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Abstract: A transformer-less Buck-Boost direct current—direct current (DC-DC) converter in use for
the fast charge of electric vehicles, based on powerful high-voltage isolated gate bipolar transistor
(IGBT) modules is analyzed, designed and experimentally verified. The main advantages of this
topology are: simple structure on the converter’s power stage; a wide range of the output voltage,
capable of supporting contemporary vehicles” on-board battery packs; efficiency; and power density
accepted to be high enough for such a class of hard-switched converters. A precise estimation of the
loss, dissipated in the converter’s basic modes of operation Buck, Boost, and Buck-Boost is
presented. The analysis shows an approach of loss minimization, based on switching frequency
reduction during the Buck-Boost operation mode. Such a technique guarantees stable thermal
characteristics during the entire operation, i.e., battery charge cycle. As the Buck-Boost mode takes
place when Buck and Boost modes cannot support the output voltage, operating as a combination
of them, it can be considered as critically dependent on the characteristics of the semiconductors.
With this, the necessary duty cycle and voltage range, determined with respect to the input-output
voltages and power losses, require an additional study to be conducted. Additionally, the tolerance
of the applied switching frequencies for the most versatile silicon-based powerful IGBT modules is
analyzed and experimentally verified. Finally, several important characteristics, such as transients
during switch-on and switch-off, IGBTs’ voltage tails, critical duty cycles, etc., are depicted
experimentally with oscillograms, obtained by an experimental model.
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1. Introduction

The technology of fast charge is an inevitable part of a future transport system based on electric
vehicles, and has been proven by numerous studies [1-4]. Fast can be considered a charge cycle of 20
min to 40 min., during which the vehicle battery reaches 80% of its capacity. For this purpose, a
significant amount of energy must be transferred from the source, which can be the electrical grid or
stand-alone renewable energy source, etc. to the car battery. The equipment necessary for that
purpose is a powerful electronic converter working as a battery charger.

Nowadays, the leading fast-charger schematics are based on different advanced switched-mode
power supply topologies: LLC resonant converters with soft switching [5,6], phase-shift converters
[7], two and three-level, three-phase, full-bridge direct current-direct current (DC-DC) converters
[8,9], bi-directional vehicle-to-grid converters [10], etc. These are advanced switch-mode converters
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which have significant technical advantages and, respectively, considerable areas of application.
Their disadvantages are complexity, a high number of switches, high switching frequencies and
therefore EMI (electromagnetic interference) problems, a complex control system, high price,
difficulties with manufacturability, etc. Such problems can be avoided with a simple Buck-Boost
structure based on isolated gate bipolar transistor (IGBT) modules.

The aim of this research is a powerful Buck-Boost transformerless converter, based on a small
number of IGBT modules to be analyzed and experimentally verified. Such a solution has the
potential to be used as a powerful (150 kW) battery charging system based on a budget-friendly
topology with high power density and efficiency. These requirements are feasible due to the simple
structure, which this type of DC-DC converter usually has. Inherently, their power stages are based
on a small number of semiconductors. In this case, an application of the currently available powerful
silicon-based IGBTs would allow for only two modules to be used.

Figure 1 shows the power part of transformerless fast-chargers based on Buck topology which
is widely used today. Such charging stations are powered by a high-voltage distribution system
through a low-frequency power transformer in order for their impact over the low-voltage system to
be minimized. As a rectifier is usually used, a controllable alternating current — direct current (AC-
DC) converter with PFC (power factor correction) is required. The analyzed and experimentally
verified Buck-Boost converter based on powerful IGBT modules is designed to replace the Buck
converters, as Figure 1 shows. The major benefit of a Buck-Boost converter topology is the inherent
ability of the output voltage to be lower or bigger than the input DC voltage. Such a characteristic
would guarantee the flexibility of the charging system and its applications in the wide range of
growing battery-pack voltages.

Buck DC-DC
AC-DC DC line Converter

converter/rectifier N i_ ~\ "
High Voltage N\ T
Step-Down ) J y ] [ —_—
\4 + \4 # \4 :I o o
{/ #/ 4/ ™ T
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Transformer ~{
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Figure 1. A fast-charge station with the main elements of direct current-direct current (DC-DC) Buck
converters, low-frequency transformer; alternating current (AC)-DC converter-rectifier with power
factor correction (PFC) and filter. The designed Buck-Boost converter is shown as a suggestion to
replace the Buck converters.

