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Abstract. Each developer of switching electrical energy converters, sooner or later, faces the need to
select or develop an inductor. However, currently, the method of choosing an inductor core for switching
converters is very ambiguous, fragmented and confused. In the article, formulas are obtained that allow
determining the minimum-necessary product of the core cross-sectional area by the core window cross-
sectional area for the inductors of the most common switching converters circuits: buck, boost, buck-boost and
fly-buck. In addition, the best mode of core operation, from the energy point of view, in which the maximum
converters power density is provided both in the transmission and recuperation modes, is analyzed in the
article. The article is intended for a wide range of electronics developers, including for specialists engaged in
research of switching electrical energy converters.
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AHoTauis. KoxeH po3poGHUK iMMYNbCHUX MNepPeTBOPOBaYiB ENEeKTPUYHOI €Heprii paHO 4YM Mi3HO
CTMKaAETbCA 3 HEOOXIOHICTIO BUOOPY abo po3pobkn HakonuyvyBarnbHoro gpocens. OgHak Ha CbOrofHiLUHIA AeHb
MeToaMKka BMOOPY MarHiTONpoOBOAIB ANS UMX NpunagiB OyXe HeodHO3HayHa, po3pisHeHa i 3annyTtaHa. Lle
Np13BOAMTb 40 TOrO, L0 Ha MpakTuUi NpoekTyBaHHA abo BMGIp opocens ans iMnynbCHOro NepeTBoploBada
eNeKkTPUYHOI eHeprii NepeTBOPIOETLCA B iTepauiiHMin  Mpouec, Wo nondrae B nepebopi [JOCTYMHMX
MarHiTonpoBoAiB, 3 NOAANbLIOK NEPEBIPKOID YN 3a0BOSMbHAE OTPUMAHUIA pe3ynbTaT TEXHIYHOMY 3aBAaHHIO.
OyeBMOHO, WO TakniA MeTon MPOEKTYBaHHA BMMarae 3Ha4YHMX BUTpAT 4acy, a Noro pesynbTar Moxe OyTtu
Janekiin Big onTuManeHoro. Y cTaTTi OTpuUMaHi opMmynu, WO [A03BOMSATb BU3HAYUTU  MiHIManbHO-
HeoOXigHWIA [ODYTOK MIOLWi MONepeyHoro nepeTuHy OCEPAs Ha Mrowy MONepeyHoro nNepeTuHy BikHA
MarHiTonpoeody AN OPOCeniB HambinbLll MOLWMPEHMX CXEM iIMMYIbCHUX MEPETBOPIOBAYIB: 30HMXKYBarbHOI,
nigBULLYyBarnbHOI, iHBEPTYBarbHOI i 3BOPOTHOX0A0BOI. KpiM Lboro, y cratTi 3pobneHo aHania Harkpallioro 3
€HepreTMYHOI TOYKM 30py PeXMMy poboTM MarHiTonpoBody, 3a AKoro 3abesnedvyeTbcsl Hambinblwa nMToma
NOTYXKHICTb NEepeTBOPIOBAYIB E€MEKTPUYHOI eHeprii K B pexuMi nepegadi, Tak i B pexumi pekynepakdii,i Ha
nigcTtaBi MPOBELEHOrO aHanisy BM3HAYEHO, WO HanWbinbLly MOTYXHICTb MOXHa OTpMMaTtu npu poOoTi
MarHiTonpoBoay Apocerns Y rpaHNYyHOMY pexumi. PO3rnsaHyTo TakoX BNAMB napameTpiB peanbHUX MarHiTHUX
MaTepianis, 30KpeMa OCTaTOYHOI HaMarHi4eHOCTi, Ha BeNMUYUMHY MakcumarnbHOI MNOTYXHOCTI nepeTBopoBaYa.
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CraTTa npusHadeHa O LUMPOKOro Korfla po3pobHMKIB €neKTPOoHikM, B TOMY 4Yucni i anda daxisuis, Lo
3aMMaroTbCs OOCAIOXEHHAMM IMNYNIbCHUX NEPeTBOPOBAYIB enekTpUYHOI eHeprii. BukopucTaHHs pesynbTaTiB
npoBefeHnX AOChiAXeHb [03BONSE 3HAYHO CKOPOTUTM BUTPATU 4Yacy Ha MPOEKTYBAHHSA  iMMAYNbCHUX
nepeTBOPIOBaYIB eNeKTPUYHOI eHepril K NOCTIMHOI, Tak i 3MIHHOI Hanpyry, a TakoX MNiABULLMTL 1X FOMOBHiI
TEXHIKO-EKOHOMIYHIi MOKa3HUKMN.

