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Designing the optimal number of active branches in a multi-branch buck-boost converter

Introduction. Multi-branch buck-boost converters, widely used in energy conversion from alternative sources, offer significant advantages
over single-branch configurations. Critical, however, is the question of the appropriate number of branches for optimal efficiency and the
given output power of the converter. The novelty of the proposed work consists in the development of a precise method for determining the
optimal number of branches in a multi-branch buck-boost converter for a specified output power. Additionally, the findings enable the
development of adaptive control strategies that dynamically adjust the number of active branches based on the converter’s instantaneous
power. This approach enhances the overall efficiency of the converter. Goal. The study aims to analyze the efficiency of multi-branch
buck-boost converters, focusing on the optimal number of branches and the required output power. Methods. The problem was addressed
through a theoretical analysis of the converter’s electrical equivalent circuit. The theoretical results were validated through practical
measurements conducted on a prototype converter. Results. A detailed equivalent circuit for the converter was developed and analyzed for
various operational modes. Based on this analysis, the converter’s losses were quantified, and a relationship was derived to determine the
optimal number of parallel branches, taking into account the desired output power. Practical value. The findings provide guidelines for
selecting the optimal number of branches in a multi-branch buck-boost converter based on the desired output power. Furthermore, they
enable the implementation of adaptive switching strategies to maximize the converter’s efficiency. References 22, table 2, figures 20.
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Bemyn. bacamozinkosi noHudiCy8anbHO-nioBUUy8aTbHl NEpemeopiosayi, wo WUPOKO GUKOPUCHIOBYIOMbC 8 Nepemeopenti enepeii 3
ATbMEPHAMUSHUX OJicepeit, NPONOHYIOMb 3HAYHI nepeazu NOPIBHAHO 3 00HO2IIKOGUMU KoHizypayisimu. OOHAK KPUMUYHUM € RUMAHHS
BIONOBIOHOT KIbKOCMI 2INOK Ol ONMUMATbHOI  eqhekmueHocmi ma 3adanoi  6uxionoi nomyoichocmi nepemsoprosaua. Hoeusna
3aNpoONOHOBAHOT pobOMU NONSI2AE 8 PO3POOYL MOUHO20 MEMOOY GUIHAYEHHS ONMUMAIbHOI KIIbKOCMI 2UIOK Y 0aeamozciikogomy
NOHUIICYBATIHO-NIOBULYYBATILHOMY Nepemsoplosayi 0t 3a0anoi uxioHol nomyacrocmi. Kpim mozo, ompumani pezyivmamu 0036015110Mb
PO3poOIAMU G0anmueHi cmpameczii KepyeanHs, AKi OUHAMIUHO pPezyoIoms KINbKICIb aKMUGHUX 210K HA OCHO8I MUIMMEBOT NONTYHCHOCH
nepemeoprosaua. Takuil nioxio nidguwye 3aeaibHy epexmueHicmo nepemeopiosayd. Memoio Oocriodcents € anani3 egekmuenocmi
0a2amociNKOBUX NOHUNCYBATLHO-NIOBULYBATILHUX NEPEMBOPIOBAUIE, 30CePeONHCYIOUUCy HA ONMUMATbHIN KITbKOCMI 2II0K ma HeoOXiOHill
Buxiouiti nomyowcocmi. Memoou. Ilpobnemy eupiwieno 3a 0ONOMO2010 MeOPEeMUtHO20 GHATIZY eNeKMPUYHOL eKgiBaNeHmHOI cxemu
nepemeopiosaua. Teopemuuni pesyrmamu nepegipeni 3a O0ONOMO20I0 NPAKMUHHUX BUMIDIOBAHb, NPOBEOCHUX HA NPOMOMUNI
nepemeopiosaua. Pesynomamu. bynia pospobnena ma npoananizosana oemanbha eK@iGaIeHMHA cXema nepemsopiosaya Osl Pi3HUX
pedxcumie pobomu. Ha ocHosi ybo2co ananizy 0yn0 KIIbKICHO GUBHAYEHO 8Mpamu Nepemsoprosaya ma 6UBeOeHO CIBBIOHOWEHHS OIS
BUBHAUEHHST ONMUMATILHOL KITbKOCI NAPANEbHUX 210K 3 YPaxyeawHsam 6asicanol euxionoi nomyocrnocmi. Ilpakmuuna 3nauumicmo.
Ompumani pesyromamu Haoaioms pekoMeHOayii wooo 6ubopy OnmumaibHOi KinbKocmi 2ilok y 6a2amociiko8omy HOHUIICYBANLHO-
NiOBULYBATTLHOMY NePemBopIosayi Ha OCHOBI badcanoi euxionoi nomyoscnocmi. Kpim moeo, 6onu 0ossonaroms peanizyéamu adanmugHi
cmpameczii nepeMuKkants 01 Makcumizayii epexmusnocmi nepemeoprogaua. biom. 22, tabm. 2, puc. 20.

