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Abstract: In the paper the results of simulations and measurements of the boost converter operating with silicon and silicon carbide
devices are presented. SPICE simulations were performed with the use of electrothermal hybrid models of unipolar transistors and
Schottky diodes. The influence of the input voltage, the pulse-duty factor and the load resistance of the boost converter including
silicon MOSFET, silicon Schottky diode, silicon carbide Schottky diode and silicon carbide MESFET on characteristics of this converter
are analysed. The simulation results are verified experimentally. On the basis of obtained results of calculations and measurements, the
influence of selection of the considered semiconductor devices on the boost converter characteristics is discussed.
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Vplw diod in tranzistorjev iz silicga in
stlicgevega karbida na neizotermicne
karakteristike stikalnega pretvornika navzgor

Povzetek: V ¢lanku so predstavljeni rezultati in meritve stikalnega pretvornika navzgor z elementi iz silicija in silicijevega karbida.
Izvedene so bile SPICE simulacije z uporabo elektrotermicnih hibridnih modelov unipolarnega tranzistorja in schottkyjevih diod.
Analiziran je vpliv vhodne napetosti, razmerja med pulzom in premorom in upornosti bremena stikalnega pretvornika navzgor s
silicijevim MOSFET, silicijevo schottky diodo, schottky diodo iz silicijevega karbida in MESFET iz silicijevega karbida na karakteristike
pretvornika. Simulacije so eksperimentalno preverjene. Na osnovi izratunov in meritev je obrazloZen vpliv izbranih elementov na
lastnosti stikalnega pretvornika.

Klju¢ne besede: stikalni pretvornik, polprevodniski elementi iz SiC, stati¢na karakteristika, modeliranje
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1. ]ntmdu(;ti(m such circuits with silicon carbide (SiC) devices [2 -4, 10

- 17]. The properties of silicon carbide power semicon-
The non-isolated boost converter — NBC (Fig.1) belongs ductor devices are presented in many papers, e.g.in [7,
to a class of power electronic circuits most often used. 18 - 25]. In the cited papers, it is underlined that SiC
The NBC is applied both in supplying circuits and pow- power semiconductor devices can operate in higher
er factor correction (PFC) circuits [1 - 7]. Properties of temperature and with higher switching frequency than
the considered converter depend on parameter values classical silicon semiconductor devices. In the papers
of the component elements, especially - semiconduc- [2 - 4,10 - 15, 17] the switching converters including
tor power devices, e.g. [6 - 12]. SiC Schottky diodes, power JFETs, power BJTs or power

MOSFETs are described. The considered converters are
Typically, silicon power devices are used in boost con- utilized in PFC circuits, photovoltaic (PV) systems, in-
verters, but recently more and more papers describe verters for IPM traction drive or other high frequency
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Figure 1: The non-isolated boost converter

and high voltage power networks. The authors of the
cited papers proved that using SiC semiconductor
power devices make possible to reduce power losses in
high voltage switching converters [26].

Nowadays, specialist computer programs along with
devices models are used in the process of analysing
and designing electronic circuits. SPICE is one of the
most popular tools used for this purpose [1, 27-30].

One of the essential physical phenomena influenc-
ing the devices and dc-dc converters characteristics
is selfheating [1, 8, 27, 30 - 35]. To take into account
such a phenomenon in the circuits’ analysis, the device
electrothermal models have to be used. Due to some
properties of pulse circuits, the electrothermal models
have to model, first of all, the device ON and OFF states.
Apart from this, such models should have possibly rela-
tive short time of calculations. Unfortunately, the so
called global electrothermal models (GETM) [24, 36 -
41] do not posses such properties and therefore GETMs
are not suitable to analyse dc-dc converters. The GET-
Ms are the complex model, which describe properties
of semiconductor devices very accurate using the net-
work form composed of passive components and con-
trolled current or voltage sources. For example, some
attempts to use the GETM of Schottky diode [36] and
MESFET [37] lead to unconvergency of calculations.

In turn, as it was shown in [8, 30, 42, 43, 47], the hybrid
electrothermal models (HETM) assure both high accu-
racy and acceptable time of calculations. Such models
consist of two parts. First of them is the isothermal
model built-in in SPICE whereas the second part in-
cludes controlled current or voltage sources modelling
the influence of the increase of the internal device tem-
perature on its terminal currents and voltages. Forms of
such models for the considered devices are presented
in the next section.

In this paper, which is the extended version of the pa-
per [44], properties of boost converters with unipolar
transistors and Schottky diodes made of silicon and sili-
con carbide are compared. The theoretical considera-
tions are illustrated by some results of the calculations
and measurements.

