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Abstract: The design of modern power electronics converters requires accurate electrothermal device
models enabling a straightforward parameter estimation and fast, yet accurate, circuit simulations.
In this paper, a novel electrothermal averaged model of a diode-MOSFET switch for fast analysis
of DC-DC converters is proposed. The model has the form of a SPICE-compatible subcircuit and
allows computing in a very short simulation time the DC characteristics of the converter, the wave-
forms of the terminal voltages and currents of the semiconductor devices, as well as their junction
temperatures, both in CCM and DCM. All the input data required by the parameter estimation
procedure can be taken from the datasheets of components. The correctness of the proposed approach
is experimentally verified for a buck converter chosen as a case-study. A generally good agreement
between measurements and simulations is obtained; as an example, the absolute error in assessing the
MOSEFET junction temperature does not exceed 12 °C within the whole range of switching frequency
of the converter, while the commonly used PLECS model considerably underestimates it.
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1. Introduction

DC-DC converters are used for countless applications including electrical vehicles,
industrial automation, medical devices, renewable energy, smartphones, and so on [1].
Among many isolated and non-isolated topologies [2], these converters typically include
at least one diode—transistor switch, i.e., the connection of these two devices in which the
current alternately flows.

In the design process of power converters, a major role is played by computer sim-
ulations [3], which should be fast and as accurate as possible. Typically, in circuit-level
simulations of power converters, programs like PLECS [4] (piecewise linear electrical circuit
simulation) or SPICE (simulation program with integrated circuits emphasis) are used [3].
Many manufacturers of semiconductor devices offer PLECS- and SPICE-compatible models
on their websites.

Factors that strongly influence the accuracy and duration of analysis are the computa-
tion method adopted and the complexity level of the model. In PLECS, simple models of
semiconductor devices are available, which allow for fast simulations of power converters
operating with hundreds or thousands of volts [5]. Moreover, it is possible to perform elec-
trothermal simulations of the converters by computing the temperature of each individual
component. However, the accuracy of the simulation outcomes may be poor, since the
influence of the junction and ambient temperatures on the thermal resistance of the devices
is neglected [6,7]. In addition, the closed structure of this program does not allow for the
implementation of solutions known from the literature to solve this problem.
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Contrary to PLECS, SPICE is a program with an open structure and numerous free
versions. In SPICE, it is possible to implement any mathematical equation using controlled
current and voltage sources. Although SPICE libraries do not contain elements conceived
for electrothermal analysis, these can be easily accounted for using the thermal equivalent of
Ohm’s law [8]. Another relevant SPICE advantage is the accurate mapping of the switching
behavior of semiconductor devices, including overcurrents and overvoltages which result
from the parasitic properties of the analyzed converter. This is particularly important not
only because too-high peaks of either current or voltage may destroy a device, but also
because even moderate pulses influence switching energy losses, and consequently the
junction temperatures [9].

However, transient simulations of DC-DC converters require a long CPU time in
SPICE [10]. An analysis of semiconductor devices placed on heatsinks and operating in
natural heat convection conditions may even last some hours, which is unacceptable from
an engineer’s perspective: if simulations are part of the design process, the simulation time
should not exceed a few minutes.

This problem can be tackled by resorting to methods for fast analysis of power elec-
tronic converters recently proposed in literature [11-16]. For the case of DC-DC converters,
the use of averaged diode-transistor switch models is particularly attractive. Such models
allow obtaining the average values of terminal voltages and currents of the devices, as well
as their junction temperatures, under steady-state conditions. As a DC analysis needs to
be performed, it is possible to significantly shorten the computation time with respect to a
conventional transient simulation [10]. Moreover, it is possible to sweep key variables like
switching frequency, load resistance, or duty cycle, which allows for an easy assessment of
the maximum load current and selection of the switching frequency.