KnroyoBi cnoBa: enektpyyHa eHeprisl, iMMNynbCHUA NepeTBOpOBaY/perynsaTop, 3HWXKyBarbHUR/
nigBULLYyBanbHWIA/IHBEPTYBaNbHNI/3BOPOTHOXOAOBUA  MEPETBOPIOBAY, Apocerb, MarHiTonposig, nnowa
nonepeyHoro nepeTnHy ocepas/BikHa.

AHHOTauuA. Kaxabiin pa3paboTynmk MMMyrbCHBIX Npeobpa3oBaTenent aNeKkTPUYEeCcKONn SHEPrUn paHo
U NO3A4HO CTarkuBaeTcs ¢ HEOOXOAMMOCTbIO Bbibopa nnm paspaboTkn HakonutenbHoro gpoccens. OgHako
Ha CEerogHsWHWA OeHb MeToAauka Bblbopa MarHMTOMNpoBOAa AN 3TMX MPUOOPOB OYeHb HEOAHO3HAYHa,
paspo3HeHHa W 3anytaHa. B cratbe nonydeHbl OpMynbl, MO3BONAOLLME ONpeaenuTb MUHUMAarbHO-
HeobOXxo4MMoe Mpou3BedeHMe MIoWagM MOMNepPeYHoro CeYeHusl cepaevHuka Ha nnowadb MonepeyvyHoro
CEeYEHMs1 OKHa MarHMTonpoBoda Ans [poccenein Haumbonee pacnpoCTPaHEHHbIX CXEM  UMMYMbCHbIX
npeobpasoBaTenen: MOHWXKAIOLEN, MOBLILWAIOLLEN, WUHBEPTUMPYIOLWEA M obpaTHoxogoBon. Kpome 3aToro, B
ctaTbe Obln  BbLIMNOMHEH aHanuM3 Haunydlwero C SHEePreTUYECKOW TOYKM 3PeHUst pexnma paboTbl
MarHMTONpoBoAa, Mpu KOTOpOM obecrneuvBaeTcs Havbornbluas yAernbHas MOLWHOCTb npeobpasoBaTenen
3NEKTPUYECKON IHEPTNM KaK B PEXMME Nepeaaydun, Tak U B pexnme pekynepauun. Ctatbsi NpegHasHaveHa ans
LUMPOKOro Kpyra pa3paboTyMKOB 3MEKTPOHMKM, B TOM YMCME W ONns  CneumanvcroB, 3aHMMaloLLMXCS
NCCrefoBaHUSAMN UMMYIbCHBIX Npeobpa3oBaTenen arekTpPUYECKon 3HEPTUN.

KniouyeBble cnoBa: anekTpyyeckass 3HEprus, WMMYNbCHbLIA  Npeobpa3oBaTenb/perynaTop,
MOHM>KAOLLMIA/MOBbILIA LLMIA/MHBEPTUPYIOLLNIA/0GpaTHOXO4,0BON npeobpasoBaTens, apoccenb,
MarHMTOMNPOBOA, NIoLaAb MONEPEYHOro CeYeHNst cepaeyHnka/okHa.

At the present time, switching energy converters (SEC) are the basis of devices and power
supply systems for modern radio and telecommunication equipment. Their technical and economic
characteristics largely determine the quality of services provided by communication companies. A
feature of switching conversion is the need to use components capable of accumulating a significant
quantity of energy in electrical (capacitors) or magnetic (inductors) fields. But the power density of
these components especially inductor is still low. Thus, the SECs have a significant weight and
dimensions, which sometimes can exceed the weight and dimensions of other device units.
Therefore, the search for ways to increase the power density of the SECs will actual for a long time.