Knrouoei cnosa: 6araTorijikopuii NOHMKyBaIbHO-NiIBUIYBAJILHUIA IePeTBOPIOBAY, BTPATH NOTYKHOCTI, e)eKTUBHICTD.

Introduction. Multi-branch DC/DC converters offer Mnl L Dn2
several advantages over their single-branch counterparts. ﬁ%f is
Key benefits include significantly reduced output current Fom ]
ripple at the same switching frequency [1-4], a narrower 2
range of operation in discontinuous current modes [5-8], ' ! :
and increased energy conversion efficiency from input to L™ D; 0
output [9-11]. This is achieved by eliminating operational —1%1_ iz
intervals where energy is merely stored within the Ao |
converter without being transferred to the output. M22

However, the optimal number of active branches in Ml L D2
these multi-branch configurations remains an open L1 _.”_mm Bt ;
question [12, 13]. The study aims to analyze the - [U 1 Kon | UZI 2
efficiency of multi-branch buck-boost converters, M,ﬁ
focusing on the optimal number of branches and the

Rpyy Lp,y  Mnl Ry, L, Dn2 Rpm Lpn

required output power. Addressing this issue requires an
analysis focused on maximizing the converter’s _\H i B

. . . Mn2
efficiency. Therefore, the subsequent sections provide a | q

detailed analysis of the calculation for the optimal number b L M Ry L 22 Ben Lem

of active branches, considering both buck and boost »-i:lﬂm—l fat :I-:%—B}-:&—Nm—' b)

operating modes. The topology of such a converter is ] ’ J': M22

illustrated in Fig. 1. Ren L = MU Ru D12 Rez  Lrz
Analysis of buck-boost converter operation in )& 21 Zimr—] ;'2 i

buck mode and associated losses. The configuration of _ lU & o2 = ul ||z

the analyzed converter operating in step-down (buck) Dz

mode with n branches is shown in Fig. 2 [14-16]. In this

case. the second transistor for the n-th branch is not Fig. 1. Circuit diagram of the n-branch buck-boost converter
cons’i dered a) principle design; b) including parasitic elements
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Fig. 2. Configuration of the n-branch buck-boost converter
in buck mode:
a) fundamental design; b) including parasitic elements

All components in the circuit diagram marked with
the index p represent the parasitic elements of the circuit.
According to the 1% Kirchhoff’s law (KCL), the currents
in the circuit satisfy the equation (1):

n

i:Zij. (1
j=1

Each branch of the converter operates with identical
switching behavior, but the control signals for individual
branches are time-shifted relative to each other by an
interval of 7/n, where T is the switching period and # is
the number of branches in the converter [17-19].
Fundamentally, the operation of each branch can be
divided into two primary intervals.

1" Interval. During this phase of operation, the
transistor in the branch is switched on, allowing energy to
accumulate in the circuit’s main inductance, which is
supplied by the input voltage source with a value of U.

This scenario is illustrated in Fig. 3.
Rpai Lpyy  Mnl Ry, L, Dn2 Rpy, Lpy

n —_—

UF

D22 Rpy, Ly,

Fig. 3. Equivalent circuit for the first operational interval
of the converter

For the n-th conductive loop of the converter, the
equation can be written according to Kirchhoff’s voltage
law (KVL):

-U+ RPnlin + LPnl % + rDS(on)nin + RLnin +
di di @
+L,—2+Upg +Rp,pi, + Lpn—2+U, =0,
dt dt
where U is the input voltage; Rp,; is the resistance of the
supply conductor; Lp,; is the parasitic inductance of the
supply conductor; rpsn) is the resistance of the MOSFET
transistor in the on-state; Ry, is the resistance of the main
inductor; L, is the inductance of the main inductor; Uk is
the voltage drop across the diode; Rp,; is the resistance of
the conductor leading to the load; Uy is the voltage across
the load.
Since the described circuit contains only an ohmic-
inductive load, the current waveform will take the form
depicted in Fig. 4.

oA
i, 1% Interval

I

2" Interval

' T ¢
Fig. 4. Current waveform in the n-th branch

The n-th loop of the converter, shown in Fig. 3, can
be simplified by concentrating the parameters:

n
Ug=Z-i=2-Yi;=Zni,; 3

i=1
Up =Urp +rgi, ; (4)
Ry1 = Rpny +7Ds(on) + Rin + Rpna + 755 ®)
Ly=Lpy+L,+Lpy, (6)

where Urg is the threshold voltage across the diode; Z is
the magnitude of the load impedance; R, is the resistance
of the n-th branch during the first interval; 7g is the
forward resistance of the diode; L,; is the inductance of
the n-th branch during the first interval.

