Russian Technological Journal. 2025;13(2):36-45 ISSN 2500-316X (Online)

Modern radio engineering and telecommunication systems

COBpeMeHHbIe PaaANOTEXHUYECCKHE H TCJICKOMMYHUKAIIMOHHBIEC CUCTEMbI

UDC 621.314.1+681.586.7
https://doi.org,/10.32362/2500-316X-2025- 13-2-36-45 D)y |
EDN TIPRXB

RESEARCH ARTICLE

Zeta topology DC/DC converter design
based on TPS40200 driver

Vladimir K. Bityukov 1,
Aleksey I. Lavrenov 1: @,
Daniil A. Malitskiy 2

" MIREA — Russian Technological University, Moscow, 119454 Russia
2 Sputniks, Moscow, 121205 Russia
@ Corresponding author, e-mail: lavrenov@mirea.ru

Abstract

Objectives. The study set out to investigate typical characteristics of a Zeta converter developed by the authors
based on the TPS40200 driver under various input voltages and loads and compare the experimental characteristics
of the Zeta converter with those obtained through SPICE' simulation in the Multisim computer-aided design (CAD)
system, as well as with the results derived from a continuous-time mathematical model.

Methods. A continuous-time mathematical model of the Zeta converter and the Multisim CAD system were used. The
schematic diagram of the converter was developed according to the TPS40200 driver circuit design methodology
presented in its datasheet. The printed circuit board layout was created using the Altium Designer CAD system.
Results. An experimental test bench of the Zeta topology DC/DC converter was designed and built using coupled
chokesbased onthe TPS40200driver. Theresults of the study showed a high correlation of both its load characteristics
and its DC and AC components of currents flowing through the choke windings and capacitor voltages from the input
voltage at two load resistances of 50 and 100 Ohm obtained by experimental, computational, and modeling methods.
Conclusions. The continuous-time mathematical model of the converter, along with the calculation method based
on it, forms a foundation for the design of DC/DC converters using the Zeta topology. The experiment confirms
the validity of both the mathematical model and the calculation method. The proposed design methods takes the
magnetic coupling and the active resistance of inductors into account. The magnetic coupling permits a two-fold
reduction of inductor values while maintaining the same ripple or a reduction in the ripple by up to half with unchanged
inductor values.

Keywords: DC/DC converter, Zeta topology, converter, mathematical model, design method, TPS40200, Altium

Designer, Multisim, printed circuit board

1 SPICE (Simulation Program with Integrated Circuit Emphasis) is an open source simulator of general-purpose electronic circuits.
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Pe3iome

Llenu. Llenbto paboThl ABASETCS NCCeaoBaHne TUMOBbIX XapakTepUCTMK paspaboTaHHoro Zeta-npeobpasoBartens
Ha ocHoBe gpameepa TPS40200 (Texas Instruments, CLUA) npu pasnnyHbIX BXOOHbIX HAMNPSXKEHMSX U HArpy3Kax
1 CPaBHEHME 3KCMEPUMEHTaSIbHBIX XapakTepucTuk Zeta-npeobpaloBaTensi C aHaNOrMYHbIMU, NOTYYEHHBIMWU MPU
nomMoLuy SP|CE1-MO,£I,eJ'IVIpOBaHI/I9| B CUCTEME aBTOMaTU3MpoBaHHOro npoektuposaHusa (CAMP) Multisim, a Takxe
C MOMOLLbIO NMPeAeNbHOM HENPEPbLIBHOM MaTeMaTn4eCckorn Mogenu.

MeToabl. Vcnonb3oBaHa npefefnibHas HenpepbiBHAs MaTtemartuyeckas Mogenb Zeta-npeobpasoBaTtens
n CAMP Multisim. MpuHuMnuanbHas anekTpuyeckasl cxema npeodbpasoBartesnis paspadoTaHa No MeToauke pac-
yeta 006BA3kM OpaiBepa TPS40200, npeacTaBfeHHOM B ero TexXHMYeckoin gokymeHTtaumm. C mMcnosb3oBaHUeM
CAIP Altium Designer npondseneHa passojka ne4yaTtHorm nnarhbl.