The safe operation area (SOA), as one of the most important features, strongly depends on
switching and conducting losses in a switch-mode application and, respectively the accumulated
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junction temperature. In [11] a study dedicated to over-current and over-temperature breakdown for
high-voltage, high-current IGBT modules is presented. It is shown through simulations and
experimental verification that breakdowns can happen when the modules operate in restrictive
temperature environments. Although the paper is focused mainly on railway inverters, the presented
analysis is supposed to be actual for DC-DC Buck-Boost converters as well. The same research gives
information, according to which the maximum overloading, therefore the probable failure, occurs
mostly when high current and high voltage are simultaneously applied across the device during the
switch-on or switch-off periods. Additionally, the dependency of IGBTs dynamic characteristic on
the temperature can be verified with modeling and simulations [12-14]. The proposed models have
applications in converter design, mode-of-operation analysis, lifespan estimation, analysis and
design of the necessary cooling system, etc.

A study of fast-charging under extreme temperature conditions is presented in [15]. This paper
presents power-quality performance, addressing important characteristics such as ambient
temperature range and its influence over the total harmonic distortion (THD), power factor, etc.
Although this research is not focused on such issues, the concluded temperature range (+40°C —
-15°C) and the considerations given for low THD are taken into account in this analysis.

Thermal modes of operation of IGBT modules are shown with modeling and simulation in
[16,17]. The presented numerical analysis gives fundamental information about temperature
dissipation and thermal field distribution in the modules. As the results are not focused on a specific
converter, but rather a broader study is offered, they are applicable for a Buck-Boost converter in
Buck, Boost and Buck-Boost modes of operation.

Two different IGBT structures, Floating Island (FLI) and Revers Conducting (RC-IGBT), are
analyzed in [18] and [19,20] respectively. These technologies offer significant advantages such as a
lower break-down voltage, which leads to lower losses and better efficiency, better robustness under
fault conditions, etc. In [20] an application in high voltage railway converters is presented. A
significant decrease in losses, accomplished with RC-IGBT modules compared to conventional IGBT
modules, is shown. Such efficiency improvements can also be expected to be achieved for battery-
charge applications based on the proposed topology, although the published literature in this
direction is insufficient.

Potentially, Buck-Boost DC-DC transformerless converters can face short-circuit failure modes
under certain conditions. Sources [21-26] offer significant information in this direction as follows:
IGBT structural behavior under short-circuit [21]; breakdown and thermal runaway mechanisms
leading to destructive failure [22]; damages from electrostatic discharge [23]; IGBTs" mechanical
stress under short-circuit conditions [24]; turn-off failure mechanism [25]; robustness of IGBT
modules during turn-off commutation.

In [25] experimentally obtained oscillograms are given, which clearly show the mechanism of
turn-off failure of an IGBT module. The depicted problem with overcurrent leading to a thermal
runway and avalanche breakdown is supposed to be actual for DC-DC Buck-Boost converters,
especially on the border between Buck and Boost modes of operation. The same suggestions can be
confirmed from the experimental data presented in [26].

The research showed that the Buck-Boost topology is used for low-voltage converters, based on
MOSFETs (Metal Oxide Semiconductor Field Effect Transistor), completed by four transistors with
synchronous switching [27-37]. Despite that, its application with high-voltage IGBTs, considering the
different voltage ranges and transistors’ parameters, requires the analysis and design procedure to
be altered. The proposed application requires study to be undertaken in several directions: a possible
range of the switching frequencies at the Buck-Boost mode of operation for a converter based on high-
voltage and high-current IGBT modules; thermal mode of operation and possibilities for the
dissipated losses and temperature, to be reduced; the possible voltage ranges between the three
modes of operation Buck, Boost and Buck-Boost to be analyzed and experimentally verified.
Additionally, the low-voltage MOSFET converters are implemented with control systems based on
application-specific integrated circuits (ASICs), directly powered by the low input voltage [38—41]
usually in a range 24-60 V, which is inapplicable for high-voltage IGBT applications up to 1000 V. In
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this sense, the novelty in the current research consists in the application of high-voltage, high-power
IGBT modules, half-bridge or integrated transistor-diode structures, applied for vehicles fast charge
converters, which cannot be completed with the presented low-voltage applications. Such a
technology needs further development in two directions.

