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Abstract

This paper presents a five-phase, two-switch buck-boost (5P-TSBB) converter rated at 75
kW, intended for photovoltaic and energy storage applications that require a wide oper-
ating voltage range. The proposed system operates with photovoltaic input voltages rang-
ing from 250 V to 1000 V and regulates the DC-link voltage between 600 V and 950 V. The
converter supports two distinct operating modes: an independent multi-input mode for
multiple independent input sources and an interleaved mode for a single high-power in-
put. The feasible operating area of the converter is determined in the Vin—Vout plane, taking
into account voltage, current, and power limitations. Simulation results and experimental
investigations on a laboratory prototype, including measurements of efficiency and power
losses, support the theoretical considerations.

Keywords: two-switch buck-boost converter; multi-phase DC-DC converter; photovol-
taic systems; efficiency measurements

1. Introduction

Photovoltaic systems and energy storage interfaces increasingly require DC-DC con-
verters capable of operating over a wide input voltage range while maintaining high effi-
ciency and scalability [1-3]. This is particularly relevant for large-scale PV installations,
where string voltages may vary significantly due to irradiance, temperature, partial shad-
ing, module mismatch, and system configuration [3-5].

For such applications, a step-up/step-down DC-DC converter is required to regulate
the DC-link voltage when the PV input voltage is either lower or higher than the required
output voltage. Among non-isolated solutions, the Two-Switch Buck-Boost (TSBB) con-
verter is an attractive topology because it provides non-inverting operation and can oper-
ate in separate buck and boost modes using a relatively simple power stage [6,7]. Com-
pared with classical single-switch buck-boost-derived converters, the TSBB structure re-
duces semiconductor voltage stress and avoids continuous operation in the combined
buck-boost mode, thereby reducing unnecessary switching losses and improving effi-
ciency over a wide voltage range [6-8].
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Several extensions of TSBB and non-inverting buck-boost converters have also been
reported, including multiphase interleaved structures, magnetically coupled variants, and
modified high-efficiency step-up/down topologies [9-12].

Most reported multiphase or interleaved buck-boost solutions assume symmetrical
operating conditions and shared input sources, under which interleaving yields signifi-
cant reductions in current ripple and RMS currents [9]. However, in practical photovoltaic
applications, individual input sources often operate under asymmetrical voltage and
power conditions, which limit the effectiveness of interleaving and increase control com-
plexity [13,14].

For this reason, a converter intended for practical PV systems should not rely exclu-
sively on symmetrical interleaved operation. In multi-string operation, independent pro-
cessing of each input source is advantageous because it avoids current-sharing require-
ments between strings operating at different voltage and power levels [13-15]. On the
other hand, when a single high-power source is connected, interleaving remains beneficial
because it reduces current ripple and distributes thermal stress among several phases. A
modular converter structure that supports both operating scenarios is therefore attractive
for PV and energy storage interfaces [15,16].

Power losses in TSBB converters have also been addressed in previous studies, mainly
in the context of topology modifications, reductions in the number of conducting compo-
nents, coupled-inductor operation, or control strategies to improve efficiency [8,12]. How-
ever, these works usually focus on a specific converter variant or on a selected loss-reduction
mechanism. In contrast, the present paper provides a broader loss-oriented analysis of a
modular five-phase TSBB converter, including mode-dependent semiconductor conduction
and switching losses, inductor winding losses, experimentally identified core losses, and
experimental verification at both single-module and complete-converter levels.

To better position the proposed converter with respect to other non-isolated step-
up/step-down solutions, Table 1 presents a qualitative comparison of selected converter
topologies that can be considered for similar voltage-conversion tasks, including SEPIC,
four-switch buck-boost, three-level buck-boost, and TSBB-based converters [17-19]. The
comparison is based on the typical structure of each topology and focuses on component
count, semiconductor voltage stress, main advantages, and practical limitations. SEPIC
converters offer simple single-switch control, but they are associated with higher semi-
conductor voltage stress and a larger magnetic component count. Four-switch buck-boost
converters provide flexible buck/boost operation and enable synchronous control, at the
expense of a higher number of active switches and gate drivers. Three-level buck-boost
converters can reduce semiconductor voltage stress but require more complex modulation
and capacitor voltage balancing. In contrast, the proposed 5P-TSBB converter uses a rela-
tively simple power stage with fewer active switches per module and supports both inde-
pendent-input and interleaved operation. A fully quantitative comparison of efficiency
and power density would require a dedicated optimized design of each converter under
the same voltage, power, thermal, magnetic, and filtering constraints, which is beyond the
scope of this work.

In this work, a five-phase TSBB converter is developed with a focus on practical op-
erating conditions encountered in photovoltaic and energy-storage systems. The pro-
posed modular structure enables two possible hardware configurations: independent in-
put ports for multiple PV sources and a single-input interleaved configuration for high-
power operation. The paper presents the design and analysis of the 75 kW 5P-TSBB con-
verter, including its feasible operating region, mode-dependent current stresses, and
power-loss distribution. The experimental verification includes single-module buck and
boost tests and high-power operation of the complete five-module prototype in the inter-
leaved single-input configuration.
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Table 1. Qualitative comparison of selected non-isolated step-up/step-down topologies.

Number of Number of )
. . Number of Semiconductor I
Topology Transistors Diodes Advantages Limitations
Inductors  Voltage Stress
per Module per Module
Hich Single High
SEPIC 1 1 2 or 1 coupled Wi +gV ) switch con- semiconductor
n trol voltage stress
Interleaved Four- Flexible = Higher num-
. Moderate .
Switch Buck-Boost 4 0 1 buck/boost  ber of active
(Vin or Vout) L. .
Converter transition switches
L
Three-Level Buck-Boost 1 + balancing Low oW Higher
8 0 ) voltage .
Converter capacitors  (Vin/2 or Vouy/2) complexity
stress
L Pulsating in-

Proposed 5P-TSBB 5 5 1 Moderate O:f’ ;:;ri]ﬂ:er uui?c:ig ;r;

Converter (Vin or Vout) P P

switches currents

1xPV or 5xPV

The main contributions of this paper are as follows:

¢  Development of a 75 kW five-phase Two-Switch Buck-Boost converter laboratory
prototype composed of five 15 kW modules;

e  Discussion of two possible hardware configurations adapted to multiple-input pho-
tovoltaic operation and single-input high-power interleaved operation;

e  Determination of the feasible operating area in the Vin—Vout plane considering voltage,
current, and power limitations;

e  Formulation of a mode-dependent current and power-loss analysis for buck and
boost operation;

e  Experimental validation of the loss model using single-module tests and high-power
verification of the complete five-phase converter in the interleaved single-input con-
figuration.

2. Converter Description
2.1. Owverall Topology

The proposed converter is part of a larger power conversion system that interfaces
photovoltaic (PV) sources, battery energy storage (BES), and the utility grid. The overall
system architecture, including the location of the analyzed five-phase Two-Switch Buck-
Boost (5P-TSBB) converter, is shown in Figure 1.

The 5P-TSBB converter consists of five identical Two-Switch Buck-Boost (TSBB)
phases connected to a common DC-link. Each TSBB phase is supplied from an independ-
ent input port and operates with a dedicated inductor, enabling a modular structure and
independent power processing for multiple input sources.