PeaynbTatbl. CNpOeKTMPOBaH 1 CO3a4aH aKcrnepumMmeHTasbHblld cteHn DC/DC-npeobpasoBartensi, MOCTPOEHHOro
no Zeta-Tonosnorum co cBa3aHHbIMU Apoccensimu Ha 6a3e aparisepa TPS40200. PesynbtaThl ccnenoBaHms noka-
3a1 BbICOKYIO KOPPENALMIO Kak €ro Harpy304HbIX XapakTEPUCTUK, TakK 1 ero NOCTOAHHbIX M NePEMEHHbIX COCTaBIsA-
IOLLMX TOKOB, MPOTEKaOLLMX Yepe3 0OMOTKUN APOCCENEN, N HAMPSXKEHNI HA KOHAEHCATOPax OT BXOAHOIO Hanpsixe-
HUSA Npy OByx conpoTueneHnsax Harpy3ku 50 n 100 OmM, NonyYEeHHbIX Pa3ANYHBIMU METOAAMMN: IKCNEPUMEHTANbHbIM,
pacHeTHbIM 1 MOAENVMPOBAHVEM.

BbiBoapl. [penensHas HenpepbiBHas MaTeMaTnyeckas Moesnb Npeobpa3oBaTens 1 METOA pacyeTa, OCHOBaHHbIIA
Ha Hell, sBnstoTca 6a3oi ans npoektTuposaHms DC/DC-npeobpa3oBaTeneii, NOCTPOEHHbIX Mo Tononorum Zeta. 9kc-
nepvMeHTasnbHO A0OKa3aHa AOCTOBEPHOCTb MatemMaTU4eCKOM MOAENN, a Takke MeToaa npoektnposaHus. lMNpea-
JIOXKEHHbI METOA, MPOEKTMPOBAHMS MO3BOJISIET YYECTb MArHUTHYIO CBSI3b U aKTUMBHOE COMPOTUBIEHNE OOMOTOK
apoccenen. Y4eT MarHUTHOM CBSI3M MO3BOJISET YMEHbLLUMTL HOMUHASbI APOCCeNnen A0 ABYX pa3 Npu HEU3MEHHbIX
nynbcaumax N0 YMEHbLUNTb NynbcaLMm 00 ABYX Pa3 Npu HEM3MEHHbIX HOMUHANax poCccenei.

KnioueBble cnoBa: DC/DC-npeobpasoBaTtesb, Tonosorusa Zeta, npeobpasoBartesb, MaTeMaTnyeckast MOAesb, Me-
ToA, npoekTupoBaHus, TPS40200, Altium Designer, Multisim, neyatHasa nnata

T SPICE (aHrn. Simulation Program with Integrated Circuit Emphasis) — nporpamma-cumynsaTop 31eKTPOHHbLIX CXeM 06LLEero
Ha3Ha4YeHUs C OTKPbITbIM UcxoaHbIM kogom. [SPICE (Simulation Program with Integrated Circuit Emphasis) is an open source simulator
of general-purpose electronic circuits.]
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npoapaquocn: d)MHaHCOBOVI AedaTesibHOCTU: ABTOpr He NMetoT ¢)I/IH3.HCOBOI71 3anMHTEepPeCcoBaHHOCTW B npeacTaB/1eH-

HbIX MaTepunasiax nan MmetTogax.

ABTOpPbI 329BASAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION

A relevant trend in the development of modern
autonomous radio devices involves a reduction in
mass-dimensional parameters and accompanying
improvement in the tactical and technical
characteristics of the power converters used in
them [1-3]. Traditionally, choke DC/DC converters
of wvarious topologies are used to power such
devices [4-6]. In topologies where two chokes are
used for energy storage and transmission, it has long
been common practice to use coupled chokes to reduce
their mass-dimensional parameters and improve basic
stabilizer characteristics [7, 8]. Examples of modern
devices based on coupled chokes are given in [9, 10].
The design of such converters is typically based on
their mathematical models [11-15]. The converter
based on the calculation method proposed in [16] was
validated by comparing the calculated characteristics
with the modeling results rather than via an empirical
study. To remedy this deficiency, we set out to
experimentally study the DC/DC converter based on
the Zeta topology with coupled chokes.