In the literature, numerous models of diode-transistor switches for averaged analyses
of DC-DC converters can be found, which include ideal switches [16-18], MOSFETs (metal
oxide semiconductor field effect transistors) [19-21], and IGBTs (insulated gate bipolar
transistors) [22,23]. Unfortunately, most of them have some drawbacks. In models using
ideal switches, it is assumed that no power is dissipated in the semiconductor devices,
and therefore it is not possible to use them to formulate an electrothermal model of the
converter in which the temperature is determined from the dissipated power. The cited
models of the diode-MOSFET switch suffer from limited accuracy, as they do not take
into account numerous phenomena, examples of this being the dependence on the thermal
resistance on junction temperature, switching losses, and the influence of overcurrents and
overvoltages on them [19-21]. In [22], a model of a diode-IGBT switch is presented, which
accounts for all the above-mentioned phenomena, although the description of overcurrents
and overvoltages is correct only in a narrow range of currents and voltages.

Regardless of the computation method used, each model has parameters whose values
must be determined before computation. From an engineer’s point of view, it is desirable
to estimate them from the datasheets of the used components, the layout of PCB, and cable
project. Models whose parameter values may be estimated using only datasheets are called
datasheet-driven models [24]. When datasheet-driven models are employed, it is possible
to perform a simulation without physically possessing the components.

All the aforementioned literature solutions have visible drawbacks. None of them
accounts for nonlinear thermal effects and switching losses, allows the computing of the
peak values of transistor current and voltage, or at the same time enjoys a short simulation
time and is associated with a datasheet-driven procedure of parameter estimation.

This paper presents a datasheet-driven SPICE-compatible electrothermal averaged
model of a diode-MOSFET switch for fast analysis of DC-DC converters, which accounts
for (i) the dependence of the thermal resistance on the junction temperature, (ii) switching
losses, (iii) overcurrents and overvoltages occurring when switching devices, and (iv) influ-
ence of delay times of the transistor and driver on the duty cycle. Using such a model, it is
possible to compute the average values of voltages, currents, and junction temperatures
of the semiconductor devices in the converter with higher accuracy than the literature
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models [4]. Moreover, differently from other averaged models, the proposed model allows
computing the waveforms of terminal voltages and currents of the semiconductor devices.
All parameters of the model are determined on the basis of the datasheets of the compo-
nents used, PCB layout, and cable project. The main novelties are: shortened duration
of the electrothermal simulations of a power converter for a DC analysis maintaining
the possibility of computing waveforms of drain current and drain-source voltage of the
transistor in steady-state, and datasheet-driven procedure of parameter estimation.

The article is organized as follows. In Section 2, the model form is presented. Section 3
describes the procedure for parameter estimation of the proposed model. Section 4 provides
an accuracy verification of the model based on experimental data, as well as a discussion
about its properties. Conclusions are then given in Section 5.

A cir file for analysis in SPICE is attached to the article as Supplementary Material.

2. Model Form

Figure 1 shows the circuit representation of the model. It consists of 5 parts. The
first one is the main circuit, in which the average values of the voltages and currents of
transistor (MOSFET) and diode are calculated. The junction temperatures are determined
in the thermal model block. The CCM/DCM (continuous conduction mode/discontinuous
conduction mode) block is used to evaluate the equivalent duty cycle of the control signal.
In the overcurrent and overvoltage block, the Vg voltage increase during switching off
and the Ip current increase during switching on are determined. The input data needed
to perform all computations in the above-mentioned blocks are computed in the auxiliary
sources block. It is worth noting that some of equations in this block regarding inductor
current depend on the converter topology.

CCM/DCM

i E, taofr

Auxiliary sources
i ____________________________________________________ Rnnav VTD AIL VDSav Il)avg é
iOvercurrents and overvoltages
i Vc.% ové 14[30% cab% Rs% Is[é ILE\% Imax VD;.vg g

Figure 1. Network representation of the proposed model.

The main circuit is the averaged model of the diode-transistor switch. The terminals
of this circuit represent terminals of the two devices: 1 is the MOSFET drain, 2 is the source,
3 is the diode cathode, and 4 is the anode. The other blocks are used to compute input
data for the main circuit and keep equations describing output current and voltages of
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the controlled source in the main circuit as simple as possible. Moreover, data computed
in these blocks may be used to draw a simplified waveform of the terminal voltages and
currents of the MOSFET and the diode. The main circuit is based on the concept presented
in [16,25]. Although the equations describing the efficiency of the sources are only slightly
changed, in the proposed approach the overall accuracy is significantly improved thanks
to the computations carried out in the other blocks, not included in the literature models
in [16,25].