The suggested Buck-Boost converter maintains three modes of operation: Buck, Boost, and Buck-
Boost. The third applies on the border between Buck and Boost, as in this condition neither of them
can support the output voltage. In [27-29] it is correctly suggested that the implementation of Buck-
Boost mode has the potential to decrease the losses and to increase the efficiency of the DC-DC power
stage. For this class of hard-switched converters, the targeted efficiency can be set at 97-98% for both
semiconductors. In the currently available literature, the IGBT operation at Buck-Boost operation
mode is not presented in detail, considering the relatively low switching frequency (8-16 kHz),
significant voltage tails for the silicon-based IGBTs, and the necessary time rages.

The voltage region of the Buck-Boost operation mode is of primary importance for achieving a
robust and efficient operation [35-37]. Several techniques are applicable mainly used for MOSFET-
based DC-DC converters: active inductor balancing for interleaving Buck-Boost converters [35],
reduction of the passive elements [36], and a high level of implementation of a digital control system
for low power portable electronics. It depends on the semiconductors’ parameters, or in this case,
currents and voltage tails of the selected IGBT modules, the maximum duty cycle at Buck and Boost
modes, and switching frequency, etc. Its importance requires it to be analyzed and verified
experimentally.

The paper is organized as follows: section two presents an analysis of the proposed converter,
which is limited to the power stage of the Buck and Boost parts; section three shows an experimental
study, conducted with an experimental model; conclusions are summarized in section four.

2. Analysis of the Proposed Converter

Figure 2 shows the proposed Buck-Boost converter for fast battery charge, derived from the basic
circuit, shown in Figure 1. The input power supply consists of a low-frequency three-phase isolation
transformer Trl, connected to low-voltage grid (0.4 kV), as in this case a high-voltage system has not
been available. The voltage after rectification and filtering is 660 V, assumed to be stable on the input
side of the DC-DC converter. As this part of the circuit is not the object of this research it has been
simplified for experimental purposes only.

The Buck-Boost converter consists of two IGBT modules, M1 and M2, with transistor-diode
structure Q1-D1 and Q2-D2, inductor L1, input C1 and output C2 capacitors, and snubber capacitors
C3 and C4. The output voltage can vary in the range of 300-1000 V, depending on the vehicle battery
(B1) type and state of charge (SoC). The transistor-diode modules, shown in Figure 2, are particularly
designed for such type converters.

The transistor-diode modules, shown in Figure 2, are particularly designed for such a type of
converter. Alternatively, half-bridge modules (Figure 3) can be used. Although additional control
signals are necessary for transistors Q2 and Q3, for most of the modules only their reverse diodes can
be used for simplification. Table Al (Appendix A) shows some currently available IGBT modules,
rated at the required power, offered by several manufacturers.

As mentioned above, a typical feature of these type of converters are the three modes of
operation. First, the Buck mode when V,,; < Vj;, or in this analysis, a range 300-600 V is assumed
(Figure 4). During Buck mode, the transistor Q1 is controlled by pulse width modulation (PWM) and
transistor Q2 is permanently OFF. Module M1 dissipates switching and conductive losses, while only
the diode from M2 has conductive losses.

The Boost operation mode is applicable when V,,; > V;;,, or here a range 700-1000 V. V,,, is
assumed. During Boost mode, the transistor Q2 is under PWM control and transistor Q1 is
permanently ON. It is vice versa on the previous mode, M2 dissipates switching and conductive
losses, while M1 only has conductive losses. Diode D1, module M1, is permanently OFF and can be
accepted as excluded from the analysis.
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Figure 2. The proposed Buck-Boost converter for fast charge, based on isolated gate bipolar transistor

(IGBT) modules (see Table A1 Appendix A).
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Figure 4. Buck, Boost and Buck-Boost modes of operations. Their activation and the necessary pulse
width modulation (PWM) is presented according to the output voltage range.

The Buck-Boost mode is necessary when V,,, and V;, are approximately equal and neither of
previous modes can support the normal operation. The problem occurs due to the duty cycle, which
under equalization between V,,; and V;;, will be too high during Buck mode or too low during the
Boost mode of operation. Here, considering the input DC voltage of 660 V, a flexible range of V,,; >
550 =600V and V,,; < 700 — 750V is assumed, as Figure 4 shows. In this mode IGBT module M1
operates as a Buck converter with a fixed duty cycle, between 0.7-0.8 and IGBT module M2 operates
as a Boost converter with variable duty cycle 0.1-0.4 (Figure 5). The presented PWM signals are
produced by a flexible control system based on microcontroller, current and voltage measurement of
galvanically isolated circuits, shown in the same figure. These ranges are considered from
manufacturers’ documentation [38-41], where they are recommended only for MOSFET-based
converters and should be checked for IGBTs. Another factor, which has a significant impact on the
duty cycle restriction, is imposed from the snubber capacitors C3 and C4, Figure 2. As for the IGBT
modules, due to their relatively low switched frequency and high voltages, they can reach 1.5-2 uF,
i.e., much bigger than MOSFET-based applications, and therefore their effect over the operation
modes must be verified experimentally.