By considering (3) through (6), the initial equation
(2) takes the following form:

UTO—U+Z~n-in+Rn1in+Ln1‘iii=0. )
t

The solution to this equation, expressing the current
i,, 1s obtained as follows:
(Rnl +nZ ) ¢
U-U
- 2 7¥10 |1, L

(Ry +nZ)

(Rnl+nz)t
Li . (®)

iy nl +lie

If, in this temporal expression of current, the time ¢ is
substituted with ¢ = ¢,, = z/f, then at this specific moment,
the current i,, as shown in Fig. 4, assumes the value /,:

(R, +nZ) z (R +nZ) z
L= U-Uro |_, La [ Lo [, (9)
(R, +nZ)

+11€

where z is the pulse width (duty cycle) of the converter’s
control; f'denotes its switching frequency.
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2" Interval. During the 2™ operational interval of
the converter, the transistor is switched off, allowing the
energy stored in the inductance L, to be transferred to the
load through diodes D,; and D, (Fig. 5).
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Fig. 5. Equivalent circuit diagram for the second operational
interval of the converter

For the n-th conductive loop of the converter, the
equation can be formulated based on KVL as follows:

di di
UZ +UF +RLni’1 +Ln%+UF +an2in +LPn2%:O’ (10)

where equation (3) applies, along with the following
equations:
Ryy = Rpp +2rp + Rpya; (11)
Lyy=L,+Lpy; . (12)
Based on the information provided above, a
modified version of (10) can be derived:

(13)

Solving the equation yields the time-dependent
behavior of the desired current #,, which is expressed by
the following formula:

_Ryp+nZ),
= ﬂ l1—e le2
(Ryz +nZ)

y
nZi,, + 2Ug0 + Ryiy + Ly % =0.

_(RypnZ),

; +he (14

Substituting the value of time ¢ = 1,5 = (1-2)/f into
the equation provides, as illustrated in Fig. 4, the
expression for the current i, with a magnitude of /;:

(Ryp+nZ) (1-2) (Ryp+nZ) (1-2)
| :ﬂ l—e Im S Lyy I (15)
(Ryp +12)

+12€

Based on (9) and (15), it is possible to derive
expressions for the initial values of currents /; and /I, at
the beginning of both intervals of the converter. These
values are determined solely by the circuit parameters.
The value of current 7, from (9) is substituted into (15),
resulting in the following expression:

(Rp+nZ) (1-2)
lzﬂ 1_87 Lo [ +
(R +n2) (1 6)
(R, +nZ) z (R, +nZ) z (R,p+nZ) (1-2)
YU |y ta S lype tn Sl e T
(Rnl +na

The final expression for the current /; value is
obtained after manipulating (16) in the following form:
(Ryn +nZ).(1—z)

“2Uro |y_, Lo [ |4
(Ry +nZ)
(R +nZ) z (R, +nZ) (1-2)
(g - UTZ) l—e Ly f e Ly, f
1 +n
o ! .(17)
1= (Rp+nZ) = (R,+nZ) (1-2)
l—e Ln [, L, S/

The magnitude of the current /, is determined by
substituting (17) into (9):

_Ry+nZ) z
,=YZUro |y, ot Ty
(Ryy +nZ)
_(Rn2+nZ).(l—z)
—2Uro l—e Im A
R, +nZ
(Ryp +n2) (18)
(Rpy+nZ) z (R,,+nZ) (1-z)
U-Upo lee Im Tl In f
(Rl‘ll + }’lZ)
+
_Rp+nZ) (1-2)
; —e LHZ f
(R +nZ) z
e Lnl f

Based on (8), (14), (17), (18), the time-dependent
current through any branch of a multi-phase buck-boost
converter can be expressed.