1. SCHEMATIC DIAGRAM
OF THE CONVERTER BASED
ON THE TPS40200 DRIVER

A TPS40200 microcircuit (Texas Instruments, USA)
was chosen as the driver for the Zeta converter for
a number of reasons. Firstly, this driver can deliver
up to 95% efficiency at various load currents and
over a wide range of input and output voltages'.
Secondly, the chip has a fairly simple design with all
the necessary functionality configured via external
circuitry. Although this functionality is not declared
by the manufacturer, this allows the driver to be used
to control Zeta converters. Thirdly, an important
factor in choosing this particular driver is its price and
availability.

The circuit diagram of the DC/DC converter
based on the TPS40200 driver is made up of two
functional parts that are calculated separately (Fig. 1).
The first part, responsible for the device logic, is
the TPS40200 driver and all adjacent elements. The
second is the power part of the converter based on
Zeta topology, responsible for DC conversion. The
nominal values of the elements of the Zeta topology
are calculated using the design method [16], which is
based on the continuous-time mathematical model of
the converter.

A sawtooth signal of the required frequency is
formed on the first pin of the RC driver TPS40200 using
the frequency setting circuit R1C1. The switching
frequency of the VT1 power switch is selected to be
500 kHz. However, the actual switching frequency
may vary due to variations in basic parameters
of electronic components within technological
tolerances.

The part of the circuit responsible for the Zeta
converter input current threshold consists of the current
sensing resistor R7 and the smoothing filter R6C6, which
is necessary to reduce the influence of the high-frequency
component occurring when the power switch VTI is
switched. C2 is a start-up capacitor that determines the
start-up time of 9 ms. C3C4R2 is a frequency compensation
chain whose cut-off frequency is approximately 610 times
lower than the switching frequency.

In the circuit diagram, the PLS-40 pins labelled
“TP” and “P” are intended for the monitoring of currents
and voltages, respectively.

2. ARRANGING THE ZETA
CONVERTER PCB LAYOUT

The printed circuit board (PCB) layout is arranged
in the Altium Designer computer-aided design (CAD)
system?, taking into account requirements for easy
soldering and convenient multimeter or oscilloscope
measurement (Figs. 2 and 3).

I TPS40200 Datasheet. TPS40200 Wide Input Range Non-Synchronous Voltage Mode Controller datasheet (Rev. G). Texas
Instruments. SLUS659G-FEBRUARY 2006-REVISED NOVEMBER 2014.
2 https://www.altium.com/altium-designer. Accessed May 24, 2024.
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Fig. 1. Circuit diagram of a step-up and step-down DC/DC converter based on the Zeta topology. Here and
in the following figures, the designations of the circuit elements correspond to those adopted in GOST 2.71 0-813

1_out PS5

Fig. 2. Upper PCB layer

The VTI1 transistor is a WMO25P06T1 p-channel
MOSFET (Wayon Electronics Co., China) with
amaximum power dissipation ofup to 2.5 W and dynamic
characteristics that allow operation with a switching
frequency of up to 1 MHz.# The TPS40200 chip, having

Fig. 3. Lower PCB layer

a high input voltage of up to 52 V, variable switching
frequency of up to 500 kHz, and a gate current of
up to 300 mA, is used as the transistor driver. This
allows the gate voltage rise time (edge duration) of the
transistor to be 0.025-0.040 ps.

3 GOST 2.710-81. Interstate Standard. Unified system for design documentation. Alpha-numerical designations in electrical

diagrams. Moscow: Standartinform; 2008 (in Russ.).

4 WMO25P06T1 Datasheet. 60V P-Channel Enhancement Mode Power MOSFET. Rev. 3.0, 2020. P. 6.
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The footprint inductance over the average
width (2 mm) of the path from the transistor drain to the
positive output pole is 0.3 nH/mm, while the path length
is ~60 mm, corresponding to an inductance of 20 nH.

The interlayer capacitance is approximately 60 pF/cm?.
Taking into account the discrete element ratings, the
influence of parasitic components on the device parameters
is minimal. The considerable thickness of the dielectric
has a major influence due to the weakness of the coupling
of the signal lines in the upper layer to the lower ground
layer, which can lead to significant cross-interference,
especially in the feedback circuit.

The operating frequency of the converter is
approximately 500 kHz, which is equivalent to
a wavelength of 600 m. This is much larger than the
PCB size and the length of the conductors.

A general view of the developed PCB with
components is shown in Fig. 4.