Under the suggested sequence of modulation Buck, Buck-Boost and Boost, a smooth output
voltage must be assured during the entire charging cycle, regardless of its stage-constant current or
constant voltage. Eventually, the output current given in Figure. 5 shows that the Buck, Boost, and
Buck-Boost are continuous modes of operation.
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D is the duty cycle; V,,, is the output voltage; V;,, is the input voltage; T is the period (sec); to,
is the ON time (sec); F;, is the switching frequency (Hz); L is the inductance (H); Iphaxoue is the
maximum output current.

During Buck-Boost mode, modules M1 and M2 operate with PWM at the same time, dissipating
switching and conductive losses. Such an operation has the potential to heat the converter to a
dangerous temperature level, i.e., the problem presented above. Improving the cooling system is not

always a universal solution, because it would have a negative impact on power density and overall

efficiency [39,40]. Hence, other techniques for minimizing the losses must be implemented. The
suggested approach in this research is the switching frequency to be reduced during Buck-Boost

mode, and the necessary parameters of such reduction must be analyzed and verified [41].
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As Buck and Boost mode of operations have trivial descriptions [42,43], although fundamental
for this converter, their basic equations are given in Table 1 without further explanation.

Table 1. Buck and Boost mode of operations.

Buck Boost
Duty Cycle
V, t Vi i
D — out — -on — _ in(min)
Buck Vin T DBoost 1 Vout
Inductor
_ Vout(1-D) VIN@min)XDboost

L = L =
Buck FewXAIL Boost FewXAIL

Maximum output current

Al

I — AL Alp
max out Buck — 'L 2

Imax out Boost = (IL(min) T) x(1-D)

Maximum switching current

I —_ AImaX I I — Almax Iout
swmaxBuck — ~ , oyt swmaxBoost = — ,

1-Dpoost

The Buck-Boost mode of operation can be derived from Buck and Boost modes, as in this mode,
both operations are cascaded. If the voltage after the Buck part of the converter is derived from buck
duty cycle as [38]:

Vout buck = Douck X Vin, (1)

and the output voltage, i.e. after the Boost part, is based on Boost duty cycle (2) as:

Vout = Dpoost X Vout boost 2)

then the Buck-Boost mode of operation can be written as:

Vout
Vin

= Dpuck X Dpoost 3)

leading to [38]:

Vout _ _Dbuck
m B 1_Dboost, (4)

The losses estimation is based on the following requirements: the converter must be designed to
work with constant output current and constant output voltage. The voltage range is shown in figure
3 as Voutmin = 300V, Voyrmax = 1000 V. The accepted current range for this design is I,y nom =
150 A, Ioutpear = 200 A. With that, the converter must be able to work appropriately, i.e. on the
required efficiency and thermal equilibrium, under the nominal output power of Pyt nom = 150 KW
and peak power of Pyytpeqr = 200 KW.

Usually, the targeted efficiency for this class of transformerless, hard-switched converters is
within the range 96-97%, and should not be smaller than 95% at any modes of operation. In this
paper, the efficiency is estimated only for both modules M1 and M2 (Figure 2), as they are the major
focus of this research. This means that the efficiency should be over 98% at the nominal current of
150 A, and over 97% at maximum current of 200 A, which gives enough energy budget for the final
efficiency target of the entire converter to be achieved.

The nominal switching frequency is 12 kHz for the Buck and Boost operation modes but it can
be reduced to 10 kHz in order for the expected losses under Buck-Boost mode to be minimized. The
output voltage ripples should be no bigger than 20% in any mode of operation. Although some of the
analyzed modules given in Table A1 (Appendix A) are rated at higher than 20 kHz frequencies, which
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has the potential to reduce the size of the inductor and output capacitors, this research has found that
such switching frequencies are not feasible at the required power level for hard-switching topology.

The energy analysis is based on fundamental equations and dependencies for IGBT transistors,
presented in the literature sources [44—48]. Because of that, in this case, the necessary mathematical
apparat is simplified to the usage of basic equations for losses calculation and IGBT characteristics
from manufacturers’ datasheets [49-53].