2. Llectrothermal hybrid models of
urnupolar transistors and diodes

The hybrid electrothermal models of semiconductor
devices dedicated for SPICE were presented for exam-
ple in [8, 30, 43, 44]. HETM consists of the isothermal
device model built-in in SPICE, the controlled voltage
sources modelling the additional voltage drops be-
tween the device terminals resulting from selfheat-
ing and the compact device thermal model making it
possible to calculate the device internal temperature,
based on the device dissipated power course and the
course of the device transient thermal impedance.

Fig. 2 illustrates the network representation of the hy-
brid linear model of the diode, in which the influence
of the temperature on the voltage drop across the for-
ward biased junction and the series resistance is taken
into account.

]
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Figure 2: The circuit representation of the hybrid elec-
trothermal model of the diode

In this model D1 represents the isothermal diode mod-
el built-in in the SPICE program [45], the controlled
voltage source E , models the temperature changes of
the voltage across the forward biased junction and on
the diode series resistance.

The value of the source E  is given by the formula

EUD=i'RS'0CRs'(TD_To)+0‘U'(TD_YI)) (M
where RS designates the series resistance of the diode
at the reference temperature T, o, is the temperature
coefficient of relative changes of this resistance, o, is
the temperature coefficient of the voltage changes on
the forward biased junction, whereas T, denotes the
internal temperature of the diode.

The compact thermal model is composed of the source
Gp, the current of which is equal to the device thermal
power p, and the two-terminal R, C, modelling the
device transient thermal impedance. To reduce the
time of calculations only one thermal time constant of
the non-physical value characterizing the device tran-
sient thermal impedance was used in the model [8, 30].
The power model is given by the formula
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In turn, the circuit representation of the electrothermal
hybrid linear model of the unipolar transistor, in which
the dependence of the series resistance of the drain on
the temperature is taken into account, is shown in Fig.3.

The electrical Yiny

| model

Figure 3: The circuit representation of the hybrid elec-
trothermal model of the MOSFET transistor

In Fig.3 WMS stands for the isothermal model of the
MOSFET transistor built-in in the SPICE software [45],
the controlled voltage source E,; models the depend-
ence of the series resistance of the drain on tempera-
ture.

The value of the source E_ is given by the formula

ERD:iD'RON'OCRD'(TT_To) (3)
where R designates the value of the transistor on-
state resistance at the reference temperature To, Oy is
the temperature coefficient of the relative changes of
this resistance, whereas T_ denotes the internal tem-
perature of the transistor.

The power model is given by the formula

P =Vps “Ip (4)

where the voltage v, and the current i  are marked in
Fig.3.

In both the presented models the internal device tem-
perature (T for the transistor and T, for the diode) is
the sum of the ambient temperature T and the tem-
perature excess (AT, for the transistor and AT for the
diode) calculated from the thermal model.

3. Results

In this Chapter the results of experimental verification
of the electrothermal hybrid models of the diode and
the unipolar transistor (see Chapter 2) as well as the
boost converter with these devices are presented. The
investigations were performed for four devices: the sili-
con Schottky diode 1N5822, the silicon carbide Schott-

ky diode SDP04S60, the silicon MOSFET IRF540 and the
silicon carbide MESFET CRF24010.

The parameter values of the electrothermal hybrid
models of the considered devices are collected in Ap-
pendix.
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Figure 4: The nonisothermal dc characteristics of the
considered Schottky diodes (a) and the dependence of
the case temperature of these diodes on their voltage-
drop (b)

In Figs.4-5 the nonisothermal dc characteristics of
the forward biased diodes (Fig.4) and the transistors
in the non-saturation region (Fig.5) are presented. In
these figures points denote results of measurements,
whereas lines denote results of calculations. As seen,
a good agreement between the calculated and meas-
ured characteristics was obtained, which confirms high
correctness of both the proposed models and the pro-
cedure of model parameters values estimation. It is
worth mentioning that the voltage drops on the SiC
devices switched-on are much greater than on their
silicon counterparts. For example, the voltage drop on
the forward biased silicon carbide diode is twice higher
than on the silicon one. Apart from this, the SiC diode
possesses several times higher value of the series re-
sistance than their silicon counterpart. Consequently,
the voltage drop on the SiC diode at the forward cur-
rent equal to 2.5 A is over four times higher than that
on the silicon diode.



K. Gérecki et al; Informacije Midem, Vol. 42, No. 3 (2012), 176 — 184

3,5 IRF540),
3 =
25
<,
- CRF24010
1,5 .
l > |
0,5
-
0 T T T T T T |
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7
ups [V]

Figure 5: The nonisothermal dc output characteristics
of the considered unipolar transistors operating in the
non-saturation range

In turn, as it is seen in Fig.5, the slope of the output
characteristic i (v,) equal to the transistor channel
resistance is hardly ten times smaller for the silicon
transistor than for the SiC MESFET. This difference of
the voltage-drop causes directly much higher energy
losses in the switched-on SiC MESFET than in the com-
parable silicon transistor.