5P-TSBB BES Grid tied converter Utility grid

Figure 1. Overall architecture of the PV and BES power conversion system, showing the location of

the five-phase Two-Switch Buck-Boost (5P-TSBB) converter under analysis.
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2.2. Operating Voltage Ranges

The converter is designed to operate with photovoltaic input voltages ranging from
250 V to 1000 V. The output DC-link voltage is regulated between 600 V and 950 V, making
the converter suitable for photovoltaic and energy-storage systems interfaced with grid-
connected inverter stages.

2.3. Operating Modes
2.3.1. Independent Multi-Input Mode

In the multi-input operating mode, each TSBB phase processes power from an inde-
pendent source without phase shifting. As illustrated in Figure 2, the input ports are elec-
trically decoupled, making this operating mode particularly suitable for photovoltaic
strings under asymmetric conditions. The proposed topology prevents undesired power
coupling between input ports, ensuring independent power processing even under mis-
matched irradiance or temperature conditions.

Figure 2. Connection of the five-phase Two-Switch Buck-Boost (5P-TSBB) converter operating in
the multi-input mode with electrically decoupled input ports.

2.3.2. Interleaved Single-Input Mode

When a single high-power input source is connected, the converter can operate in an
interleaved mode, in which phase shifting between the TSBB phases is applied to reduce
current ripple and RMS currents in the power stage. The connection of the 5P-TSBB con-
verter in this operating mode is shown in Figure 3.

Figure 3. Connection of the five-phase Two-Switch Buck-Boost (5P-TSBB) converter operating in

the interleaved single-input mode.
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The two operating modes correspond to different hardware configurations of the in-
put connections. The converter is not automatically reconfigured between the multi-input
and interleaved single-input modes during operation. The required configuration is se-
lected for a given application during manufacturing, commissioning, or external setup.

In this work, the complete five-module prototype was experimentally tested in the
interleaved single-input configuration. The independent multi-input configuration is dis-
cussed as a possible hardware configuration enabled by the modular structure of the con-
verter and the separated input ports of the TSBB modules. The experimental single-mod-
ule tests characterize the buck and boost operations of a TSBB module, the basic building
block of the five-module system. A dedicated experimental study of the simultaneous op-
eration of several modules supplied from different input voltages is left for future work.

2.4. Converter Parameters

The developed five-phase Two-Switch Buck-Boost (5P-TSBB) converter consists of
five identical TSBB power modules operating in parallel. Due to the modular and sym-
metrical structure of the converter, most electrical and control parameters are defined at
the single-module level. These parameters are summarized in Table 2 and apply equally
to each TSBB phase.

The overall ratings of the 5P-TSBB converter, such as the total output power, input
current capability, and thermal loading, result from the combined operation of the five
modules. Consequently, the parameters listed in Table 2 should be interpreted as per-
module values. In contrast, the corresponding system-level values can be obtained by ap-
propriate scaling according to the number of active phases.

Table 2. Electrical parameters of the TSBB module and the 5P-TSBB converter.

Parameter Symbol Value
TSBB maximum output power Prax 15 kW
Number of TSBB modules n 5
5P-TSBB maximum output power Praxsp 75 kW
Inductor inductance L 1.2 mH
Input capacitance Cin 20 pF
Output capacitance Cout 20 uF
Maximum input current Jin,max 25 A
Maximum output current Jout,max 25 A
Input voltage range Vinmin, Vin,max 250V, 1000 V
Output voltage range Vout,min, Vout,max 600V, 950 V
Switching frequency f5 30 kHz

The main components used in the laboratory prototype of a single TSBB module are
listed in Table 3.

Table 3. Main components used in the laboratory prototype of a single TSBB module.

Component Part Type Comments
Transistors T1, T2 SCT3040KL Voss = 1200 V; Rps(on) = 40 mQ
Diodes D1, D2 NDSH50120C Vrrm = 1200 V; Ir =50 A
Inductors Custom-made 1.2 mH, 43 mQ, 6 x E80 pairs, ferrite F887
Input capacitors Cin ~ B32776G0206K000 20 pF, 1100 V, 6 mQ
Output capacitors Cout B32776G0206K000 20 pF, 1100 V, 6 mQ)
Gate drivers ACPL-352] v6s =18 V/0 V; Rcon =10 Q, Reott =10 Q2
Microcontroller TMS320F28027 for PWM generation and converter control
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2.5. Control Implementation

The laboratory prototype was controlled using a TMS320F28027 microcontroller
from the Texas Instruments C2000 family. The controller generated PWM signals for the
TSBB modules and applied the duty-cycle references corresponding to the selected oper-
ating point.

The buck or boost operating mode was selected based on the voltage relationship
between the input and output sides of the converter. For Vin > Vou, the module operated
in buck mode, with transistor T1 switched and transistor T2 off. For Vin < Vou, the module
operated in boost mode, transistor T1 remained on, and transistor T> was switched. The
duty-cycle references were calculated from the analytical relations presented in Section 3.

The experimental tests were performed under steady-state operating conditions for
selected input and output voltage levels. For a given voltage operating point, the trans-
ferred power was adjusted by changing the duty-cycle command. The duty-cycle com-
mand was set with a resolution of 0.001, corresponding to 0.1 percentage points, and was
limited to the range from 0.01 to 0.99 in order to avoid extremely short switching pulses.

A dynamic online transition between buck and boost modes was not investigated in
this work. A combined buck-boost modulation strategy, in which both transistors are ac-
tively switched in the transition region, was not implemented in the present laboratory
prototype and is considered as a future development.

In the interleaved single-input configuration, the five TSBB modules were controlled
with phase-shifted PWM signals. The phase shift between adjacent modules was equal to
360°/5 = 72°. In the multi-input configuration, each TSBB module is controlled inde-
pendently, without interleaving, according to its own input and output conditions.

2.6. Operating Limitations and Feasible Region

The feasible operating region of the converter is constrained by the allowable ranges
of input and output voltages, as well as by the current and power limitations of the power
stage components. These constraints define the permissible combinations of input voltage,
output voltage, and transferred power.

Figure 4 illustrates the operating limits of a single 15 kW TSBB module in the Vin—Vout
plane. The feasible operating area is first defined by the minimum and maximum values
of the input voltage (Vinmin, Vinmax) and the output voltage (Voutmin, Vourmax) listed in Table 1.

Within the admissible voltage operating window, the converter operation is primar-
ily constrained by the maximum allowable input current linmax =25 A, and the maximum
transferable power Pmax = 15 kW. Although the maximum output current is specified as
Touymax = 25 A, this limitation is practically not independently utilized, since the minimum
output voltage is limited to Voutmin = 600 V. Under these conditions, the maximum power
limitation directly results in:

P. _15kW

I = =
out oy 600V

out,min

25A )

Consequently, the output current limit is inherently satisfied by the power limitation
and does not introduce an additional independent operating constraint.

As a result, the admissible operating area is divided into two distinct regions. For
lower input voltages (Vin < 600 V), the converter operation is limited by the maximum
input current (Figure 4a). In contrast, for higher input voltages (Vin > 600 V), the operating
region becomes limited by the maximum transferable power (Figure 4c).