However, determining the optimal number of
branches for the converter also requires calculating the
total losses in the system as a function of the number of
branches. These losses are categorized into steady-state
losses, occurring during both operating intervals, and
dynamic losses, arising during transient processes. The
composition and notation for these losses are as follows:

Steady-state losses:

Prpn1 — losses due to the resistance of the input conductor
in the n™ branch.

Py — losses on the MOSFET transistor in the ON state.
Pyr — losses on the MOSFET transistor in the OFF state.
Prin — losses due to the resistance of the inductor in the
n'™ branch.

Ppg — losses on the diode in the ON state.

Ppr — losses on the diode in the OFF state.

Prpny — losses due to the resistance of the output
conductor in the #n™ branch.

Dynamic losses:

Pyon — switching losses on the MOSFET transistor during
turn-on.

Pyoir — switching losses on the MOSFET transistor during
turn-off.

Ppqr — switching losses on the diode during turn-off.

Ppqr — switching losses on the diode during turn-on.

Considering standard waveforms for the switching
processes and using (1), the total losses P. of the
converter can be expressed as:

Fc = Prppt + Pyr + Py + Prin + Ppr + Ppr +

(19

+ Prpn2 + Pron + Patofr + Ppor + Ppor -
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The average value of the current in a branch of the
converter can be determined as:

I,,(AV):(11+12)/2:I/n, (20)
where [ is the average current of the converter. Based on
this, the total losses of the converter can be expressed as:

Fc =nRpy, ([n(A V))ZZ + ”VDS(on)(In(A V))zz +nUIps(1-2)+
+nRy, (]n(A V))2 + 2”(UTO +1F (]n(A V) ))]n(A V)(l —z)+

+ n(UTO +rF([n(AV)))]n(AV)Z +nUIRz +l’lan2(In(AV))z +

+0,510ULt, f +0.50ULyt 1.f +0,5n0,Uf +0,5nUpplst 4.1,
where rpgn) is the on-state resistance of the transistor;
rpse 1s the off-state resistance of the transistor; /g is the
reverse current flowing through the diode; Ipges is the
current flowing through the transistor during its off-state; #,,
is the time required for the MOSFET transistor to transition
from the off-state to the on-state; # is the time required for
the MOSFET to transition from the on-state to the off-state;
Oy is the reverse recovery charge of the diode; Ugp is the
voltage across the diode during its transition from the off-
state to the on-state, governed by the time constant #.

By reformulating (21) and applying (20), a simplified

final form of the expression is obtained, enabling the
calculation of the total losses within the converter [20]:

(e2))

2
Fe _[HJ.(RPnIZ"’VDS(on)Z_'_RLn +2rF(l_Z)+rFZ+RP"2)+

+nUIpg(1-z2)+ 20Ul (1- 2)+ Upplz+nUlg 2 + (22)
+ O,Sl’l UIlt{)nf + 0,5}’[ UIthf + O,5nQ,,,Uf+ 0,5}’[ UFP[2t_ﬁ'.f'

The efficiency of the converter can then be
expressed by the following equation:

:Poutput:Pinput_PCZI_ Fe — _i (23)
Pinput Pinput Pinput ur

From (23), it is evident that overall efficiency is
primarily influenced by the total power losses. These losses
can be minimized through the careful selection of individual
circuit components. Additionally, the total losses can be
further influenced by the number of parallel branches in the
converter, as the input current is distributed linearly among
the branches, while resistive losses decrease quadratically. As
a result, converters with multiple branches may exhibit lower
overall losses compared to a single-branch configuration.
However, due to the additional losses introduced by the
parallel branches, the assertion that increasing the number of
branches always reduces losses does not hold true universally.

Consequently, determining the optimal number of
branches for a given input power requirement becomes
essential (assuming constant input voltage, desired input
current, and a fixed duty cycle). The converter can be
dynamically managed by adjusting its topology and duty
cycle to achieve maximum efficiency for any given input
power level. This optimization assumes fixed construction
parameters and characteristics of the converter components.

To determine the optimal number of branches, equation
(22) must be differentiated. By deriving this equation with
respect to #, the number of branches, it is possible to identify
the local extremum, which corresponds to the number of
branches that minimizes the total power losses:

2
1
[%' :—[2}'(an12+rDs(gn)Z+RLn +27F(1—Z)+}"FZ+RP”2)+
n

+UlIps(1-z)+ Ulgz +0,5Ult,, f +0,5ULt / f + (24)

+0,50,Uf +0,5Uplyt ..