One of the questions that any switching converters developer faces sooner or later is the
choice or design of an inductor — the main component of the switching energy converter. In most
cases, the inductor has maximum weight and dimensions. So, its miniaturization will always be first
in the task list of the switching converters developer. However, despite the importance of the
question, the method of choosing an inductor core, in contrast to the well-described algorithms for
choosing cores for transformers, which are well described in the specialized literature, is very
ambiguous, fragmented and confused. And this is despite the fact that the questions "Which magnetic
core is necessary for the converter with such power?" or "What converter power can be developed on
the basis of this magnetic core?" are a priority in calculating this component. In the end, in practice,
the development of the inductor is an iterative process, consisting of sorting out the available
standard cores, and then verifying whether the resulting device meets the technical specification.
Obviously, such a design method requires considerable time and the result of development may be
far from optimal.

This determined the purpose of the article, which consists the determining of the minimum-
necessary inductor core dimensions for the most popular switching energy converters.

By analogy with transformers as the analyzed parameter the product ScSw of the cross-
sectional area of a core Sc and cross-sectional area of acorn window Sy was chosen. Also, for the
task solution, the analysis method proposed in [1] was used. According to [1], there is a switching
regulator (SR) in the SEC that converts electric energy. Depending on the variant of the connection
the input and output of the SR to the input and output of the SEC (Fig. 1, a), the power of the
regulator Psg can be less than the power of the converter Psgc. For example, when the input voltage
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U of a buck converter is twice as high as its output voltage Uour (Uour/Uv = 0,5), the power of the
SR is only half the power of the converter (Psg/Psec = 0,5) (Fig. 1, b), which means that an inductor
with a smaller power capacity can be used in this converter.
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Figure 1 — The block diagrams of the most popular SECs @) and the dependence of their SR’s relative
power on the ratio of the SEC’s input and output voltages b)

Also, according to [1], it is necessary to consider a fly-buck converter as a switching
regulator, since the well-known buck, boost and buck-boost converters can be obtained from this
scheme. This allowed using the fly-back converter as a basis for subsequent analysis.

In the simplest case, the process of switching conversion consists of two stages (Fig. 2). At
the first stage, there is an exchange of energy Wpurse between the capacitor C/ and the inductor L1.
At the second stage, there is an exchange of energy Wprurse between the inductor L/ and the capacitor
C2. Thus, the inductor L/ is intermediate energy storage and it must be able to hold the energy
Wpurse in the magnetic field of the core.

The first stage of conversion The second stage of conversion

WeuLse WeuLse

Figure 2 — The principle of switching conversion
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The necessary value Wpurse can be calculated based on the switching frequency f and the
maximum power of the switching regulator Psg which equal the maximum speed of energy transfer
through the magnetic field of the inductor core [1]:

P,

SR

Woose == -
I (1)

According to the analysis of magnetic processes in switching converter inductors [2], the
quantity of energy accumulated in a magnetic field can be determined based on the parameters of the
magnetic flux of the inductor core:

AD O
WPULSE = % > ()

L

where @4yr1, AD; are the average value and the change of the magnetic flux at the first conversion
stage, respectively; A; is the reference parameter of the core (inductance per turn), used in calculating
winding inductances L:

L=N’4,, (3)

where N is number of winding turns.

The Psr and f values are known at the design stage, but the operation mode of the inductor
core, on which the product A®1®4yr1 depends, the developer need to choose. Analysis of the possible
modes of inductor core operation is needed in order to find the conditions for the maximum value of
the converted power Psr at the same value of 4;.

In general case, switching energy converters can operate in four different modes (Fig. 3):
continuous conduction mode, boundary mode, discontinuous conduction mode, and forced
continuous conduction mode. Each mode has advantages and disadvantages and is characterized by
different A®; and ®4yr1 values at the same value of the Psg. Therefore, a different volume of
magnetic core is required for different modes.

The A®; and ®4yr1 values are interrelated and limited by the maximum permissible value of
the magnetic flux ®s4r at which saturation of the core occurs:

|AD,|
CI)AVRI + 2 = (DSAT
(4)
|AD | <20

SAT

In practice, the magnetic flux ripple amplitude is usually specified or chosen by the developer
depending on the core losses. Determining ®@4yz1 from (4) as a function of AD/Dsy7, it is possible to
determine from (2) the maximum possible energy quantity Wpyrse, which can be stored in the
magnetic core, at the specific AD1/Ds,r value (Fig. 4) [2].