2.1. Main Circuit

The main circuit consists of four sources: Et, Eg, Gp, and Vp. The controlled voltage
sources Et and Eg are used to model the value of the average voltage between drain and
source. The formulas from [25] have been modified to describe the non-linearity of the
diode current-voltage characteristics:

1-E
Er=— =V 1)
u
Ronavg'Il (1 - Eu)'VDavg
Er = 2
R E, T E, 2

where E, is the equivalent duty cycle of the control signal accounting for the converter
mode of operation and electrical inertia, V1, V, I1, and I, are the input and output voltages
and currents, Vpgy, is the average diode voltage during its conduction described as in [22],
and Ronayg is the average drain-source on-state MOSFET resistance. The voltage source Vp
of output value equal to 0 is used to monitor the output current. The controlled-current
source Gp models the average value of the diode current. The output current of this source
is given by [25]:

1—E,
Gp E, I 3)

The value of the E,, coefficient, determined in the CCM/DCM block, in the case of the
converter operating in the CCM mode is equal to d,,;, which represents the negative duty
cycle of the drain-source voltage.

2.2. CCM/DCM Block

As the DC-DC converter operates in DCM, the value of the output voltage is higher
than in the case of operation in CCM. The reason for this difference is that the inductor
current has dropped to 0 before the end of each DCM cycle. Therefore, in order to correctly
model the output voltage of the converter in both modes, the following formula was
used [22]:

42
G |01 (4)

Eu = LIMIT [ MAX | dyeat, —
real + Vo+Vpmin

where L is the coil inductance and f the switching frequency. The LIMIT function adopted
in (4) is a SPICE standard function that constrains the output value between a lower and an
upper limit, while MAX returns the highest of the two arguments [26].

According to the datasheets, the turn-on and turn-off delay times of both the MOSFETs
and the related drivers are noticeably different from each other. As a result, the duty cycle
of the drain-source voltage decreases with the switching frequency. In order to account
for the influence of electrical inertia occurring in both the driver and the MOSFET on the
characteristics of the DC-DC converter, the duty cycle is given by:

dreal =d+ (tdoff — tion + tdoffdriver - tdondriver) f (5)

where d is the duty cycle of the driver input signal, ¢, and ¢4, are the MOSFET delay
times, and fogiriver and tgongiver are the driver delay times.
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The MOSEFET turn-off delay time strongly depends on the gate resistance, and therefore
it is computed from:
Rére f + RG

6
RGref ©)

taoff = taof fref-

2.3. Thermal Model

The junction temperature of the diode and the MOSFET are computed in the thermal
model block, which is directly coupled to the main circuit. The controlled current sources
Pp and Pr model the average values of the powers dissipated in both devices.

As far as the MOSFET is concerned, the dissipated power is computed as:

Pr = Vpsayg*IeT + f- (Eon + Eoff) @)

where Vs, is the average value of the drain-source voltage of the turned-on MOSFET,
and Eoy and Ef are the turn-on and turn-off switching energy losses, respectively.
The power Pp dissipated by the diode is given by:

Pp = Vpawg-Ia + Ep-f 8)

where the capacitive energy Ep related to reverse recovery in the Schottky diode results
only from the parasitic junction capacitance C;.

The diode and MOSFET are separately described by a thermal model including
junction-case thermal resistance Ry, thermal resistance of thermal grease Ryjgreqs, thermal
resistance of ceramic heat transfer pad Ry;p, and heat-sink thermal resistance Ryy,s. The
value of the thermal resistance Ry is given in the datasheet for both devices. The thermal
resistance of thermal grease is computed from:

tgrease

©)

Rihgrease = e —
grease — k grease A grease
where tereqse is the thickness of thermal grease, kgregse is its thermal conductivity, and agreas,
is the area of the interface. The thermal resistance Ry, is computed analogously. The
thermal resistance Ry is calculated using:

T,. — T,
Ripns = Rth0'€XP<—hSO) + Rino (10)

T
which was formulated on the basis of [27]. In (10), Ry, is the minimal value of heatsink
thermal resistance, T}, is the heatsink temperature directly under semiconductor device,
and T, is a parameter characterizing the geometry of heatsink.