The total losses of an IGBT are given as a sum of two components-conduction P,,q and
switching P, losses, given by the Equation [46—48]:

Pioss i68T = Peona + Psw, 5)

As the switching losses are sum of turn ON and turn OFF losses, or

Bow = Peurnon + Prrun oFFs (6)

can be written:

Pioss1cT = Peona + Prurn on + Prurn orr, (7)

The conductive losses are calculated according to the current and the semiconductor resistance
Rop, O1:

Peona = II%MS X Ron, (8)

The switching losses are calculated from the accumulated energies during the transient switched
ON Eyy, switched OFF E,¢, reverse recovery E,,, and switched frequency f;,,, given from the
equation [46—48]:

Py = (EON+Eoff + Er) X fows )

The necessary Eqy, Eff, Er canbe obtained as functional current dependencies at given gate
drive resistance, as shown in Figure 6 as an example. As for the suggested battery charger, the output
current must vary in the wide area I;, = 100A — I,;,;, = 150A — I,,4,, = 200 A, the necessary
energies are in a range of several tents mJ, shown in the dashed area in the same pictures.

[mJ] Eon
50
40
Eoff
30
20
Err
10
7
0 100 200 [A]

Figure 6. Accumulated energies Eqgy, Eqff, Err-

The temperature on the junction can be found from the dissipated power, calculated from
Equation (9), thermal resistance R, and the ambient temperature T, as follows [46—48]:
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Tj = (Pioss 1687 X Ren) + Ty, (10)
The thermal resistance is given as:
P = Repj_c + Rinc—ns + Renhs—ar (11)

where Ry j_. is the thermal resistance junction to case; Ry .—ps is the thermal resistance case to

heatsink; R ps—q is the thermal resistance heatsink to ambient.

Figure 7 shows in details the power losses and overall efficiency at the DC-DC stage of the
converter during Buck mode, at switching frequency 12 kHz. The graphics are given as follows: 1—-
DC-DC power stage losses, dissipated from both modules M1 and M2; 2-switching and conductive
losses from the IGBT transistor Q1, module M1; 3-losses from the diode D1, module M1; 4-losses
from the diode D2, module M2; 5-overall efficiency of the power stage of the converter, calculated
over the modules M1 and M2. As the obtained data shows, the overall efficiency does not drop under
98% at 150 A nominal current and 1000 W losses.

The same data, as a functional dependence of the duty cycle (DC), is presented in Figure 8.
Graphic 1 shows linear losses increase with the DC increase, which increases the IGBT junction
temperature. With a maximum junction temperature of 175 °C for silicon-based IGBTs and 15% safety
margin, a temperature of 150 °C can be accepted as a maximum possible. In this analysis a constant
surface temperature of 40 °C is accepted, which has to be supported by the cooling system. The data
shows that it is reached, depending on the IGBT characteristics, in the duty cycle range 0.8-0.9, which
must be the maximum duty cycle for Buck mode. On the other hand, the output voltage from the
Buck mode, calculated with this duty cycle range and the accepted input voltage of 660 V, gives
approximately the voltage range of 550-600 V as this is suggested at the beginning in Figure 4. The
results explicitly show that such frequency reduction must be applied at the end of the Buck mode,
entire Buck-Boost mode and the beginning of the Boost mode.
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Figure 7. Buck Mode of operation. 1-DC-DC power stage losses; 2-Buck transistor Q1 losses (IGBT
module M1); 3-Buck diode D1 losses (IGBT module M1); 4-Boost diode D2 losses (Boost module M2).

The magnitude of the frequency reduction approach to decrease the junction temperature, hence
losses on the power stage, is shown in Figure 8, Graphic 4. A rapid temperature drop occurs at the
moment of switching frequency reduction from 12 kHz to 10 kHz. This also means that the cooling
system, air or water cooled heat sink should be designed for the lower power dissipation without a
need for oversizing.

Similarly, the losses for Boost operation mode are shown in Figure 9 as follows: 1-losses,
dissipated from the DC-DC power stage, which includes Buck M1 and Boost M2 modules; 2-Boost
transistor Q2, commutated with PWM, module M2; 3-Boost diode D2, installed in the same module;
4-conductive losses dissipated by the buck transistor, as it is permanently switched ON; 5-the
efficiency is slightly slower than the expected 98%, but in the range of the acceptable error.
Additionally, a comparison between Buck (Figure 6) and Boost (Figure 8) operation modes shows
that their energy characteristics are similar at the same switching frequency.
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Figure 8. Buck mode of operation. 1-Buck transistor losses; 2-Buck diode losses; 3-Buck module
temperature. 4-Reduction of the switching frequency from 12 kHz to 10 kHz.