Z&BR6

..OO

=L

Fig. 4. General view of the developed PCB
with components

The substrate material used in the PCB (Rezonit,
Russia) is FR4 Tg135 with a relative dielectric constant
of 4.3 and a thickness of 1.93 mm. The metallization
thickness is 0.035 mm. PCB type: double-sided. PCB
dimensions: 58 x 51 mm.

3. EXPERIMENTAL STUDY OF ZETA CONVERTER
BASED ON TPS40200 DRIVER

The study was carried out at the Department of Radio
Wave Processes and Technologies of the Institute of
Radioelectronics and Informatics at RTU MIREA. The
test bench shown in Fig. 5 consists of a Zeta converter,

5 https://www.rohde-schwarz.com/. Accessed July 11, 2024,

a PC, a laboratory power supply, an oscilloscope,
a multimeter, a current sensor, and a set of samples/wires
for connecting the PCB. The instruments and hardware
used for the study, namely, the NGE100 power supply,
the RTB2002 oscilloscope, and the HMC8012 universal
multimeter, are from Rohde & Schwarz (Germany).?

Fig. 5. Test bench for experimental study

The test bench is designed for experimental study
of the typical characteristics of a DC/DC converter,
with which similar characteristics can be compared as
obtained by the design method based on the continuous-
time mathematical model of the converter and by the
simulation method using Multisim CAD.b

Typical characteristics of converters traditionally
include the load characteristic (LC), which is the
dependence of its output voltage U, , on the load current
I; at constant input voltage U, , i. e U, = fU;) with
Uln = const, as well as the dependence of the constant
and variable components of currents i} |, | , and voltages
Ucy, cgr Ueyy, c1p On the input voltage U, at different load
resistances.

The converter LCs obtained in the experimental
study at input voltages of 6.5, 12.0, and 17.5V are shown
in Figs. 6-8.

12.010
> 12.006
& LC Math model
9 12,002
s 4 TS LC Modeling
s ! TS
1mees{ N
LC Experiment )
11.994 v
0 125 250
I, MA

Fig. 6. Load characteristic at an input voltage of 6.5V

6 https://www.ni.com/ru-ru/shop/product/multisim.html. Accessed February 19, 2024.
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Fig. 7 Load characteristic Fig. 9. Dependence of the constant currents flowing
atan input voltage of 12.0V through the windings of chokes L1 and L2 on the input
voltage U,, at a load resistance of 50 Ohm:
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' and 3 is experimental
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at an input voltage of 17.5V

Since the constant charging current of the output
capacitor is negligible compared to the load current,
the current of the second choke can be assumed to be
equal to the load current /;, = I;. The deviation of
the experimental load current /. (Flgs. 6-8) from the
calculated value does not exceed 10% for an input
voltage of 17.5 V. It should be noted that the maximum
deviation is 3% for an input voltage of 6.5 V and 4%
for 12.0 V.

The results of the study of the dependence of the
constant and variable components of the currents
i1 1» iy, and the voltages Uy, cge Uerr, c1p O the input
voltage U, for two load resistances of 50 and 100 Ohm
are shown in Figs. 9-16.

A good agreement between the experimental
and calculated values is shown by the graphs of the
dependence of the constant currents flowing through
the windings of the chokes L1 and L2 on the input
voltage U, (Fig. 9) and of the voltages across
the capacitors C7, C8 and C11, C12 on the input
voltage U, (Fig. 10) at a load resistance of 50 Ohm.
The deviation in the constant components for the
I} | current amounts to 13% on average, while the
deviation in the 7} , current is 15%, and the deviation
in the Ugyy ¢, voltage comprises 0.27%. The
difference values obtained for the ripple spreads of
corresponding currents and voltages obtained in the
same way are as follows: Aij | is 5%, Aij, is 21%,
while Aucyy c1n is 15%.

Fig. 10. Dependence of the voltages across the
capacitors C7, C8 and C11, C12 on the input voltage U,
with a load resistance of 50 Ohm:

1 is calculation,

2 is modeling,
and 3 is experimental

The graphs of the current ripple spreads Aij ; and
Ai;, flowing through the windings of the inductors
L1 and L2 as a function of the input voltage U,
(Fig. 11), as well as those of the voltage ripple spreads
Aucq g and Aucy; ¢, (Fig. 12) across the capacitors
C7, C8 and C11, Ci2 as a function of the input voltage
U, ataloadresistance of 50 Ohm, show good agreement
between the experimental and calculated values.