2.4. Overcurrents and Overvoltages Block

In the proposed approach, overcurrents and overvoltages occurring while switching
power transistors, i.e., the drain current increase during turn-on and drain-source voltage
increase during turn-off, are accounted for to assess current and voltage stresses of the
devices and accurately compute their influence on switching losses during the design
process of the converter.

Iyuc is the increase of the current switched on by the transistor resulting from charging
the parasitic capacitance of the diode, and is computed using the following equation:

Lope = Qt—rD-(ref1 —ref,) (11)
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where Qp is the diode capacitive charge, t, is the rise time, and ref; and ref, are the
percentage of switched-off drain—source voltage Vpc defining the borders in which t, was
measured. The charge Qp is computed as

0 Vi-Cin [ C;
] =)0 j0
— . — J =221 12
=/ . Gvo = ( z ) (12)
where C; is the diode junction capacitance determined from the classic formula:

C.
c - j 13
! (1 _ if(U(EU)>drealzv‘./in'(1*Eu)rVin) ) " ( )

]

In (13), Cjo is the junction capacitance at voltage equal to 0, V; is the built-in voltage,
and m is a coefficient characterizing the type of the junction. The reverse diode voltage
at the end of its turn-off phase is computed using the conditional instruction if, because
it changes depending on the converter operating mode: in CCM it is equal to V;;,, and in
DCM it is the product of V;, and the difference between 1 and E;,.

The rise time f,, which is necessary to compute current Ioy, is given by:

ty = dtrl'Imin + dtrZ (14)

where dyr and dy are coefficients of the polynomial approximating the datasheet depen-
dence t,(Ip).
Voo is the voltage increase caused by overvoltage computed from:

(Lcable + Ltmce)'lmax'(f’efl - refz)

Vv =
00V tf

(15)

Leapie and Liraee being the inductances of cables and trace between input capacitor and diode
anode, respectively. If discrete semiconductor devices are used in the design, they can be
connected to the rest of the converter via cables or traces. Inductance L., is computed
using [27]:

! d. \? d. \? d
—9.10-7.].. e, c _ e Ho | Gc
Legpie = 2:10771-4 | In <2 dg) 1+ 1+(2_lc) ‘“*(z.lc) + 3 tan (16)

where [, is the sum of cable length between input capacitance and diode anode, d, is the
diameter of these cables, and p is the magnetic permeability of vacuum. In turn, the
inductance Ly between input capacitance and diode anode is given by [27]

po-le- (ht + %)
Ltragce = ————= (17)
wt

where I; is the trace length between input capacitance and anode of the diode, /; is the PCB
substrate thickness, w; is the trace width, and ¢; is the trace thickness.
The fall time is computed as an approximation of the datasheet characteristic according to:

Rg + RGref

18
Raref (18)

tf = (dtfl'lmax + dtf2)'
where di and dyp, are coefficients of the approximating polynomial.

2.5. Auxiliary Sources

The auxiliary sources are used to compute the parameters used in the other blocks.
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The average value of the drain—source on-state resistance Ronapg to be used in (2) is
computed by approximation of the datasheet characteristics describing this resistance as a
function of the MOSFET junction temperature Tjr, the high state of driver output voltage
VGshign, and the conducted drain current Ip according to:

Vi igh Imru
Ronavg = Ronref + Apon’ (T]’T - TO) + bron- < iT — T0> +aygs: EXP( — ) Ianx*Ime f L IZ[D12D +biplpdIp =

bVGS Ime

(19)