For completeness, Figure 4b presents the maximum output current values corre-
sponding to the analyzed operating conditions. Figure 4d illustrates the overall feasible
operating region of the TSBB converter, including both buck and boost operating modes.

https://doi.org/10.3390/electronics15132827
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Output voltage Vou, V

Output voltage Vou, V

The figure also shows all operating constraints imposed on the converter, along with the
15 experimentally investigated operating points labeled A-O.

(@) Maximum input current linmax, A (b) Maximum output current loutmax, A
1000
24 24
900 2 22
- 20 20
7] 18 | 18
700 16 4 16
14 14
600 12 7 12
500 10 - 10
8 8
400 — — T — — T T T — — — T T
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Input voltage Vin, V

Input voltage Vin, V

Figure 4. Operating limits and feasible operating regions of a single 15 kW TSBB module repre-
sented in the Vin—Vout plane. The plots show: (a) the maximum allowable input current, (b) the cor-
responding maximum output current values, (c) the maximum transferable output power assuming
an ideal converter efficiency of =100%, and (d) the feasible operating regions including the exper-
imentally investigated operating points A-O. In (d), the green region denotes the operating area
limited by the maximum input current, whereas the orange region denotes the operating area lim-
ited by the maximum output power. The dashed line indicates the boundary between boost and

buck operation.

3. Analysis of Converter Operation
3.1. Buck Converter Mode

The converter operation is first analyzed in buck mode, where Vin > Vout. In this oper-
ating mode, transistor T1 operates as the actively switched device, while transistor 12 re-
mains permanently turned off. The corresponding duty cycle, Dsuck, is defined by (2).

VOut
V_m for IS .
Dyyex = - -~ o
. o for I <]
Lot Vi (VIn - Vout) out "~ “outerit

where the applied expression depends on the output current. For Iout > loutcrit, the converter
operates in continuous conduction mode (CCM), whereas for lout < loutcrit, it Operates in
discontinuous conduction mode (DCM). The critical current louterit is given by

I I 1Yo 3)

out,crit = out,ref
V]'n
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where the reference output current lou e is defined as

— VoutTé ( 4)

outref 7L
Based on the inductor voltage in the switching intervals, the peak-to-peak inductor
current ripple is given by

(I/in - Vout) D

LBUCK L BUCK

Al T, ©)

This expression holds for both CCM and DCM, as it depends only on the inductor
voltage during the on-state interval. The obtained ripple is further used to determine the
current waveforms and their rms values, which are required to calculate conduction losses
in semiconductor devices and passive components. In addition, the average diode cur-
rents are determined, as required by the adopted diode power-loss model. The average
currents of diodes D1 and D: are expressed as

]outDDBUCK fOr Iout 2 out,crit
Iniav =9 AL (6)
DLAV LBUCK
DDBUCK fOr Iout < Iout,crit
IDZ,AV = Iout (7)

The conduction duty ratio of diode D1, denoted as Dosuck, depends on the operating
mode. In DCV, it is given by

D _ (‘/m - Vout) D 8
DBUCK — BUCK ( )
out
In CCW, it reduces to
Dyguex =1- Dy )
The rms currents of the semiconductor devices and the inductor can be expressed as
Al 2
2 LBUCK
\/{Iout * 12 JDBUCK fOI' Iout 2 Iout,crit
ITl,rms = (10)
Al DBUCK fO]_' Iout < out,crit
LBUCK 3
Al 2
2 LBUCK
\/(IOLlt + 12 JDDBUCK for Iout Z Iout,crit
IDl,rms = (11)
/D f I o<1
AI LBUCK DB3UCK or out out,crit
Al 2
2 LBUCK
\/[Iout - 12 j for Iout 2 Iout,crit

I (12)

Lrms

D +D
AILBUCK \/@ for Iout < Iout,crit
3
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Since diode D2 conducts the inductor current over the entire conduction interval, its
rms current is equal to the rms current of the inductor, i.e., Ip2ms = ILms.

To illustrate the converter operation in buck mode, the characteristic current wave-
forms within one switching period are shown in Figure 5 for both CCM and DCM condi-
tions.

b)

DCM

Figure 5. Characteristic current waveforms of the converter operating in buck mode: (a) continuous

conduction mode (CCM); (b) discontinuous conduction mode (DCM).

As shown in Figure 5, in CCM, the inductor current remains continuous and varies
around its average value, which equals the output current, lout. In contrast, in DCM, the
current starts from zero, increases during the on-state interval, and returns to zero during
the freewheeling interval.

The conduction intervals of transistor T1 and diode D1 directly follow from the induc-
tor current waveform and correspond to the duty ratios Dsuck and Dbsuck, respectively.
These waveforms form the basis for the derivation of the average and rms currents pre-
sented in the previous section.

The current values Ion and Iot marked in Figure 5 correspond to the transistor current
at turn-on and turn-off, respectively. These values are obtained directly from the inductor
current waveform and used to calculate switching losses using the datasheet energy char-
acteristics. In CCM, Ion corresponds to the minimum value of the inductor current,
whereas It corresponds to its maximum value. In DCM, the transistor turns on at zero
current and turns off at the peak inductor current. Therefore, these currents are expressed

as:
L for 1>
Iout _EAILBUCK or out — ~out,crit
I = (13)
0 for Iout < Iout,crit
1
I out T E Al LBUCK for I out 21 out,crit
Iy = (14)
AILBUCK fOI' Iout < Iout,crit

These relations complete the description of the current waveforms in buck operation
and provide the quantities required for the subsequent analysis of semiconductor currents
and switching losses.

https://doi.org/10.3390/electronics15132827
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3.2. Boost Converter Mode

Next, the converter operation is analyzed for the boost mode, corresponding to Vin <
Vout. In this operating mode, transistor T is actively switched, while transistor T1 remains
turned on. The switching of transistor T2 is performed with a duty cycle Dsoosrt, defined
as

\%
1 _V_ for I

>
out — Iout/crit

BOOST —
IV
\/ : Vzt(Vout_Vin) for I <I

X out out,crit
outref " in

D (15)

where the applied expression depends on the output current. For lout > Iouterit, the converter
operates in continuous conduction mode (CCM), whereas for lout < louterit, it Operates in
discontinuous conduction mode (DCM). The critical current loutcrit is given by

2
V. V.
Iout,crit = Iout,ref (1 - Vlﬂ j[#] (16)
out out

where louref is defined in (4). Based on the inductor voltage in the switching intervals, the

peak-to-peak inductor current ripple is given by

V.

Al 2 Dyt Ty (17)

LBOOST — BOOST

This expression holds for both CCM and DCM, as it depends only on the inductor
voltage during the on-state interval. The average currents of diodes D1 and D: are ex-
pressed as

Iy 0y =0 (18)

IDZ,AV =1, (19)

The conduction duty ratio of diode D2, denoted as Dogoost, depends on the operating
mode. In DCVV, it is given by

Dpyoosr = ﬁ Dyoosr (20)

ou

In CCM, it reduces to

D 1-D

DBOOST BOOST (21)

The following analytical current expressions are derived using the ideal lossless
power-balance relation between the input and output sides of the converter, which allows
the input-side inductor current to be expressed with respect to the output current.