If the result of the differentiation is set equal to zero
and solved for n, the equation takes the following form:

Rpp1z +7ps(on)? + Rin +
L 2re(l—z)+rpz+ RP,,ZJ

Ul ps(1—z)+ Ul gz +0,5Ult,, f +

[+ 0,5Ul4t 1 f +0,50,,Uf +0,5U zplyt fj

. (25)

The above discussion indicates that, based on (25),
the optimal number of branches for a buck-boost
converter operating in buck mode can be determined
using its design and operational parameters. This ensures
that the converter delivers maximum power to the load
under all operating conditions.

Experimental results. To verify the derived results, a
single-branch and a three-branch buck-boost converter with
resistive load R were implemented. The circuit diagram of
the single-branch buck conxerter is shown in Fig. 6.
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Fig. 6. Schematic of the implemented
a) 1-branch; b) 3-branches converter

The operational and design parameters of the converter
are as follows: U=20 V, Ry,=19 mQ, L,,=1.5 pH,
Riy=34 mQ, L,=106 pH, Ryn=19 mQ, L,,=0 H,
rDS(ON):77 mQ, 1[)522.25 mA, tONZSS ns, tf:96 ns,
=50 kHz, r7=34 mQ, Uo=0.43 V, =6 mA, 0,=0 C,
Upp=0 V, t;=2 ns, Z= R = 4.5 Q, The catalog data for the
MOSFET IRF540N and the diode MBR20100CT were
used in the implementation. The example of a practical
implementation of the converter is shown in Fig. 7 [21].

b)
Fig. 7 Practical realization:
. a) 3 branch buck-boost converter;
D) galvanic separation;

¢) control development board
Nucleo-F746ZG

The waveforms of the measured main quantities for
different input power levels (i.e., duty cycle values) and for
different configurations of the number of phases are presented
in Fig. 8 — 13. For all oscillograms, the following applies:

C1 —900 mA/div: input current; C2 — 7 V/div: input voltage;
C3 —900 mA/div: output current; C4 — 4 V/div: output voltage;
M1 — average input power; M2 — average output power;
M3 — average efficiency.
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Fig. 8. Measured time waveforms of voltages and currents
for the single-phase buck-boost converter in buck mode
with 1 W input power
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Fig. 9. Measured time waveforms of voltages and currents
for the single-phase buck-boost converter in buck mode
with 15 W input power
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Fig. 10. Measured time waveforms of voltages and currents
for the single-phase buck-boost converter in buck mode
with 50 W input power

Based on the equations provided above and the
parameters of the converter’s equivalent circuit, the
theoretical efficiency of the buck-boost converter in buck
mode at a given power input can be calculated. The
results obtained in this manner are presented in Table 1,
where they are compared with the measurement results.

To provide a clearer understanding of the obtained
results, graphs have been created (Fig. 14, 15).

Fig. 11. Measured time waveforms of voltages and currents
for the three-phase buck-boost converter in buck mode
with 1 W input power
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Fig. 12. Measured time waveforms of voltages and currents
for the three-phase buck-boost converter in buck mode
with 15 W input power
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Fig. 13. Measured time waveforms of voltages and currents
for the three-phase buck-boost converter in buck mode
with 50 W input power

The comparison of results obtained through
calculations, simulations, and measurements shows a
sufficient agreement, indicating that the theoretically
derived equations can be considered correct. The deviation
between the calculated and measured efficiency values is
less than 3 %. From this, it can be inferred that (22) is
valid, and consequently, equation (25) for determining the
optimal number of branches in a multi-branch buck-boost
converter in the buck mode is also valid.
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Table 1
Summary of results obtained from calculations and measurements

Single-phase converter in buck mode
Calculated Measured
P, W Efficiency, % P, W Efficiency, %
1,05 58,39 1,058 56,36
5,05 80,02 5,056 78,23
10,08 85,4 10,08 85,49
15,01 87,75 15,06 87,92
20 89,17 20,07 89,33
30 90,78 30,08 91,16
40 91,71 40,06 92,38
50,1 92,32 50,09 93,56
Three-phase converter in buck mode
Calculated Measured
P, W Efficiency, % P, W Efficiency, %
1,02 41,92 1,01 39,35
5 77,11 5 75,71
10,02 84,96 10,02 84,72
15,07 88,33 15,05 88,12
20,04 90,25 20,09 91,08
30,07 92,44 30,00 93,47
40,03 93,65 40,04 94,95
50 94,4 50,04 95,78
o, % A — —
90 L
2
/7
o 1/
o ////
40 3//
30 5/
20
“ [ PLW
0 5 10 15 20 25 30 35 40 45 50