Power losses at Buck-Boost operation mode are shown in Figure 10. Graphic 1 shows the
dissipated losses at 12 kHz, which are approximately 300-350 W more for the entire current range
than the losses at reduced to 10 kHz switching frequency (Graphic 2). Furthermore, Graphic 2
correlates with Graphic 1 (Figure 7, Buck mode) and Graphic 1 (Figure 9, Boost mode), which
suggests the same losses level for the entire output voltage and current regions, shown in Figure 4.

The output design parameters are given in Table 2. The output current ripple is calculated for
the assumed output voltage range of 300-1000 V, at 150 A output nominal current, and 660 V input
voltage. The inductor L1 (Figure 2) is 500 uH, which is an acceptable value for low-frequency DC-
DC transformerless converters. The result shows that output voltage ripple of under 20% is
achievable for the three modes of operation with the suggested frequency reduction.
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Figure 9. Boost mode of operation. 1-DC-DC power stage losses; 2-Boost transistor Q2 switching and
conductive losses (IGBT module M1); 3-Boost diode D2 losses (IGBT module M1); 4-Buck transistor
Q1 losses, permanently switched ON (IGBT module M2); 5-Efficiency.
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Figure 10. Buck-Boost operation mode power losses compensation with switching frequency
reduction. 1-losses at 12 kHz switching frequency; 2-losses at 10 kHz switching frequency.
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Switching Output
On- Off-
Output voltage to the frequency Duty . . current
Time Time .
charged battery (V) (kHz) / Period cycle (us) (us) ripple
(us) " M (A)/ (%)
Buck mode of operation (Buck module M1)

300 12/83.33 0.45 37.93 45.41 27.31/18.2
350 12/83.33 0.53 4423 39.1 27.42/18.28
400 12/83.33 0.61 50.54 32.79 26.28/17.52
450 12/83.33 0.68 56.85 26.49 23.88/15.92

Buck-Boost mode of operation (Buck module M1; the output voltages given for this mode of

500
525
550

operation are after Buck module M1)

10/100 0.76 75.78
10/100 0.79 79.57
10/100 0.83 83.35

24.22
20.43
16.65

24.25/16.17
21.48/14.32
18.34/12.22

Buck-Boost mode of operation (Boost module M2; the output voltages given for this mode of

600
650
700

750
800
850
900
950
1000

operation are at the output of the converter)

10/100 0.17 16.76
10/100 0.19 19.32
10/100 0.22 21.51

Boost mode of operation (Boost module M2)

12/83.33 0.12 10.07
12/83.33 0.17 14.64
12/83.33 0.22 18.68
12/83.33 0.27 22.27
12/83.33 0.31 25.48
12/83.33 0.34 28.37

83.24
80.68
78.49

73.26
68.69
64.65
61.06
57.85
54.96

16.76/9.3
20.28/10.91
23.66/12.38

13.29/7.79
19.33/10.62
24.66/12.75
29.4/14.36
33.64/15.57
37.45/16.47

As this research is to offer more broad study, the presented data in Figures 6-9 and Table 2 are

averages. It has been calculated from IGBT module datasheets, given in Table Al, using their basic
parameters and the above presented equations (1-11). However, the interested reader could use
specific IGBT modules for a more precise design of a Buck-Boost converter used as a battery charger
or other applications. In this case, the received results would differ from the presented data in a small

acceptable range.

3. Experimental Data

The experimentally obtained oscillograms depict the most important voltages and currents
waveforms for the Buck, Boost, and Buck-Boost mode of operation as follows:
Figure 11. Graphic 1 shows the drain-to-source voltage of transistor Q1, without a snubber
capacitor. The experiment is conducted at nominal characteristics —switching frequency of 10-12
kHz, nominal current 150 A, output voltage within the suggested in Figure 4 range of 300-550 V,
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input voltage of 660 V. In this mode, the voltage peak during the switch-off period, shown in the
same figure, cannot exceed the maximum rated IGBT voltage, but can make the entire system
unreliable. Graphic 2 shows the current through the transistor Q1.

Figure 12 shows the same characteristics with a snubber capacitor of 470 nF, 2 kV added in
parallel to Q1. The design of this capacitor is out of the scope of this paper, but its experimental
verification clearly shows its impact over the switched-off time. This oscillogram shows that the
converter operates without over-voltages during the transient, but due to the capacitor included
dv/dt is lower, which has negative impact on the switching losses. Hence, the converter ability to
sustain the output voltage during this mode at duty cycle higher than 0.85-0.9 can be compromised.