The rms currents of the semiconductor devices and the inductor can be expressed as

(22)-(24).
Vo' AL oo’
out LBOOST
[{Iom Vin ] " 12 JDBOOST fOr Iout 2 Iou(,crit
ITZ,rms = (22)
Al DBOOST fOI' Iout < Iou(,crit
LBOOST 3
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2
@ + Al Lfsoos.T2 D
out Vin 12 DBOOST for Iout ST
IDZ,rms = (23)
AT [ Pos00ST for L, <l ..
3
2 2
I Vout + AILBOOST
. Vin 12 fOr Iout 2 Iout,crit
IL,rms = (24)
AI \/DBOOST - DDBOOST fOI' IOU( < Iout,cn‘t
LBOOST 3

Since transistor T1 conducts the inductor current over the entire conduction interval,
its rms current is equal to the rms current of the inductor, i.e., I11,ms = ILrms.

To illustrate the converter operation in boost mode, the inductor current waveforms
within one switching period are shown in Figure 6 for both CCM and DCM conditions. In
this mode, transistor T: remains continuously turned on, whereas transistor T2 is the ac-
tively switched device.

b) DCM

T1 T1
t t

|
1
| |
| I
! |
Ny o —mmm - i
| ! |
| _: _________________ 1| Al LBOOST
! | ! | t
I | -
] | ! ! | -
DsoostT's | (1-DBoost)Ts _! DsoostT's i DpsoosrTs | !
| |
Ts . Ts .

Figure 6. Characteristic current waveforms of the converter operating in boost mode: (a) continuous

conduction mode (CCM); (b) discontinuous conduction mode (DCM).

As shown in Figure 6, turn-on and turn-off currents of Tz are determined from the
inductor current waveform in the same manner as in buck operation. In CCM, Ion corre-
sponds to the minimum inductor current, and I to its maximum. In contrast, in DCM,
the turn-on current is zero, and the turn-off current corresponds to the peak inductor cur-
rent. These relations summarize the current waveforms in boost operation and will be
used in the subsequent analysis of the mode-dependent current stresses.

V. 1
out V_t _EAI LBOOST for ou = Lo
Ion = " (25)
0 for I <I

out out,crit

https://doi.org/10.3390/electronics15132827
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V. 1
out VLt + Al oo for Tout 2 Louger
L= " )
Al LBOOST for I out <I out,crit

The relations derived in Sections 3.1 and 3.2 are therefore used in Section 4 to identify
the conducting and actively switched semiconductor devices in buck and boost operation.

4. Power Loss Analysis
4.1. Assumptions of the Loss Model

The power loss analysis was performed to determine the losses of the investigated
TSBB converter over the considered operating range. The model focuses on power losses
in individual semiconductor devices and in the inductor. This is important because the
semiconductor devices responsible for current conduction and high-frequency switching
depend on the converter operating mode.

As shown in Section 3, the TSBB converter can operate in buck or boost mode. In
these modes, different semiconductor devices conduct current, and different devices are
switched at the switching frequency. Therefore, the loss calculation was carried out sepa-
rately for buck and boost operation, using the current relations derived in the previous
section. The analysis was performed for steady-state operation. For a given voltage oper-
ating point, the transferred power may vary within the admissible range; therefore, the
losses were evaluated as functions of the corresponding current values rather than as a
single value assigned to the voltage point. The rms and average currents required for the
loss calculation were determined using the analytical current relations of the converter.
The numerical calculations and loss-map generation were performed using MATLAB
R2023b (MathWorks, Natick, MA, USA).

Voltage sources were used to represent the input and output sides of the converter
in the analytical loss model. Consequently, losses in the input and output capacitors were
not included in the analysis. This simplification was adopted because, under these condi-
tions, the ripple current is shared between the local capacitor banks and the external volt-
age sources, and its distribution depends on the source impedance, cable impedance, and
the internal impedance of the capacitor banks. A detailed capacitor-loss model would
therefore require an additional model of the complete external test setup, which was out-
side the scope of this work. Preliminary ESR-based estimations indicated that these losses
were small compared with the semiconductor and inductor losses. Therefore, the adopted
loss model includes semiconductor conduction and switching losses, as well as inductor
losses. Semiconductor conduction losses were calculated using the device current values
and datasheet-based on-state characteristics. Switching losses were calculated only for the
devices commutated at the switching frequency in the corresponding operating mode,
using the datasheet switching-energy characteristics [20,21].

Inductor losses were divided into winding losses and core losses. Winding losses
were calculated from the rms inductor current and the assumed constant winding re-
sistance. The inductor core losses were determined experimentally as the difference be-
tween the measured total inductor losses and the calculated winding losses.

A complete electrothermal model was not developed in this work. This simplification
is acceptable because, during the experimental tests, the temperature rise of the heatsink
and the inductor did not exceed approximately 50 °C. Therefore, the model was formu-
lated as a practical loss model to evaluate converter power losses under different operat-
ing conditions.
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4.2. Semiconductor Losses

Semiconductor losses were analyzed separately for buck and boost operation, be-
cause different devices participate in current conduction and high-frequency switching in
each operating mode. In both modes, the semiconductor losses include conduction and
switching components; however, their distribution among the devices is mode-depend-
ent.

During boost operation, power losses occur in three semiconductor devices: transis-
tors T1 and T2 and diode D:. Transistor T1 remains continuously turned on and conducts
the inductor current, whereas transistor T2 is switched at a duty cycle Dsoosr. Diode D2
conducts the inductor current during the off-state interval of T2, while diode D1 does not
conduct in this mode. During buck operation, power losses are also generated in three
semiconductor devices: transistor T1, diode D1, and diode D-. In this mode, transistor T1 is
switched with the duty cycle Deuck, while transistor T2 remains off and does not contribute
to power losses. Diode D1 conducts the switched current, whereas diode D2 conducts the
inductor current.

For this reason, conduction and switching losses were calculated using separate cur-
rent relations for buck and boost operation. Conduction losses were determined from the
average and rms currents of the conducting devices, whereas switching losses were cal-
culated only for the device switched at the switching frequency in each operating mode.

4.2.1. Conduction Losses

Conduction losses were calculated from the average and rms currents of the semi-
conductor devices in buck and boost operation. The current values were obtained from
the analytical relations presented in Section 3.

For MOSFETs, the conduction losses were calculated using the on-state resistance:

Pcond,TX = RDS(on)I"lz'X,rms (27)

where Rbsen) is the drain-source on-state resistance of transistor Tx and Itxms is its rms
current.

For diodes, the conduction characteristic was approximated by a threshold voltage,
Vro, and a differential resistance, rp. Therefore, the conduction losses were calculated as:

P

cond, DX

= VFOI pxay T rDI IZDX,rms (28)

where Ipxav is the average diode current, and Ipxms is the rms diode current.

4.2.2. Switching Losses

Switching losses were calculated only for the semiconductor devices involved in
high-frequency commutation. In each operating mode, switching losses occur in one tran-
sistor and one diode. In boost operation, they are associated with transistor T2 and diode
D2, whereas in buck operation, they are associated with transistor T1 and Dx.