Fig. 4 shows that the most effective mode of the inductor operation from the energy point of
view is the mode when the peak-to-peak magnetic flux ripple amplitude |AD:| is equal to the
saturation flux ®@syr (AD1/Dsyr=+1). In this case, the maximum energy quantity is transferred
through the inductor magnetic field, and, consequently, the switching regulator power Psz is
maximum both in the transmission (when A®;/®s47>0) and recuperation modes (when
AD1/Ds 7 < 0). According to the Fig. 3, it occurs when the SEC operates in the boundary or
discontinuous modes. However, in the discontinuous mode the converter has the pauses between
conversion cycles, because 1 + £2< 7. According to (1), it is equivalent to decreasing the switching
frequency f while energy conversion quantity Weyrse is fixed. Therefore, it is equivalent to
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decreasing the Psg. Thus, the most effective mode, when the maximum energy quantity is transferred
through the inductor magnetic field, is the boundary mode.

Continuous conduction mode Boundary mode

b(1) d(t)
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Figure 3 — Magnetic flux of the inductor core () in various operating modes
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Figure 4 — Dependence of the quantity of energy Wruise
on the value of magnetic flux change Ad,
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The theoretical maximum of the switching regulator power can be achieved when its inductor
operates under the condition |A®;| = ®s47. However, in practice, the real |A®,| value does not reach
the theoretical maximum because the real ferromagnetic materials have a remanence flux density and
the real converters have a power reserve. Thus, the real |A®di| value is less than the theoretical
maximum and equal to:

|Aq)|| = Sun (Byay = Br) (%)

where Buux is the maximum flux density chosen by the developer; Br is the remanence flux density
and Sus is the cross-sectional magnetic material area.

When the inductor operates in the mode defined by formula (5), its core is magnetized by a
certain particular cycle. In this case, inductor core magnetic flux diagrams are shown in the Fig. 5. In
according to (2), the SEC has to operate in the continuous conduction mode. However, in practice,
the remanence flux density Br influence on the energy processes can be neglected. Thus, the SEC
actually operates in the boundary mode, and we can write:

D,y = 0,540, (6)

4 Transmission mode
P(t) d(t)

d>MAX

CDA VR1

N J
4 Recuperation mode )
bt),
Cl)MAX

Figure 5 — Inductor core magnetic flux at the maximum power mode
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Substituting formulas (5) and (6) in (2) and equating the result to (1), we can obtain the
minimally necessary cross-section area of the inductor core Sc:

1 2P, A
5. = i (7)
ko (B, —BR) f

where kc = Suu/Sc is the fill factor of core cross-section area with a magnetic material.

It is important to determine the minimally necessary cross-section area of the core window
Sw. In general case, the fly-back converters inductor contains two windings (Fig. 2), which must be
placed in the core window. At the first stage of the conversion with the duration #, the winding W1 is
active and the winding W2 is not used. At the second stage of the conversion with duration #, on the
contrary, the winding W1 is not used and the current flows only in the winding W2.

The minimum area required to place windings W1 and W2 in the core window is determined
by formulas:
S] — NIIRMSI , Sz — NZIRMSZ , (8)

J, J,
where Si1, > are the area occupied by the conductor; Ni, N> are the number of turns; Irusi, Irus2 are
the root mean square (RMS) values of the currents and Ji, J> are the current density, respectively, of
the windings W1 and W2.

When the SEC operates in the boundary mode the inductor windings effective currents values
can be determined on the basis of an electrical processes analysis performed in [3]:

I’ I’
]RMSI = kl ? > IRMSZ = kz %2 > )

where 1,1 = |Al1|, In2 = |AL| are the peak-to-peak amplitude of the current ripple in the windings W1
and W2, respectively; ki1 = t1/T, ko = to/T are the relative duration of the first and second conversion
stages, respectively (Fig. 6).

When there are not conversion losses, the SR’s average input /v sz and output oyt sr currents

can be expressed on base of the SR’s power Psg and input Umnsg and output Uoursr voltages
(Table 1):

IINSR :PSR /UOUT SR [OUT SR :PSR /UOUT SR * (10)

Table 1 —The SR’s input and output voltages for different SEC [2]

SEC Ui sr Uour sk
Buck U — Uour Uour
Boost U Uour — Uy
Buck-boost U Uour
Fly-buck U Uour

A feature of the fly-back converter is the equality of the average values of the SR’s input and

output current, corresponding to the currents of the inductor windings W1 and W2:

1 =1

AVR2

OUT SR *
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Figure 6 — SR’s electrical processes at the boundary operation mode

In addition, the winding current average values can also be expressed on base of the inductor
current parameters [3]:
Iml . I