0.4

Ai, A

0.1

6 8 10 12 14 16 18
U,V

in?

Fig. 11. Current ripple spreads through the windings
of chokes L1 and L2 as a function of the input voltage U,
at a load resistance of 50 Ohm:
1is calculated,
2is modeling,
and 3 is experimental
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Fig. 12. Voltage ripple spreads across the capacitors
C7,C8and C11, C12 as a function of the input voltage U,
at a load resistance of 50 Ohm:
1is calculation, 2 is modeling,
and 3 is experimental

Similar dependencies of the constant and alternating
components of the currents i |, i;, (Fig. 13) and the
voltages ue; g, Ucyy, c1 (Fig. 14) on the input voltage
Ui, are obtained at a load resistance R; = 100 Ohm. The
deviation of the constant current components of /; | is on
average 16%, while the deviation of 7} , is 9.0% and the
deviation of Ucyy, ci 18 0.10%. For the ripple spreads of
the corresponding currents and voltages, the following
deviations are obtained: Ai , is 13%, Ai| , is 30%, while
Augyy ey is 38%.

0.150

I, A

0.100 0
6 8 10 12 14 16 18

Fig. 13. Currents flowing through the windings
of inductors L1 and L2 as a function of the input
voltage U,, at a load resistance of 100 Ohm:
1is calculation, 2 is modeling,
and 3 is experimental

12.02 7
12.01 1
1 3C11,C12
> ciy,c2 e
& 12.00
)
e
11.99-2_97,,,08" Tc7.cs
11.98 . ' . . ! |
6 8 10 12 14 16 18

U,V

in?

Fig. 14. Voltages across the capacitors C7, C8
and C11, C12 as a function of the input voltage U, at
a load resistance of 100 Ohm:
1is calculation, 2 is modeling,
and 3 is experimental

The graphs of the current ripple spreads Aij ; and
Ai;, flowing through the windings of the inductors
L1 and L2 as a function of the input voltage U,
(Fig. 15) and of the voltage ripple spreads Aucq g and
Aucyy e (Fig. 16) across the capacitors C7, C8 and
C11, C12 as a function of the input voltage U, at a load
resistance of 100 Ohm show good agreement between
experimental and calculated values.

6 8 10 12 14 16 18

Fig. 15. Ripple currents flowing through the windings
of chokes L1 and L2 as a function of the input voltage U,
at a load resistance of 100 Ohm:

1 is calculation, 2 is modeling, and 3 is experimental

3.0 4.5
2c7,c8
> TS
£ 20 3 Te7, ¢~ e 3.0 E
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Fig. 16. Voltage ripple spreads across capacitors C7,
C8and C11, C12 as a function of the input voltage U,,
at a load resistance of 100 Ohm:

1 is calculation, 2is modeling, and 3 is experimental

The results of the study of the Zeta converter
with inductively coupled chokes demonstrate the high
correlation of both its LCs, as well as the dependence
of the constant and alternating components of the
currents i ;, i;, flowing through the windings of the
chokes L1 and L2, and of the voltages Ucqg cg and
Uy, c1p ACTOSS the capacitors C7, C8 and C11, C12 on
the input voltage U, for two load resistances of 50 and
100 Ohm, which were obtained by different methods:
experimental, calculated, and modeling. There is almost
complete agreement between the calculated values and
those obtained by SPICE’ modeling. The differences
between the experimental characteristics and those
obtained by calculation and modeling can be considered
negligible.

7 SPICE (Simulation Program with Integrated Circuit
Emphasis) is an open source simulator of general-purpose
electronic circuits
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CONCLUSIONS

We have described the design and construction a test
bench of a DC/DC converter based on the Zeta topology
with coupled chokes on the basis of a TPS40200 driver.
An experimental study of the typical dependencies of
the converter at different values of input voltage and
load resistances was carried out. The experimental

dependencies are compared with similar characteristics
obtained by modeling using Multisim CAD and
a calculation method based on the continuous-time
mathematical model of the converter. A comparison of
data obtained using these three methods demonstrates
their high correlation.
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