The switching losses of transistor Tx were calculated from the turn-on and turn-off
energies obtained from the datasheet characteristics:

Pix = fsky |:E0n (Ion ) +E (Ioff )J (29)

where fs is the switching frequency, Eon and Eof are the turn-on and turn-off energies, and
Ion and Lot are the transistor currents at turn-on and turn-off, respectively. These current
values were determined from the analytical current relations derived in Section 3. The
coefficient kv accounts for the difference between the actual switching voltage and the ref-
erence voltage Vet = 600 V used in the datasheet [20]. For transistor T1, switched in buck
operation, kv = Vin/Vret. For transistor Tz, in boost operation, kv = Vout/ Vret.
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In this work, the transistor switching energies were not identified by a separate dou-
ble-pulse test. The laboratory prototype was designed for converter-level operation,
whereas direct measurement of the transistor switching energy would require modifica-
tions of the power PCB and the current-measurement path to measure the transistor cur-
rent during the switching transient with sufficient bandwidth and accuracy. Therefore,
the switching losses were calculated using the datasheet energy characteristics. This ap-
proach was considered acceptable because the gate-driver voltage, gate resistance, switch-
ing voltage, and switching current ranges in the experimental setup were selected to
closely match the device manufacturer’s reference test conditions. Consequently, the
datasheet-based switching-energy characteristics are expected to provide a reasonable ap-
proximation of the actual transistor switching losses. However, deviations may still occur
due to layout parasitics, thermal conditions, and differences between the converter oper-
ation and the datasheet test setup.

The switching losses of the SiC diodes were calculated from the capacitive charge
characteristic Qc(Vp) provided in the diode datasheet [21]. Since SiC diodes exhibit negli-
gible reverse-recovery effects, the diode switching losses were associated with charging
and discharging of the diode junction capacitance during high-frequency commutation.

The energy related to the capacitive charge of diode Dx was approximated as:

1
Ecpx = by Ve ( Yo ) (30)
The corresponding diode switching losses were then calculated as:

Psw,DX = f s EC,DX (31)

In the buck operation, this calculation was applied to diode D1, with Vb = Vin. In the
boost operation, it was applied to Dz, with Vb = Vout. The remaining diodes were not in-
cluded in the switching-loss calculation because they were not involved in high-frequency
commutation in the corresponding operating mode.

4.3. Inductor Losses

The total inductor losses were experimentally determined under different operating
conditions. Since the measured losses include both winding losses and core losses, the
winding contribution was first calculated and subtracted from the measured value. The
winding losses Prw were calculated from the rms value of the inductor current Irms, and
the measured dc winding resistance Rv:

P, =RI} (32)

L7 L,rms

In the calculations, the winding resistance was assumed constant at R. = 43 mQ.
The remaining part of the measured losses was attributed to the inductor core losses:

P ..=P . -P (33)

L,core L,meas Lw

where Prmeas is the measured total inductor loss.

The obtained values of PLcre were first analyzed as a function of the peak-to-peak
ripple current Al with the average inductor current Iav used as a parameter, as is shown
in Figure 7a. Since the ripple current is proportional to the flux-density variation in the
inductor core, the measured losses were approximated using a Steinmetz-type power
function, following the common approach used for magnetic core-loss estimation under
nonsinusoidal excitation and dc-bias conditions [22,23].

PL,core = kc (IL,av )AIE (34)
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The exponent 3 was determined from experimental data and found to be 1.77. For
each value of the average inductor current, the proportionality coefficient ke(ILav) was
identified from the measured loss data. The obtained values of kc(ILav) were then approx-
imated by a quadratic function of the average inductor current, as expressed in (35). The
resulting approximation is shown in Figure 7b.

+c (35)

Finally, the inductor core losses used in the converter loss model were calculated as:

1.77
P..= ((o.oou%jliw —(0.0245%] I, +0.55W](%) (36)

This formulation allows estimation of the inductor core losses at any converter oper-
ating point, given the average inductor current Irav, and the peak-to-peak inductor current

ripple AlL.
(b)
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Figure 7. Identification of the inductor L core-loss model; (a) measured and fitted core losses versus
inductor current ripple for selected average current values; (b) quadratic approximation of the co-
efficient ke(ILav). In (a), the star markers indicate measured data points, while the solid lines represent

the fitted curves

5. Experimental Verification and Efficiency Analysis

The experimental verification was performed in two stages. First, a single 15 kW
TSBB module was tested at the operating points A—-O defined in Section 2.5 to validate the
proposed power-loss model, including semiconductor and inductor losses. Then, the com-
plete five-phase converter was tested under high-power conditions to confirm the scala-
bility of the modular structure and the applicability of the single-module loss model to
the 75 kW system. Detailed loss comparisons are presented for selected representative
operating points, while the full set of measurements is used to evaluate the efficiency
trend over the analyzed operating range.

In all efficiency measurements presented in this section, the laboratory DC sources
were connected to the converter with the PV-side Pi-type EMI filters bypassed. This al-
lowed the losses of the main TSBB power stage to be evaluated without including the
additional losses and parasitic effects of the EMI filters.

5.1. Single-Module 15 kW Experimental Test

The first experimental stage was performed using a single 15 kW TSBB module. The
measurements were carried out at the operating points A-O defined in Section 2.5,
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covering both buck and boost operation. For each point, the input and output voltages,
currents, powers, converter efficiency, and total power losses were determined.

The measured losses were compared with the losses calculated using the model de-
scribed in Section 4, including semiconductor conduction and switching losses, inductor
winding losses, and experimentally identified inductor core losses.

Although measurements were performed at all operating points A-O, four repre-
sentative cases were selected for detailed presentation: K, G, C, and O. Points K, G, and C
correspond to boost operation and represent low-input-voltage, typical, and high-output-
voltage operating conditions, respectively. Point O represents a clearly defined buck op-
erating condition. These points were selected away from the immediate buck-boost tran-
sition boundary to ensure a clear interpretation of the loss mechanisms.

The experimental waveforms recorded for the selected operating points are shown
in Figure 8. Points K, G, and C correspond to boost operation, whereas point O represents
buck operation. The waveforms illustrate the inductor current and the corresponding
voltage under the same operating conditions used for the power-loss measurements.

| A e h1 3
ot [ 100 [C29 200V, A hze 200Vl [ 100Vidw | 5 Al
G <v. 1 5625 G: 640 pt sar v fiva - iwe
R 15625 ko w03k L 636 knca: o 100 iz % | 00 iz & | 200 iz

Figure 8. Measured waveforms illustrating the operation of the 5P-TSBB converter in different op-
erating points: (a) point K, Vin =250 V, Vout = 600 V; (b) point G, Vin =400 V, Vout = 800 V; (c) point C,
Vin =600 V, Vour = 950 V; and (d) point O, Vin =900 V, Vout = 600 V. Ch1 (green)—voltage across

transistor T1; Ch2 (blue) —voltage across diode D2; and Ch3 (red)—inductor current iL.