IAVR] :k] y [AVRZ :kz ;2' (12)

Expressing the peak-to-peak amplitude of the inductor current ripple values 7,1 and 2 from
(11) with considering (10) and (12), and substituting for the result into (9), we obtain a formula
relating the winding current values to the SR parameters:

2P 2P
IRMSIZ—SR; IPMszz—SR' 13
Un SR\/3k1 Uour sen3k, (13)

The windings current changes occur with the voltages U sk and Uour sk connected to
windings W1 and W2 through the open switches S/ and S2 at the first and second conversion stages,
respectively. It allows determine the winding current ripples values by the formulas [3]:
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U U
= —’Z RkT; I,= —2’ R k,T, (14)

1 2

1

ml

where L1, L» are the inductances of the windings W1 and W2 respectively.

Expressing the peak-to-peak amplitude of the inductor current ripple values 7,1 and 2 from
(11) with considering (10) and (12), and equating the obtained relation with (14), we can, taking into
consideration (3), obtain the formula relating the inductor windings number of turns with the SR
parameters:

U[N SRkl . N _ UOUT SRkZ

24P 24P (15)

Substituting (13) and (15) into (8), we can obtain the area necessary for placing the
conductive material of the inductor windings:

N, =

2PSRkl S _ L 2PSWkZ

, = : 16
34,1 P\ 34, f (16)

Assuming the current density of the windings W1 and W2 to be the same (J1 = J>» = J), and
considering the presence of the core coil bobbin, isolation, non-ideality of winding and other
manufacturing features, we can obtain the required window area:

1 [2P
Sy=5+8,="— ﬁ(,/kl+1/k2), (17)
w L

where kw is the fill factor of core window cross-section area with a conductor material.
The relative durations of the conversion stages are determined by the voltages at the input and
output of the SR, it allows writing [1]:

k = Uourse . _ Ny,
=t
ny +Uour s

;= —2 18
M +Uour s (18)
where U,y gp =Upyrsw /U g 15 the SR’s relative output voltage; n21 = No/Ni is winding turns

ratio of the inductor (inductor turns ratio).
Substituting (18) into (17) and multiplying the result by (7), we obtain the required product of
the cross-sectional area of the core by the cross-sectional area of the core window:

ScSw i (\/k_1 +\/E);

B \/gkckWJ(BMAX - BR )f

— (19)
SeSy = Yorrse et .
\/gkaWJ(BMAX =By f (N1 +Upur sz ny +Upur sz

Analyzing (19), it can be seen that the dimensions of the inductor core dependent on the
conventional inductive elements parameters (the converter power Psg, the magnetic flux parameters,
the windings current density, the core and window fill factors), and the SEC-specific components (ki
and k)which are depended with operating mode. It can be explained with the nonlinear form of the
windings current (Fig. 6), which leads to increasing the currents’ effective values and the conductor
additional heating.
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For example, in the boundary mode 7, =215,/ /3%, [3]. With equal durations of

the conversion stages (k1 = k2 = 0,5) the effective values of the winding currents are 1,63 times higher
than their average values. And it, accordingly, requires an increase in the core window of the
inductor.

In addition, it should be noted that the overall dimensions do not directly depend on the type
of magnetic material and core design features. In formula (19) only the ripple amplitude of flux
density (Buax — Br) depends on the magnetic material.

Conclusion. Any switching energy converter is the result of a compromise between the
dimensions, cost and efficiency of the final device, which the developer takes on the basis of specific
technical specifications. With formulas (19), it can be possible to determine the minimum-necessary
size of the inductor core, but it does not guarantee that the SEC created on its basis will have high
technical characteristics. For example, the choosing of the SEC’s operating point in the continuous
conduction mode area makes it possible to reduce the ripple amplitude of flux density and reduce the
inductor core losses. However, this will lead to the fact that the core with larger product Scy than
product calculated by the formula (19) need to use.

Thus, formulas (19) allow only a preliminary assessment of the suitability of the core for
specific technical specifications. In order to obtain the final result, as in the transformers calculation,
it is necessary to make a detailed inductor calculation. However, despite it, the obtained formulas will
be useful both for a wide range of electronics developers and for specialists engaged in research of
switching electrical energy converters. Also, if it necessary, the method of determining ScSw,
proposed in the article, will make it possible to easily obtain analogous relations with other initial
conditions.
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