Using the investigated devices, the influence of their
properties on the boost converter characteristics was
examined.

The investigated boost converter contains: the coil L =
330 uH, the capacitor C =220 uF and three sets of semi-
conductor switching devices. The first set, called here
the converter CONV1, consists of the silicon power MOS-
FET (IRF540) and the silicon Schottky diode (1N5822).
The second set (CONV2) consists of the silicon MOS-
FET (IRF540) and the SiC- Schottky diode (SDP04S60).
The third set (CONV3) consists of the power transistor
SiC-MESFET (CRF24010) and the SiC-Schottky diode
(SDP04560). The control signal, represented in Fig.1 by
the voltage source V__ is generated by the monolithic
PWM controller (UC3842). The MOSFET transistor is con-
trolled directly by this controller, whereas to control the
MESFET transistor the circuit shifting the control voltage
[13] is additionally used. During investigations, both the
transistors were situated on the heat-sink of dimensions
50x100x10 mm, whereas both the diodes operated
without any heat-sink.

Using the electrothermal SPICE models of the consid-
ered devices shown in Figs. 2, 3 the characteristics of
the boost converter at the steady state were simulated
with the use of the analysis method described in [46].
Moreover, such characteristics were measured. The fol-
lowing dependences were considered: the depend-
ence of the output voltage and the watt-hour efficiency
of the converter and the case temperature of the semi-
conductor devices (transistors and diodes) on the input

voltage, the load resistance and the pulse duty factor of
the control signal. The investigations were performed
at the typical control signal frequency equal to 100 kHz.
The output voltage was measured directly using digital
voltmeter, the watt-hour efficency was obtained indi-
rectly based on the measured RMS values of the con-
verter input and output currents and voltages, whereas
the case temperatures of the transistor and the diode
were measured using the thermo-hunter.

In Figs.6-8 some results of the investigations are pre-
sented. In these figures, the results of calculations and
measurements are marked by lines and points, respec-
tively. As seen, the obtained characteristics have a very
similar shape for all the considered converters - only
the quantitative differences between the characteris-
tics are observed.

It is worth mentioning that on the dependence Vout(d)
the maximum is observed, whereas the dependence
1n(d) is a monotonically decreasing function. As it was
proved in [35] the value of this maximum depends on
the on-resistance R of the power transistor channel.
In the considered case, Ron for the MOSFET is 10 times
lower than for the MESFET and the maximum value
of the output voltage V_of the converter CONV1 is
of about 25% higher than the output voltage of the
converter CONV3. This difference causes also the low-
er value of the watt-hour efficiency of the converter
CONV3. On the other hand, the forward voltage-drop
of the silicon Schottky diode is much lower then the
forward voltage-drop of the silicon carbide Schottky
diode. This differences causes, that the case tempera-
ture of SiC Schottky diodes operating in the convert-
ers CONV2 and CONV3 is much higher then the case
temperature of silicon Schottky diode operating in the
converter CONV1.

In turn, it results from the dependence V_.(R) that the
converters CONV1 and CONV2 operate in the conti-
nouous conducting mode in all the considered range
of changing of the load resistance R, whereas the
converter CONV3 starts operating in the discontinu-
ing current mode for R > 800 €. For all the considered
converters the increasing functions V_.(R) and R, is
observed. On the other hand, the case temperatures
of the diodes and transistors are the monothonically
decreasing functions of the load resistance. The load
resistance cannot be lower than 10 Q, because at this
value of the resistance Ry the diode case temperature is
nearly the catalogue admissible value. Note, that much
higher energy losses existing in the transistors as com-
pared with diodes do not cause the essentially higher
values of the transistor internal and case temperatures
due to the fact that the value of the diode thermal re-
sistance is of much higher value than the value of the
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Figure 6: Dependences of the converter output volt-
age (a), the watt-hour efficiency (b), the transistor case
temperature (c) and the diode case temperature (d) on
the pulse duty factor d of the control signal

transistor thermal resistance. As it is seen, for all the in-
vestigated converters a good agreement between the
results of measurements and analyses was obtained for
the load resistance R > 10 €, which confirms the cor-
rectness of the device models used in the analyses.