The measured waveforms shown in Figure 8 confirm the expected operation of the
converter in both operating modes. In the boost mode, transistor T1 remains continuously
turned on; therefore, the voltage across Ti is close to zero. In buck mode, diode D: con-
ducts continuously, which is indicated by the voltage across D2 remaining close to zero.
Thus, the presented waveforms enable verification of the conduction states of the selected
semiconductor devices and their relationship to the inductor current waveform.
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Figure 9 presents the measured and calculated power-loss characteristics for the se-
lected operating points. In all cases, the calculated losses follow the measured character-
istics with satisfactory accuracy. The remaining discrepancies can be attributed mainly to
the simplified thermal treatment of the semiconductor parameters, the assumption of con-
stant winding resistance, and the use of datasheet-based switching-energy characteristics.
Although the switching conditions in the prototype were selected to be close to the
datasheet reference conditions, the actual switching losses may still differ due to layout
parasitics, device temperature, and the fact that the switching energies were not measured
directly in the converter prototype.

(a) Point K, (Vin =250 V, Vout = 600 V) (b) Point G, (Vin =400 V, Vout= 800 V)
150 150
—DL —DL
> 125 — P > 125 — P
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Figure 9. Experimental verification of the single-module loss model for four representative operat-
ing points: (a) point K, Vin =250 V, Vout = 600 V; (b) point G, Vin =400 V, Vout = 800 V; (c) point C, Vin
=600 V, Vour =950 V; and (d) point O, Vin =900 V, Vou = 600 V. The calculated inductor losses Pr,

semiconductor losses Ps, and total converter losses Pt are compared with the measured total losses

P loss,meas.

As shown in Figure 9, good agreement between the measured and calculated losses
is observed across all selected operating points. In most cases, the measured total losses
are higher than the calculated total losses at T = 25 °C but lower than those at T =175 °C.
This is consistent with the expected temperature dependence of semiconductor conduc-
tion losses and confirms that the adopted loss model provides a realistic estimate of the
converter losses over the analyzed current range.

The inductor losses are significant, reaching approximately 75 W in the analyzed
cases. However, the inductor losses remain lower than the total semiconductor losses over
the entire current range presented. This confirms that both loss components must be in-
cluded in the model, although the semiconductor devices remain the dominant source of
losses in the investigated operating points.

It should also be noted that the maximum output current differs between the selected
operating points. Only in point O does the converter reach lout = Joutmax = 25 A. In the
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remaining points, the maximum output current is limited by either the maximum input
current of 25 A or the maximum output power of 15 kW. Consequently, the available out-
put current range depends on the specific operating voltage.

For very low output currents, below approximately 1-2 A, the influence of discontin-
uous inductor current operation is visible. This effect is particularly noticeable in the in-
ductor losses, because the core-loss component depends strongly on the peak-to-peak in-
ductor current ripple AlL. In discontinuous conduction mode, changes in the peak-to-peak
current ripple do not significantly affect the rms current value. Therefore, a similar effect
is not clearly observed in the semiconductor losses, which are mainly related to the rms
and average current values.

A slightly different tendency can be observed for point C. At lower output currents,
the measured losses exceed the calculated values, whereas at higher currents, they become
slightly lower than the calculated losses. This discrepancy may be related to simplified
thermal assumptions, datasheet-based switching-energy characteristics, and the greater
influence of voltage-dependent switching and parasitic effects at high output voltages.

The total losses in the presented cases do not exceed approximately 150 W, which
corresponds to about 1% of the rated 15 kW output power of a single TSBB module. There-
fore, the efficiency of the converter in this operating range is expected to be close to 99%.

The verified loss model was then used to evaluate the performance of a single 15 kW
TSBB module over the entire analyzed voltage range. The calculations were performed in
the Vin—Vou plane for the maximum allowable operating point at each voltage combina-
tion. Therefore, the output power was limited by linmax =25 A, Ioutmax =25 A, or Poutmax =15
kW, depending on the considered operating point. This approach is consistent with the
feasible operating region defined in Section 2.6 and directly relates the loss distribution to
the actual converter limitations.

Figure 10 shows the resulting efficiency map, total converter losses, inductor losses,
and semiconductor losses calculated at T =25 °C. The dashed line indicates the boundary
between boost and buck operation, corresponding to Vin = Vout.
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Figure 10. Calculated efficiency and power-loss maps of a single 15 kW TSBB module in the Vin—Vout
plane for T = 25 °C: (a) efficiency map, (b) total converter losses P, (¢) inductor losses P, and (d)
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semiconductor losses Ps. The calculations were performed at the maximum allowable operating

point for each voltage pair, considering linmax =25 A, Jouymax =25 A, and Poutmax =15 kW.

As shown in Figure 10, the converter efficiency remains high across most of the ana-
lyzed operating range, generally close to 99%. The highest efficiency is obtained in the
region where both the current stress and the voltage conversion ratio remain moderate.
In contrast, efficiency decreases at low input voltages, where the maximum input current
and the inductor current increase significantly, thereby limiting the transferred power.

The total loss map in Figure 10b shows that the highest losses occur mainly in the
low-input-voltage boost region. In this region, the converter must process relatively high
input current, which increases both conduction losses in the semiconductor devices and
winding losses in the inductor. The inductor-loss map in Figure 10c confirms that Pv is
strongly affected by both the rms value of the inductor current and the peak-to-peak cur-
rent ripple. Therefore, the inductor losses become particularly relevant in regions with
high current stress and increased ripple.

The semiconductor-loss map in Figure 10d shows a different distribution. In the
boost region, semiconductor losses are influenced by the current conducted by T, the
switching losses of T2, and the conduction and capacitive switching losses of D2. In the
buck region, the loss distribution changes because T: becomes the actively switched tran-
sistor, while D1 and D2 conduct current. This confirms that the power-loss model must
distinguish between buck and boost operation rather than applying a single averaged loss
formulation over the entire voltage range.

To further analyze the semiconductor-loss mechanisms, the total semiconductor
losses were separated into the losses generated in individual devices. This decomposition
is important because the devices involved in conduction and high-frequency commuta-
tion depend directly on the operating mode of the TSBB converter. In the boost operation,
losses are generated mainly in T1, T2, and D2, whereas D1 remains inactive. In the buck
operation, T1, D1, and D: contribute to the semiconductor losses, while T2 remains turned
off.

Figure 11 presents the calculated loss distribution among the semiconductor devices
for T=25 °C.

The obtained loss distribution clearly reflects the mode-dependent operation of the
TSBB converter. Transistor T1 generates losses over the entire operating range, but the
physical origin of these losses differs between the two modes. In boost operation, Ti re-
mains continuously turned on, and its losses are conduction losses. In buck operation, T1
becomes the actively switched device; therefore, its losses include both conduction and
switching components.

The losses in Tz are concentrated in boost operation, where this transistor is switched
at the switching frequency. This confirms that T2 is the main switched transistor during
boost operation. In buck operation, T> remains inactive and does not contribute signifi-
cantly to the semiconductor losses.

The losses in diode D1 are associated mainly with buck operation. In this mode, D1
conducts during the freewheeling interval and participates in the high-frequency commu-
tation with transistor Ti; therefore, both its conduction losses and capacitive switching
losses are included. In boost operation, D1 does not conduct, and its losses are negligible.