Ronref + g, (TJT - To) + bRron- ( iT— To) +aygs: exp< I/E;th> + um'(I%”’“x+Ig’§i”+IL"’”xIL"'i") + h’”'““"g”“”"”")

where Ronref is the drain—source on-state resistance at the reference temperature Ty at Ip =0
and maximum allowable Vg voltage, whereas ar,,, bron, avGs, bvgs, amp, bip are coefficients
of a function approximating the datasheet characteristics Ron(Ip,V s, Tir)- 4Ron, brRon are Ron
temperature coefficients, and aygs and bygs are used to approximate the influence of Vg
on Ryy. The current I of the transistor operating in a DC-DC converter varies in the range
defined by the minimum I ,;;, and maximum Iy, current of the inductor. Therefore, to
correctly include the influence of Ip in the equation describing Ronavg resistance, polynomial
approximation of the R, (Ip) dependence is integrated in this range of currents.

The capacitive energy Ep related to reverse recovery in Schottky diodes is used in
the computation of temperature Tjp. Ep is described by approximating the datasheet
dependence C;(Vp) according to:

Ep = ayp1-if (Ey > drear, (Vin-Eu)*, V2) + avpo-if (Eu > dyeat, Vin-Eu, Vi) (20)

The voltage switched by the diode changes depending on the converter operating
mode: in the CCM mode, the voltage switched by the diode is equal to V;,;, and in the
DCM mode it is the product of V;, and E,. ayp; and ayp; are the coefficients of the
approximating polynomial.

Vpsag is the average value of the drain-source voltage of the turned-on MOSFET
used in the evaluation of temperature Tjr and is computed as:

ILmax . — Lmax+1pmin . . . —
VDSavg ILmax_Ime fIme IL RundIL - 2 Ronref + aRon (T]T ) + bR‘m ( T TO) +ayegs:
(21)
o VGShigh ”ID(ILmﬂ+ILm,;x Ime +1Lmax ILm,n+I%m1n) bID'(I%,nﬂx+1%,ni,lJFILmuxILm[n)
exp bycs + 4 + 3

The switching energy losses Eon and Eyz of the MOSFET in (7) are computed by
approximation of datasheet characteristics. According to the datasheet, E,, and E, are
a function of three variables: switched drain current Ip, switched voltage Vpc, and gate
resistance Rg. Contrary to IGBT, for a MOSFET, the dependence of switching energy
losses on temperature is so weak [28] that it is typically not given by manufacturers in the
datasheet. For this reason, it was not included in the formulated model. Compared to the
IGBT, the MOSFET dependences of switching energy losses on the switched current and
voltage are highly nonlinear, and therefore in the model they are approximated using a
4th-order polynomial. Turn-on switching losses are computed using:

Eop = MAX((”ionl'(Imin + Iovc)4 + aionZ'(Imin + Iovc)3 + ﬂion3'(1min + Iovc)z + aion4'(1min + IO‘UC)) :
(22)

(1 + bvdconl'(vl - Vdcref)z + bvdconZ'(Vl - Vdcref)) : (1 + CRGon'(RG - RGref))fo)

where aipu1, Aion2, Aion3s Aions bodcon1, bodcon2, CRGon are coefficients of the polynomial, Ve
and Rgys are reference values of switched voltage Vpc and resistance Rg, for which
datasheet characteristics describing switching energy losses are presented.

As in the case of E,y, turn-off energy losses Ep are determined on the basis of approxi-
mation of the datasheet characteristics, using:
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Eoff = MAX((“ioffl'Imuxz + aiof 2+ Imax ) (1 + bodcoff1- (V1 + Voo = Videref)* + bodeoff2-

(Vi + Voo — Vdcref)> '(1 + crGoff (R — RGref))fO)

(23)

where a;o1, G012, budcoff1, budcof2, CRGofr are coefficients of the polynomial, and Voo is voltage

increase caused by overvoltage.

3. Estimation of Model Parameters

Figure 2. Flowchart of the parameter estimation procedure of the formulated model.

1.

Using any mathematical model, including the one presented in the paper, requires
parameter estimation. Conveniently, the so-called datasheet-driven models require only
the parameters and characteristics available in the datasheet. This allows performing
simulations before building the real converter. However, the accuracy of the simulations of
the converter highly depends on the accuracy and repetitiveness of the input data used in
the estimation procedure.
The procedure used to estimate the values of the model parameters is presented in a
simplified form in Figure 2, and in detail below.