Figure 13 shows that with a duty cycle over 0.95 the IGBT module practically cannot be fully
switched-off, i.e. the current is not stably established at zero ampere, which can cause unacceptable
losses and overheat. This result complies with the analytical obtained result, presented above,
showing that the duty cycle should be limited to 0.87-0.85 for a converter based on IGBT modules.

Figure 14. The current through the inductor during the Buck mode of operation is presented.
Graphic 1 shows the current through Q1 and graphic 2 the current through the diode D1, during the
OFF time of the transistor Q1

Current _ Voltage
; 1 .
o . . . .
wsoal 0. oo oo
_ 550V
........ NEGT— I
25 us

Figure 11. Buck mode of operation. 1-voltage gate-to-source Q1 (module M, figure 2), 2—current
through transistors Q1. Snubber capacitors are not included.

Current Voltage

LI I U L B I O B |

150A

: - | s50v
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Figure 12. Buck mode of operation. 1-voltage gate-to-source Q1 (module M1), 2—current through
transistors Q1. Snubber capacitors are included.

Current

Voltage

|
N

) -

LI I I I N N B { B |

150 A

550V

| D G T T -

N

-—

Figure 13. Buck mode of operation. 1-voltage gate-to-source Q1 (module M1), 2—current through
transistors Q1. Duty cycle over 0.95.

Current

Ll L L+ 1 1

150A

LI I B |
Ll 1

11 ]

e

Figure 14. Buck mode of operation. Current through the inductor during 1-switched-on and 2-
switched-off of transistor Q1.

Figure 15 shows the Boost mode of operation, drain-to-source voltage of the Boost transistor Q2,
M2. The oscillograms in the same figure give the overvoltage of the Boost transistor and its mitigation
with the same type of snubber capacitor, connected in parallel to Q2. At the maximum accepted
output voltage of 1000 V, the peak voltage can potentially exceed the rated voltage of the module of
1200 V. Having the same considerations as presented for the Buck operation mode, it can be stated
that the minimum duty cycle, hence the input Boost voltage, must be limited as it is given in Figure
4.
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Voltage: -+ v

800V

LI I -5 B I |

800V

-——

E
Figure 15. Boost mode of operation. Voltage drain-to-source, boost transistors Q2, module M2.

Figure 16 shows in Graphic 1 the current through the Boost transistor Q2 (switched-on) and in
graphic 2-the current through the diode D2, during the switched-off period of Q2. This measurement
verifies the operation of the inductor L1, Figure 2, without saturation.

Figure 17 shows the voltage (Graphic 1) and the current (Graphic 2) on the Buck side, i.e., at the
input, during the Boost mode of operation is presented.

Figure 18 shows that the Buck-Boost mode is depicted with the necessary PWM signals only, as
all voltages and currents have similar waveforms as already presented for the previous two modes.
Herein, Q1 is fixed at 0.8 PWM, Graphic 1, and Q2 is variable in the permitted range 0.1-0.4 PWM.

Current

150 A

Figure 16. Boost mode of operation. 1—current through the Boost transistor Q1; 2-current through the
diode D2.
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Figure 17. Boost mode of operation. 1-drain-to-source voltage, Buck transistor Q1, and 2—current
through the transistor Q2 during Boost mode of operation.

Figure 19 presents a comparison between the analytically estimated efficiency (1, 3) and
experimental measurements (2, 3). This result shows that the energy analysis given in Figures 7-10
can be assumed as valid with an acceptable error under 5%.

Figure 20 presents experimental verification of the expected temperature (2) according to the
analytical calculations given in Figure 8 and experimental measurements (1). The result confirms that
the concept of frequency reduction during the Buck-Boost operation mode in order the loses to be
minimized and consequently temperature to be kept under the critical for the ITGT module is valid.

Figure 21 shows a comparison between analytically (1, 3) and experimentally (2, 4) estimated
power losses, respectively at 12 kHz switching frequency and with frequency reduction to 10 kHz.
The experimentally obtained results are compared according to the analytical data from Figure 10.

Voltage
PWM

Ty
LI e e |

252 |

Figure 18. Buck-Boost mode of operation. 1-PWM on the Buck side, transistor Q1; 2-PWM on the
Boost side, transistor Q2.
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Boost mode of operation
Efficiency
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Efficiency

97.94 3
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97.88
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97.84
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Figure 19. Comparison between analytically 1 and 3, and experimentally 2 and 4 estimated efficiency,
according to Figure 7 and Figure 9.