Diode D: contributes to losses in both operating modes, but its role differs in each
case. In the boost operation, D2 conducts during the energy-transfer interval, when tran-
sistor T2 is turned off. In buck operation, D2 remains in the main current path and conducts
the inductor/output current over the whole switching period, Ts. Therefore, the losses in
D: increase with higher inductor and output currents.
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Figure 11. Calculated distribution of semiconductor losses in a single 15 kW TSBB module at T =25
°C: (a) transistor T1 losses Pri, (b) diode D2 losses Pz, (c) diode D1 losses Ppi, and (d) transistor T2

losses Pr2. The dashed line indicates the boundary between boost and buck operation.

These results confirm that the semiconductor loss distribution cannot be described
only by the total semiconductor losses, Ps. The contribution of individual devices varies
substantially between buck and boost operation, which justifies separately calculating
semiconductor losses for each operating mode.

The agreement obtained confirms that the proposed loss model can be used to esti-
mate losses for a single TSBB module over the analyzed operating range. Therefore, the
model is further used as the basis for evaluating the complete five-phase converter.

5.2. Extension of the Loss Model to the Five-Phase Converter

The second experimental stage was performed using the complete five-phase TSBB
converter. The purpose of this test was to verify the operation of the proposed 5P-TSBB
converter at the system level and to confirm that the modular architecture can be scaled
from a single 15 kW TSBB module to a 75 kW five-phase converter. This converter is
shown in Figure 12.

The tested converter was operated in the interleaved single-input configuration. In
this mode, all five TSBB modules are supplied from the same DC source and operate with
phase-shifted control signals. Such an operation reduces ripple components in the input
and output currents compared with operating a single TSBB module. As a consequence,
the RMS value of the ripple current flowing through the input and output capacitors can
also be reduced, thereby limiting the power losses in these capacitors.

Although the converter operates as a five-phase system, its hardware structure re-
mains modular. In the tested prototype, a single common capacitor bank was not used for
the entire 5P-TSBB converter. Instead, the five-module structure was retained, using the
same TSBB modules as those discussed in the previous section. Therefore, the five-phase
converter can be treated as a parallel connection of five identical TSBB modules operating
with interleaved control.
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Figure 12. Laboratory prototype of the developed 75 kW 5P-TSBB converter.

The experimental setup used to verify the complete 5P-TSBB converter is shown in
Figure 13. A circulating-power test configuration was applied to reduce the required
power rating of the external DC power supply. In this setup, the output side of the con-
verter was connected back to the input side via the auxiliary resistor Rv. As a result, most
of the processed power circulated between the output and input terminals of the con-
verter, whereas the external DC supply delivered only the converter losses and the power
dissipated in the auxiliary resistor.

Two power quantities were measured during the test. The power P1 was measured
at the output of the external DC power supply, while the power P> was measured at the
output side of the 5P-TSBB converter. The measured power P2 represents the power pro-
cessed by the converter, whereas P1 represents the additional power supplied to the cir-
culating-power system. The measured powers can be expressed as

- AV + Tout

Figure 13. Experimental setup for the circulating-power test of the 5P-TSBB converter with the aux-
iliary resistor R» connected between the output and input sides.

R =LV, (37)

PZ = Pout,SP = Iout x Vout (38)

It should be noted that the power P1 is not the total input power of the converter. In
the circulating-power configuration, part of the output power is returned to the input side
through the auxiliary resistor Re. Therefore, the actual input power of the 5P-TSBB con-
verter exceeds the power delivered by the external DC supply.
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According to the current directions shown in Figure 13, the input current of the con-
verter [in can be expressed as

Iin = Il + Iout (39)
Thus, the input power of the 5P-TSBB converter is

P

in,5P =

V. (11 + Iom) =P +V,I (40)

in” out

The total losses of the five-phase converter can therefore be calculated from the dif-
ference between the input and output powers:

P P P.o=P-P+V.I (41)

loss,5P = in,5P - out,5P in~ out
The efficiency of the converter is calculated as:

P I -V P

out __ out out 2

D, (hel,)V, Bl v,

out

n= (42)

A limitation of this method is that the output voltage of the converter must be higher
than the input voltage; therefore, the converter must operate in boost mode. The output
voltage can be expressed as

Vour = Vou T4V (43)

ou

where AV is the voltage drop across the auxiliary resistor Ro. The power measured at the
DC power supply used in the test is the sum of the power losses in the 5P-TSBB converter
and the power dissipated in the resistor Ry, i.e.,

P =F

loss,5P

+ PRb =B + Iout2Rb (44)

~ " loss,5P

Assuming that the maximum output current loutsp.max is equal to five times the maxi-
mum output current of a single module, i.e.,

I =5x25A=125A (45)

out,5P,max

and substituting the maximum power of the laboratory DC power supply, Pimax =15 kW,
the maximum value of the auxiliary resistance Rv can be calculated. In this estimation, the
converter losses are assumed to be negligible compared with the power dissipated in the
auxiliary resistor. Since

B, =R, (I out,5P,max )2 ~P (46)

The auxiliary resistance R» should fulfill the following condition:

P
R, <—m—=0.96Q 47)
( Iout,SP,max
In the experimental setup, a lower Rv value of 0.32 Q was selected to ensure that the
power drawn from the laboratory supply remained below its maximum rating.
The selected auxiliary resistance Ro limits the maximum admissible voltage differ-

ence, AV, between the output and input because

AV =R I (48)

b~ out,5P

Thus, the maximum value of AV corresponds to the maximum output current. For
the 5P-TSBB converter, the current and power ratings are 5 times those of a single TSBB
module. Therefore, the maximum input current is 125 A, and the maximum processed
power is 75 kW. The boundary between the current-limited and power-limited operating
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regions is obtained as Vin =75 kW/125 A =600 V. At Vin =600 V, the difference voltage can
be increased to AV =032 x125 A=40 V.

It should be noted that the TSBB converter requires a minimum output voltage of
Voutmin = 600 V. Since Vour = Vin + AV and the maximum available voltage difference in the
test setup is 62.5 V, operation at input voltages significantly lower than 600 V is not con-
sidered in this test. For Vin <600 V, the operating range is limited by the maximum input
current, and the processed power is lower than the rated power. Consequently, the output
current and the corresponding voltage drop AV across Rev are also lower.

For Vin > 600 V, operation is limited by the maximum power that can be processed.
In this region, the output current decreases as the output voltage increases, and therefore,
AV also decreases. As a result, the highest value of AV occurs at the boundary between
these two operating regions, i.e., at Vin=600 V.

The admissible operating region of the 5P-TSBB converter during the circulating-
power test is presented in Figure 14 in the Vin—Vout plane. The shaded area indicates the
voltage combinations that satisfy the converter limitations and the constraints imposed
by the test setup. The marked points correspond to the experimental operating conditions
selected for verification at Vin= 600V, 700 V, and 800 V. These points were chosen to cover
the practically relevant part of the boost-mode operating range.

S
38

\©

o

S
|

800 —
Vin =800 V

700 —

600 —

Vin =600 V
500 —

Output voltage Vour, V

400 T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900 1000 1100
Input voltage Vin, V

Figure 14. Admissible operating region of the 5P-TSBB converter in the Vin—Vou plane during the

circulating-power test, with marked experimental test points.