Fig. 14. Calculated efficiency of the converter as a function of
input power and number of branches (1, 3, 5, 7)
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Fig. 15. Measured efficiency of the converter as a function of
input power and number of branches (1, 3)

To illustrate the implications of the calculated results,
Fig. 16 presents the computed dependence of the
converter’s efficiency on its output power for a higher-
power converter. The implementation of this converter
assumes the use of the following components: IRG4PH50S-
EPbF and BYV29-500, alongside the circuit parameters:
U=200 V, Ryp=19 mQ, L,=1.5 pH, R,=34 mQ,
Ln:330 ],J.H, an2:19 mQ, Lpn2:1 IJ,H, rDS(ON):47 mQ,
IDS:1 mA, ION:61 ns, tf:1270 ns, FSO kHZ, VF:19 mQ,
Uro=0.7 V, Iz=50 pA, 0x=40 nC, Upp=2.5 V, ;=200 ns,
Z=R=10Q.

The figure illustrates that the efficiency difference
between  the  single-branch  and  seven-branch
configurations of the 3 kW converter can reach up to 5 %
at an output power of 500 W.

- P outs W

Figl.‘ 16. Calc.alated efficiency 01; “t'he hig};e-;power‘c"gnverteruz;;
a function of output power and number of branches (1, 3, 5, 7)

The next subsection presents the calculation of the
optimal number of branches for the boost mode.

Analysis of the operation and losses in the boost
mode of a buck-boost converter. The configuration of
the analyzed multi-branch buck-boost converter in boost
mode with n branches is shown in Fig. 1 [22]. Since the
first transistor remains continuously open in this mode, its
resistance in the closed state will be considered in the
analysis of the converter.

All components in the circuit, indicated with the
index p, represent parasitic elements. According to KCL,
the equation (1) applies to the currents in the circuit.

Each branch of the converter operates similarly to
the buck mode, where the control signals for the
individual branches are time-shifted by 7/n, with T being
the switching period. The operation of each branch can be
divided into two basic intervals.

1* Interval. During this operational interval, the
transistor in the corresponding vertical branch is closed,
causing energy to accumulate in the main inductance of
the circuit, which is powered by the input voltage source
with a value of U. This situation is depicted in Fig. 17.

RPnl LPn 1 Mnl RLn Ln
i ]
Ibs_2(on)+In ‘ Jg
_—

os_1(on)+In

Mn2 .

Rpy Lpy  M21 Ry, L,

II_:I-:{YW\_;_'
] e

MIl Ry, L,

i Mﬂ

Fig. 17. Substitute diagram for the first operational interval
of the converter in boost mode

For the n-th conductive loop of the converter, the
equation can be formulated based on KVL as follows:

. di . .
—U+Rpy1 i+ Lpy '_n+rDS71(an) byt Ry, i+
dr (26)

di .
+1L, 'd_;l+rDS_2(on) +1, =0.

The current waveform follows the same pattern as
depicted in Fig. 4. The loop of the n-th branch of the
converter, as shown in Fig. 17, can be simplified using
lumped parameter modeling.
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Ry =Rppy1 +1ps 1(on) +* Ron +1Ds 200mys  27)

Ly =Lpp +1Ly,. (28)

Considering (27) and (28), the initial equation (26)
takes the following form:

—U+Rn1-in+Ln1~%’:0. (29)
Its solution yields:
R R
i, =——:1—e ™ |+[j-e ™ . (30)

nl

If the time variable ¢ = ¢,, = z/f'is substituted into this
time-dependent expression for the current, the current i, at
the specified moment will, as shown in Fig. 4, attain the
value I,:

R, z
U _fa 2

Ry Ry 2
J1ee Lm f +1)-e Ln 1

G

nl

2" Interval. In the 2™ operational interval of the
buck-boost converter operation in boost mode, the
transistor is switched off, and the energy stored in the
inductance L, is transferred to the load through the power

supply and diode D,y, as illustrated in Fig. 18.
Rpny Lpyy  Mnl Ry, L, Dn2 Rpy, Lpn

UF
_—
105_1(on)-1n

RPZI LPZI M21 RLZ

RPll LP]I M1l RLI

Fig. 18. Equivalent circuit for the second operational interval
of the buck-boost converter in boost mode

For the n-th conductive loop of the converter, the
equation can be written based on KVL as:

. di, , :
—U+Rpyy iy +Lpy - dt +rDSil(0n)'ln+RLn'ln+

. . (32)
di, . di,
+Ln 'E-FUF +RPn2 1, +LPn2 ‘E_‘_UZ =0,
where (3) and the following equations hold:
Ryy =Rpu1 +7ps_1(on) ¥ Ren +77 + Rppas (33)
Ly =Lpy+L,+Lpyy. (34)

Based on the above, the modified version of (32) can
be derived.

di
~U+Ryy ip+Ly -%+UT0 +Z-n-iy=0. (35
t

The solution yields the time-dependent waveform of

the desired current, expressed by the following equation:
_Rip+nz,
in:M l—e LDn + e L,

an +n-Z

_Rptnz
. (36)

By substituting the time variable ¢ = t,57= (1-2)/f , the
expression for the current i, with a magnitude of /; is
obtained, as shown in Fig. 18:

R+nZ 1-z
= YU |y, te s
Rn2 +n-Z

R+nZ 1-z

Lo (37)

+12€

Based on (31) and (37), expressions for the initial
values of currents /; and [, at the beginning of both
converter intervals can be derived, with these values
determined solely by the circuit parameters. The current /,
from (31) is substituted into (37):

R+nZ 1-z
U-U L
I :—TO. | ) LnZ f +
an +I’I'Z
(38)
R, z R, z R+nZ 1-z
U
+| —- l_e Lnl f +Ile Lnl f .e LnZ f .

nl

The final expression for the current /; is obtained by
rearranging (38) in the following form:

Ry+nZ 1-z

U-U L

YTYI0 |1, Le S|y

an +n-Z
R, z
Lnl f

Ry+nZ 1-z
Ln2 f

+L- 1-e

nl

‘e

39
R, z R+nZ 1-z (39)

l_e Lnl f .e Ln2 f

The expression for the current /, is obtained by
substituting (39) into (31).

Based on (30), (36), (39), (40), the time-dependent
current waveform for any branch of a multi-branch buck-
boost converter in boost mode can be expressed.

By considering the standard waveforms of the
switching-on and switching-off processes, along with
equation (1), the total losses P¢ of the converter can be
expressed similarly to the buck mode, as given in (19):

U 7Rnl z
L=—1-¢ /|4
nl
RptnZ 1z
U - UTO . 1 e Ln2 f +
Rn2 +n-Z
(40)
R, z R+nZ 1-z
+L l—-e Lnl f .e LnZ f
R}’ll _Rnl Zz
+ e Lnl
R, z Ry+nZ 1-z

l_e Ln] f.e LnZ f

The average current of a converter branch can be
determined using (20). Using this, the total losses of the
converter can be expressed as:
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Fc =nRpy (In(A V))2 +1IDS 1(on) (In(A V))z +nRy, (1 (A V))2 +
2
+N1IDS_ 2(on)? (1 (A V))2 +n1ps 2o ) DS(of)1—2) +

41
+”RPn2(1n(AV))2(1_Z)+”(UTO +rF(1n(AV)))1n(AV)(1_Z)+ (1)
+ nUIR + O’SHUDS(OH)Iltonf + O’SHUDS(Off)Ithf +

+0,510,,Upson)f +0.5nUpphyt .,
where Ups(on) is the voltage across the transistor just before
it turns on, which can be expressed using (42); Upsefr) 1S
the voltage across the transistor that increases shortly after
it turns off, which can be expressed using (43):

Upson) =Uro +11-(rp + Rppp +Z) 5 42)

Ups(ofry =Uro + 1 -(rp + Rppp +Z) . (43)

By manipulating (41) and applying (20), a simplified
final form of the relationship is obtained, which can be
used to calculate the total losses in the converter:

2
e [In]'(RPnl +7ps 1(on) +Ry,+1p(1-2) Jr"'DS72(071)Z+1€Pr12(172))+

(44)
+11ps 2o Dsto(1—2)+nUlg +Urol (1-2)+
+051Upsiomitonf +0.5nUpsiomlat 1S +0.5n0,Upsion f +
+05nUpplyt 5.f .

The efficiency of the converter is given by (23). From
(23), it is evident that the dominant factor affecting
efficiency is the total loss power. The magnitude of these
losses can be influenced by the appropriate selection of
individual design components. Additionally, the total losses
can be affected by the number of parallel branches in the
converter, as the input current is linearly divided among the
branches, while the losses in the branch resistors decrease
quadratically. Therefore, the total losses may be smaller
with multiple branches than with a single branch. However,
due to additional losses in the parallel branches, it is not
necessarily true that a greater number of branches will
always result in lower losses. Given these considerations, it
is possible to determine the optimal number of branches for
the desired input power (under constant input voltage, for
the desired input current, and thus for a specific duty cycle)
in the boost mode. The converter can, therefore, be
controlled by adjusting the topology and duty cycle to
achieve the highest possible efficiency for any given input
power. This is, of course, under the condition of fixed
design components and their characteristics.