START

\4

Determining the parameters
values of the dependences
Eon (In, Vpe,Rg) and
Eofr (In, Vbe,Re)

A

Determining the values of the pa-
rameters describing the DC cha-
racteristics of the MOSFET

\4

Determining the
parasitic capacitances and induc-
tances

Determining the values of the pa-
rameters describing the DC cha-
racteristic of the diode

Determining the switching times,
including delays

v

l

Determining the values of tempe-
rature coefficients of a change in
the parameters of the DC charac-
teristics of the diode and
MOSFET

Determining the partial thermal
resistances in the heat transfer
path

A 4

STOP

Concerning the output characteristics of the MOSFET, parameters aro, bron, 4vGs,
bves, aip, bip are determined approximating the datasheet characteristics Rox(Ip, Vs,
T;) of the MOSFET. R,yer in (19) is the value of R,y at the temperature Ty with Ip =0
and the maximum allowable voltage Vs.
Concerning the output characteristics of the diode, parameters Isp, np, and Rgp are
calibrated using the datasheet current-voltage characteristics of the diode measured at
To. Then, using the datasheet current-voltage characteristics for at least 3 temperatures,

parameters Kisp and nggp are estimated.
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3. Using the datasheet characteristics Eon(Ip, Vpc, Rg) and Eg(Ip, Vpe, Re), the values
of parameters a;o, 1, Aion2, Aion3, Fion4s budcon, Dodecon2, CRGons Aioff1, Aioff2, bvdcoﬁ‘l/ bvdcoﬁ‘?r
CRGoff in (22) and (23) are determined. These parameters are empirical and should
be optimized by adjusting the computed characteristics to match the datasheet ones.
Vpcrer and Rgyer have the values equal to the reference values of Vpc and R¢ used in
the Eyy and E,y, characteristics available in the datasheet.

4.  Parameters related to the parasitic capacitance of the diode are calibrated on the basis
of the datasheet characteristic Cj(Vg). In (13), V; is the built-in voltage determined
by adjusting the computed characteristic to the datasheet one, and m is a factor
characterizing the type of junction; for an abrupt junction, it is equal to 0.5.

5. The parameters of the equations describe the parasitic inductances resulting from the
structure of the circuit are the geometrical parameters of the printed circuit and the
cables used.

6.  Parameters dys, dipp, dir1, dir2 describing the dependence of switching times of the
transistor on switched current in (14) and (18) are approximated from the datasheet
characteristics {{Ip) and t,(Ip).

7. The parameters of the thermal model are estimated using the diode and the MOSFET
datasheets, heatsink datasheet, and datasheet of the thermal interfaces between them.
Ry is typically given by the producer, and Ty is a parameter dependent on heatsink
geometry, which is equal to 26 K for a grilled heatsink [29]. kgrease and khtp are given
by manufacturers of grease and pads on their packages. In turn, parameters dgyesse,
toreases Antps and ty, are related to the geometry of these interfaces. If measuring the
thickness of thermal grease is a cumbersome task, one can use the value given by the
manufacturer, or, in the case of its absence, the typical value indicated in the literature,
i.e., 100 um [30].

As results from [31], in some cases, the measured values of parameters of a semicon-
ductor device in real applications visibly differ from the values presented in a datasheet.
This may result in a hard-to-assess error in parameter estimation. However, the proposed
approach still remains a good option to perform accurate enough simulations at the design
stage of the DC-DC converter. A possible alternative is a procedure based on real device
measurements, which is free of the above-mentioned error or, for the thermal resistances,
an estimation based on FEM simulation [32].

It is worth noting that the values of switching energy losses E,, and Ef are influenced
by parasitic properties of the circuit and components used [33]. In the model, it is assumed
that Eo, and Eyg used in the estimation procedure were measured in the parasitic-less con-
ditions. Using (11)-(18), the influence of parasitics on switching energy losses is computed
and taken into account. If the switching energy losses are based on the measurements of
the real converter, using an oscilloscope [31] or calorimetric method [34], parameters Vi
and I, should be removed from (22) and (23).