The analysis presented above describes the circulating-power test configuration in a
general form and defines the method used to determine the losses and efficiency of the
complete 5P-TSBB converter. However, the comparison between the measured losses of
the five-phase converter and the loss model developed for a single TSBB phase is valid
only if the five phases are loaded in a sufficiently balanced way. In the interleaved single-
input mode, this condition requires the inductor currents of the individual TSBB modules
to be distributed nearly uniformly.

To verify this condition, the inductor currents of all five phases were measured dur-
ing the experimental test. Figure 15 shows the measured current waveforms at the oper-
ating point with Vin =600 V. This point was selected because it represents operation near
the rated power of the 5P-TSBB converter and corresponds to a phase current of approxi-
mately 25 A. For this operating point, the measured average inductor currents were 23.90
A, 2418 A, 23.13 A, 23.71 A, and 23.24 A for phases 1-5, respectively. The mean value was
23.63 A. The maximum phase-to-phase difference was 1.05 A, which corresponds to ap-
proximately 4.4% of the mean value. The standard deviation was approximately 0.40 A,
giving a coefficient of variation of about 1.7%. These results confirm that the current shar-
ing between the five TSBB modules was sufficiently balanced. Therefore, the measured
losses of the complete 5P-TSBB converter can be compared with the loss model previously
developed for a single TSBB phase, which is extended to the five-phase system by

https://doi.org/10.3390/electronics15132827



Electronics 2026, 15, 2827 24 of 27

summing the losses of the individual phases. The observed current distribution justifies
the use of this modular loss-modeling approach for the operating point under analysis.
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Figure 15. Measured inductor currents of the five TSBB modules during interleaved operation. The
waveforms are shifted by one fifth of the switching period, confirming proper phase-shifted control
and balanced current sharing. The horizontal dashed lines indicate the average values of the corre-

sponding inductor currents, with the numerical values given in the figure.

Figure 16 shows the measurement results for the 5P-TSBB converter obtained during
the circulating-power test at input voltages of Vin = 600, 700, and 800 V. The measured
power losses are presented as a function of the output power and compared with the an-
alytical loss model. The model results were obtained for a single TSBB module and then
scaled by the number of operating modules (n = 5), with the temperature set to 25 °C.

600

4 4 < Measured power losses

W —— V=600V .
— V=700V
Vin=800V

400

5P-TSBB converter power losses, W

300
200
100
0 | 1 1 1 T 1 I
0 10 20 30 40 50 60 70
Output power Pout, kW

Figure 16. Measured and analytical power losses of the 5P-TSBB converter obtained in the circulat-
ing-power test for Vin =600, 700, and 800 V. Solid lines represent analytical results, whereas dashed

lines represent fitted curves based on the measured data points.

Figure 16 compares the measured power losses of the complete 5P-TSBB converter
with the results obtained from the analytical loss model. A satisfactory agreement
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between the experimental results and the scaled analytical model is achieved, confirming
that the modular loss-modeling approach can be applied to the complete 75 kW converter.
The remaining differences may result from unequal thermal conditions of the individual
modules, current-sharing deviations, parasitic resistances in the experimental setup, and
measurement uncertainty in the circulating-power test.

In boost operation, a higher Vin reduces the inductor current required for the same
output power. Since this current flows through the conducting semiconductor devices and
the inductor, the current stress and conduction losses decrease.

Figure 17 shows an example measurement result displayed by the Yokogawa
WT5000 power analyzer during the circulating-power test of the 5P-TSBB converter. The
presented result corresponds to one selected operating point from the characteristics
shown in Figure 16, obtained for Vin = 600 V. In this test configuration, the power values
displayed by the analyzer represent the quantities measured in the circulating-power
setup.

Udet Udc2
598.3%5  633.204
v
Idet Idc2

73311 109.670
A A

P1 P2
438692 694436 569.383  99.1867

w %

Figure 17. Measurement result displayed by the Yokogawa WT5000 power analyzer during the cir-
culating-power test of the 5P-TSBB converter for a selected operating point at Vin = 600 V and lout =
109.67 A. The displayed efficiency value corresponds to the converter efficiency calculated accord-
ing to (42).

For the presented operating point (Figure 17), the output voltage Vou was higher than
the input voltage Vin by the voltage drop across the auxiliary resistance Ry, i.e., AV =109.67
A0320Q=351V.

It should be noted that the circulating-power configuration used in this work enables
system-level high-power validation of the complete 5P-TSBB converter only in boost op-
eration. In a buck operation, where Vout < Vin, this passive test configuration cannot return
the converter output power to the input side in the same manner; therefore, an active
power sink/source or a different regenerative setup would be required. Buck-mode oper-
ation was verified at the single-module level. Since the five-phase converter consists of
identical TSBB modules, the buck-mode switching states, current paths, semiconductor
stresses, and inductor-current relations of each phase remain unchanged. Thus, the single-
module buck-mode results support the expected five-phase buck-mode behavior, alt-
hough the lack of system-level buck-mode measurements is acknowledged as a limitation.

6. Conclusions

This paper presented the design, analysis, and experimental verification of a 75 kW
five-phase Two-Switch Buck-Boost converter intended for photovoltaic and energy-stor-
age applications. The converter consists of five identical 15 kW TSBB modules and can be
configured either for independent multi-input operation or for interleaved single-input
operation. In this work, the experimental verification included single-module buck and
boost tests and complete five-module operation in the interleaved single-input
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configuration. The independent multi-input configuration was discussed as a possible
hardware configuration of the proposed modular converter, while its experimental vali-
dation under different input-voltage and input-power conditions is left for future work.

The feasible operating region of the converter was analyzed in the Vin—Vou plane, ac-
counting for voltage, current, and power limitations. The analysis showed that the opera-
tion is mainly limited by the maximum input current at low input voltages and by the
maximum output power at higher input voltages. The maximum output current does not
introduce an additional independent limitation, because it is already satisfied by the rated
power and the minimum output voltage.

A power-loss model of a single TSBB module was developed separately for buck and
boost operation. The model includes semiconductor conduction and switching losses,
winding losses, and experimentally identified inductor core losses. The results confirmed
that the loss distribution strongly depends on the operating mode and that separate loss
calculations are required for buck and boost operation.

The experimental verification of the single 15 kW module showed good agreement
between calculated and measured losses for representative operating points. The obtained
efficiency was generally close to 99%, with lower values mainly in the low-input-voltage
boost region, where the inductor and semiconductor currents are higher.

The complete five-phase converter was also tested using a circulating-power setup.
The measured losses confirmed that the results for the 75 kW converter are consistent with
predictions from the single-module loss model. The measurements also showed that in-
creasing the input voltage reduces converter losses at the same transferred power, primar-
ily due to reduced inductor current.

The results confirm that the proposed 5P-TSBB converter is a suitable solution for
high-power photovoltaic and energy-storage interfaces that require a wide operating volt-
age range. Future work will focus on electrothermal modeling, optimization of the mag-
netic components, and verification under dynamic operating conditions.
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