180

a) 99 -
Vi, =10V,d=0.5
CONV1
24
ceetN e essu
ﬁTE'ﬁ S —
S 191 / =
z / ”\ CONV3
> 144 /
/ CONV2
V%
9 -
V4
//
4 ‘ | |
! 10 100 1000
R, [Q]
b) 120 -
V=10V, d=05
100 4 coNV1 7 |
/—_”’—\/
& 2 0§ % e,
=
S 60 1
=
40 -
20
0 ‘ | |
1 10 100 1000
R, [Q]
©) 150
CONVI Vi, =10V, d=05
120 1
g %1
<
=
= 60
CONV2 %
30 -
0 ‘ | |
l 10 100 1000
R, [Q]
d) 150
Vi =10V,d=0.5
120
g 0
<
a
= 60 -
30 -
0 ‘ |

R, [Q]

Figure 7: Dependences of the converter output voltage
(a), the watt-hour efficiency (b), the transistor case tem-

perature (c) and the diode case temperature (d) on the
load resistance

Additionally, the influence of the input voltage of the
considered parameters of the boost converter was in-
vestigated. The range of change of the converter input
voltage was limited by the admissible drain-source
voltage of the SiC MESFET. In the range of this voltage
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from 3 to 12V the output voltage of all the investigated
converters increase nearly linearly. Note, that the de-
pencences n(V, ), T(V,) and T,(V,) are the increasing
functions too.
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Figure 8: Dependences of the converter output voltage
(a), the watt-hour efficiency (b), the transistor case tem-
perature (c) and the diode case temperature (d) on the
input voltage
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In Figs.6-8 one can observe that the highest values of
the converter output voltage and the watt-hour effi-
ciency are observed for the converter CONV1 including
silicon devices analysis. On the contrary, the highest
values of transistor case temperature are observed for
the converter CONV3, whereas the highest value of the
diode case temperature was obtained for the converter
CONV2. After using the SiC-MESFET, the considerable
reduction of the output voltage and the watt-hour ef-
ficiency is observed. The described relationships were
observed in a wide range of the pulse duty factor of the
control signal and in a wide range of load resistance.

4. Conclusions

In the paper the results of the analyses and measure-
ments of the characteristics of the boost converter with
silicon and silicon carbide devices are presented. Due
to the higher value of the resistance of the switched-on
SiC transistor channel and a higher voltage drop on the
SiC diode, the converter operating parameters have
worse values when silicon devices are used. Therefore,
the use of the SiC-devices in low-voltage dc-dc con-
verters is unjustifiable.

The use of the hybrid electrothermal models of Schott-
ky diodes and unipolar transistors allow obtaining a
good agreement between the results of the analyses
and measurements for all types of semiconductor de-
vices (Si and SiC). This confirms the usefulness of these
kinds of models in the analysis of the considered class
of converters.
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Appendix

The parameter values of the hybrid electrothermal
models of the considered diodes and transistors are
collected in Tables 1-4.

Table 1: Parameters values of the hybrid electrothermal model of the Si-MOSFET (IRF540)

Parameter name | Level Gamma Delta Eta Theta | Kappa | Vmax Xj Tox Uo Phi
Parameter value 3 0 0 0 0 0 0 0 100nm {600 cm?/V/s| 0.6V
Parameter name Rs Kp w L Vto Rd Rds Cbd Pb Mj Fc
Parameter value | 16 mQ | 20.71 uA/V2| 0.94m | 2um |3.136V |22 mQ | 4444 | 2408 nF| 0.8V 0.5 0.5
kQ

Parameter name | Cgso Cgdo Rg Is N Tt Rox A R,
Parameter value | 1.153 | 445.7 pF/m | 5.557 Q | 2.859 pA 1 142ns | 38mQ | 0.012K" | 12 K/W

nF/m
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Table 2: Parameters values of the hybrid electrothermal model of the Si-Schottky diode (1N5822)

Parameter name Is Rs Ikf N Xti Eg Cjo M
Parameter value 100nA | 3463 mQ | 237A 1 0 111V 1.032nF | 0.6736
Parameter name Vj Fc Isr Nr a, A R,

Parameter value 0.75V 0.5 9.599 mA 2 -2mV/K| 0.003K™ | 60 K/W

Table 3: Parameters values of the hybrid electrothermal model of the SiC-Schottky diode (SDP04560)

Parameter name --—-——---

Parameter value 0.27fA | 190 mQ 1.099 1319V 670V 02A 1.9 pA
Parameter name NBV NR V) M TRS1 TRS2 Olys o, R,
Parameter value 1500 2.36 0.75V 1 0.004 K' | 30x10°K? | 0.005K" | -1.5mV/K | 30K/W

Table 4: Parameters values of the hybrid electrothermal models of the SiC-MESFET (CRF24010)

n-m--

Parameter value 26.6V'| 0135V | -13.84V |0.0085V"| 0.5A/V?|-0.002V/K| 0.17Q | 0.1Q 10Q | 70fA
Parameter name N CGS CGD CDS VBI VMAX | VDELTA Rox Oy R,
Parameter value 125 | 6.7pF | 03pF 1.3 pF 1.8V 0.1V 3V 0.37Q | 0.006 K" | 10 K/W

Arrived: 16.08.2012
Accepted: 15.10. 2012
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