; , as well as the input current,
coincide at switching frequencies from 50 to 800 kHz.
The maximum difference between the calculated ripple
and simulated ripple in the operating frequency band
isobserved at 50 kHz (in the enlarged scale, the difference
is shown in the inset of Fig. 7) and is 0.26 A for Ai; | and
0.2 A for Aij , at Aif =2.18 A.

The limit of the continuous mathematical model
is clearly visible in Fig. 8, in contrast to Fig. 7. For
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Fig. 6. Impact of switching frequency on the input
current ripple at the duty factor equal to 0.5: 1 is the
calculated value Ai; ; 2 is the simulation result A |
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Fig. 7. Impact of switching frequency on ripple currents
flowing through the winding of chokes L1 and L2 at the
duty factor equal to 0.5: 1 is the calculated value A ;

2 is the simulation result Ai ,; 3 is the simulation
result A 4,

Aug, mV
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Fig. 8. Impact of switching frequency on the voltage
on capacitors C1, C2 at the duty factor equal to 0.5:
1is the calculated value Aug; 2 is the simulation result
Augq,,; 3 is the calculated value Aug,; 4 is the simulation
result Aug,,,

example, at the frequency of 100 kHz, the calculated
value Au(, is 78 mV while simulation Au, is 136 mV.
The values of phase coordinates of the limiting
continuous mathematical model tend to the values
of currents and voltages of the converter at frequencies

higher than 200 kHz. It can be seen from Fig. 8 that
the calculated ripple and the simulated ripple coincide
at frequencies higher than 200 kHz. The maximum
difference is observed at ~230 kHz and is equal
to ~3 mV for Au, at Au, = 31 mV. For ripples Au.,,
the difference is ~0.9 mV at Au, = 21.8 mV.

CONCLUSIONS

The present work presents equivalent circuits
Zeta topology-based DC/DC converters in the modes
of energy storage and transfer. Using Kirchhoff’s rules,
systems of equations describing each phase of the device
are set up. In order to formulate the mathematical model
in matrix form, the systems of equations are converted
into a phase coordinate matrix, a coefficient matrix
of phase coordinates, and a coefficient matrix of the
external source. To permit the complete analysis of the
limiting continuous mathematical model, equations for
constant components are written.

Using the representation of currents and voltages
as a sum of constant and variable components, systems
of equations describing the converter in the modes
of energy storage and transfer are written. Derived
expressions of constant components of currents and
voltages are integrated with systems of equations
describing each phase and expressions for determining
the ripple currents flowing through the winding of chokes
and voltages on capacitors.

The results of ripple calculations when using the
limiting continuous mathematical model and converter
simulation are compared. The dependences of ripples
on duty factor D and switching frequency of power
switch fare obtained. At duty factor D = 0.5, the ripples
obtained by the mathematical model coincide with those
obtained by simulation. The difference is ~7 mA at
Ai; = 220 mA for ripple currents Ai;,, Aij,. The
difference between the voltage ripples is ~0.3 mV at
Auiy = 15 mV for the Aug, ripple and ~0.05 mV at
Auc, = 5.5 mV for the Aug, ripple. The maximum
deviations of calculated values from simulation results
at duty factor D = 0.8 are 47 mA for Ai;, and Ai,,
76.4 mV for Au(, and 1.59 mV for Au,.

The presented limiting continuous mathematical
model allows variation range of currents flowing
through the choke windings and voltages at the coatings
of the capacitor to be estimated along with their
maximum and minimum values at different converter
parameters such as switching frequency of the power
switch, duty factor, nominal values of elements, etc.
The obtained dependences can be used to rationally
select electronic components for constructing Zeta
topology converters.
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