T(°0)
135
130
125

120

115
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Figure 20. Comparison between analytically (2) and experimentally (1) estimated temperature,
according to Figure 8.
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Figure 21. Comparison between analytically (1, 3) and experimentally (2, 4) estimated power losses,
respectively at 12 kHz and 10 kHz, according to Figure 10.

4. Conclusions.

In this paper, a buck-boost transformer-less DC-DC converter based on high-voltage IGBT
modules for use in a battery charger has been proposed, analyzed and experimentally verified.

The results explicitly showed that a Buck-Boost converter based on IGBT modules is a possible
engineering solution, offering highly simple construction, high efficiency, and a wide output voltage
range, which can be lower (step-down) or higher (step-up) than the input DC voltage. By adding an
additional module, it can replace the commonly used Buck converter, shown in Figure 1, which
operates only as a step-down converter. A converter based on IGBTs can comprise two transistor-
diode modules, as Figure 2 shows, or two half-bridge modules as given in Figure 3, from the currently
popular silicon-based semiconductors presented in Table Al (applications).

The presented energy analysis showed that the converter can operate with acceptable power
losses and stable thermal operation during the three modes: Buck (Figure 7), Boost (Figure 9) and
Buck-Boost (Figure 10). The last requires the switching frequency to be reduced in order for
equalization of the power losses, and hence the junction temperature (Figure 8, Graphic 4), to be
achieved for the entire voltage range suggested in Figure 4. It has been found that the suitable
switching frequency for this class of hard-switched converters, considering the required power and
IGBT parameters, is around 12 kHz, reduced to 10 kHz in the Buck-Boost operation mode.

The experimental data, presented in Figures 11-21, show that the presented concept can be
realized with IGBT modules comprised of transistor-diode structures at the required power. The
converter operates stably for the entire range of switching frequencies, which is depicted with
oscillograms in Figures 11-17. The suggested control conception according to which the switching
frequency must be reduced during Buck-Boost mode of operation in order for the temperature to be
kept under the maximum junction temperature with a safety merging is verified experimentally,
Figures 19-21.

Although the presented research is limited to the power part of the suggested converter, the
analysis and experimental verification show that a powerful Buck-Boost converter for battery
charging, based on a minimum number of modules, is a possible solution. A flexible frequency
switching control has the magnitude to guarantee a thermal equilibrium of the IGBT modules
without power reduction during the entire Buck, Boost and Buck-Boost modes.
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version of the manuscript.



Electronics 2020, 9, 397

Funding: This research received no external funding.

22 of 25

Acknowledgments: The authors would like to thank the company Bowman Power, Southampton, UK, for their
kind support during the development of this research.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A
Table Al. IGBT modules, suitable for the proposed converter.
Type Voltage [V] Current [A] Eon[m]] Eott[m]J] E:[mJl Reng-o [K/W]
Semikron [49]
SEMiX452GAL126HDs 319 35 45 33 0.15
SKM400GB125D 300 17 18 16 0.05
SKM400GAL126D
SKMA400GAR126D 1200 300 29 48 27 0.08
SEMiX302GAL12E4s
SEMiX302GAR12E4s 356 30 44 19 0.09
SKiiP39GB12E4V1 312 20 49.7 30.2 0.19
SEMiX503GB126HDs 466 20 44 32.5 0.08
Infineon [50]
FF300R12KS4HOSA1 300 25 15 15 0.064
FF300R12KE3HOSA1 1200 440 25 44 26 0.15
FF450R12KT4 450 30 40 35 0.11
Mitsubishielectric [51]
CM300DX-24T1 1200 300 36 29 18 0.1
CM450DX-24T1 450 56.6 42 23 0.08
Fuji electric [52]
2MBI300U4H-120 300 17 19 10 0.08
2MBI400VD-120-50 400 16 18 17 0.045
1MBI200V A-120L-50 1200 200 15 22 18 0.17
1MBI900VXA-120PC-50
1MBI900VXA-120PD-50 900 20 40 15 0.03
Microsemi [53]
APTGT200A120G 1200 400 20 20 18 0.14
IXYS [54]
MIXA225PF1200TSFE 360 20 27 11.7 0.14
MID 300-12A4
MDI 300-12A4 1200 330 32 29 ) 015
MID 550-12 Ad 460 64 59 - 0.05

MDI 550-12 A4
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