To determine the optimal number of branches,
equation (44) must be differentiated. By differentiating it
with respect to 7, the result for the local extremum can be
obtained, providing an expression for the number of
branches corresponding to the minimum loss power:

2
= {”J : (RPnl +1ps_1(ony T Rea+1r(1=2)+1Ds 2omZ + Rpia(l —Z))+

2 . 45
+zUIR +1ps 230 Ds(of)1=2) +0.5UpsonitonS + (43)

+O’SUDS(Qf])[2tff+O’SerUDS(()n)f+0’5UFP[2tﬁ'f'
If the result of the differentiation is set equal to zero

and solved for n, the equation takes the following form:

[RPnl +7ps_1(on) T Ren +1r(1-2) +]

+7ps_2(omZ + Rppa(1-2)

- ‘(46)

2 :
zUIR +1ps 200 DS(ofr) 1= 2)+0,5U psonyLitonf +
+O’SUDS(Off)Ithf+O’SQFVUDS(OH)f‘+0’5UFP12thf
It follows from the above that, based on (46), the
optimal number of branches can be determined using the

design and operating parameters of the converter in boost
mode, ensuring that the converter delivers the maximum
power to the load under all operating conditions. The
validity of the formula for the buck mode has also been
experimentally confirmed. A comparison of the results
obtained through calculation and measurement is
presented in Table 2. For the boost mode, the same circuit
parameters were used, except for the input power source
and load. In this case, the calculation was performed with
a 10 V power supply and a 20 Q load.

Table 2

Efficiency results of the boost converter mode as a function
of power and the number of branches

Single-phase converter in boost mode
Calculated Measured
P, W Efficiency, % P, W Efficiency, %
5,03 92,95 5,05 92,25
10,03 93,91 10,05 93,49
15,02 93,5 15,08 93,10
20,02 92,58 20,06 92,22
30,03 90,25 30,07 89,83
40,06 87,66 40,08 87,14
50,04 84,99 50,06 84,38
Three-phase converter in boost mode
Calculated Measured

P, W Efficiency, % P, W Efficiency, %
5,05 90,7 5,01 89,65
10,04 93,2 10,05 92,71
15,01 94,2 15,02 93,72
20,07 94,7 20,05 94,12
30,05 94,93 30,09 94,38
40,08 94,5 40,00 93,97
50,01 93,85 50,04 93,15

To provide a clearer understanding of the obtained
results, a graph has been created (Fig. 19).

96

7, %

94

92 1
90
88
86

84

7 P, W
82

0 10 20 30 40 50
Fig. 19. Graphical representation of the efficiency results as a

function of input power and the number of branches (1, 3, 5, 7),
obtained through calculations (—) and measurement (- - -)

To further illustrate the implications of the
calculations, Fig. 20 depicts the calculated dependence of
the efficiency of a converter operating in boost mode on
its output power.
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Fig. 20. Graphical representation of the efficiency results as a
function of output power and the number of branches (1, 3, 5, 7),
obtained through calculations for higher power converter
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This analysis pertains to a higher-power converter
implemented with the components and circuit parameters
described in the preceding text.

Conclusions. Based on the obtained equations, as well
as the presented waveforms, several -critical factors
influencing the optimal design and operation of multi-
branch buck-boost converters can be identified. The analysis
reveals that for operating points of a buck-boost converter
functioning in buck mode with power input up to
approximately 10 % of the installed power capacity (P;), a
single-branch configuration is more efficient than a seven-
branch configuration. At 10 % of P,, the efficiency
difference between these configurations can reach up to 10
%. For a converter with an installed power capacity of, for
instance, 3 kW, this efficiency gap could result in
operational losses of up to 300 W. A similar situation arises
for operating points of the buck-boost converter operating in
boost mode. However, in this case, the single-branch
configuration demonstrates a clear efficiency advantage
only for power input levels up to approximately 6 % of the
total installed capacity. Within this range, the single-branch
configuration remains up to 10 % more efficient than the
seven-branch configuration. It is important to note,
however, that the absolute magnitude of the converter’s
losses is influenced not only by the number of branches but
also by the parameters of the components used in the circuit.
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