The procedure remains the same regardless of the selected way of preparation of the
input data for the estimation of model parameters.

4. Experimental Verification

In order to verify the usefulness of the proposed diode-MOSFET switch model, simula-
tions and measurements of characteristics of a buck converter including such a switch were
performed. The experimental analysis was carried out by making use of a discrete 650 V
Trench SiC-MOSFET SCT3060AL [35] manufactured by ROHM (Rohm Semiconductor,
Kyoto, Japan) and a discrete 650 V SiC-Schottky diode FFSH5065B-F085 [36] fabricated by
ON Semiconductor (ON Semiconductor Corporation, Scottsdale, AZ, USA), both packaged
in TO-247. During the experimental verification, the semiconductor devices were placed
on separate finned heatsinks of dimensions 165 mm x 100 mm X 35 mm. The parameters
of the model were estimated using the procedure described in Section 3. As far as the other
components are concerned, a choke L with inductance of 105 uH, a capacitor C; with
capacity of 330 uF, and three parallel-connected capacitors with capacitance equal to 330 uF
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labeled in Figure 3 as C, were used. The control signal of the MOSFET was produced by
the function generator Rigol DG1022Z connected to the gate via a resistor Rg equal to 22 ()
and a driver IR2125. The junction temperature of semiconductor devices was measured
indirectly without removing their caps as [37]:

Rthj—cap
Rthj—a - Rthj—cup

Tj = Tcap + (Tcup - Ta) : (24)

(a)

[ |

Dy C,

“unction
génerator
D .

N
Current probe
ouUT

Veltage
IN- p robe IN-
OUT

—-11, Oseiloscope CI1.

Figure 3. Diagram (a) and photo (b) of the measurement setup to determine the characteristics of the
buck converter.

In (24), the cap temperature T, was measured using an Optex PT-3S thermometer,
the junction-ambient thermal resistance Ry, was measured by means of an indirect elec-
trical method using Vs as a thermally sensitive parameter [38], the junction—cap thermal
resistance Ry o;p was measured using an indirect electrical method and the knowledge of
the optically measured T, under steady-state thermal conditions.

In Figure 3, the circuit diagram for measuring the DC characteristics of the considered
converter together with its photo are presented.

The input voltage V;, is provided by a grid-connected autotransformer with full-
bridge diode rectifier and a 4.7 mF capacitor filter. A power analyzer Yokogawa WT5000
(Yokogawa Electric Corporation, Tokyo, Japan) was used to measure voltages V;,, and V¢
and currents I;;, and I,,;. Measurements of overcurrents and overvoltages were made using
an oscilloscope Rigol MSO8104 with voltage probe Pintek DP-25 and current probe Tek-
tronix CPA300. It is worth noting that the finite precision of the instruments can in principle
affect the assessment of the accuracy of the proposed model. The used thermometer has
measurement accuracy equal to 3 °C [39], the voltage probe at 1 kV range has resolution
equal to 1 V [40], and the current probe accuracy is equal to 1% [41].

Figure 4 shows the circuit representation the buck converter with the main circuit of
the proposed model of the diode-MOSFET switch evidenced. As already mentioned in
Section 2, the controlled voltage sources Er and Eg describe the properties of MOSFET,
while the controlled current source Gp models the diode. Using such a source configuration,
it is possible to obtain the DC characteristics of the buck converter without using sources
dedicated to transient analysis. Resistance R; models traces resistance and resistance
resulting from losses in inductor L [42].
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diode-
MOSFET
switch

Figure 4. Circuit representation evidencing the main circuit of the proposed electrothermal averaged
model of the diode-MOSFET switch.

Using the proposed model in SPICE, no convergence problems were encountered, and
the CPU time needed to simulate a single characteristic did not exceed 0.1 s. Conversely,
in PLECS, convergence was not always reached, and the CPU time needed to obtain one
point of each characteristic was not lower than 3 s.

The values of the electrical and thermal parameters of the formulated model for which
the simulation results presented in Figures 5 and 6 were obtained are presented in Table 1.
The parameter values were determined through the procedure presented in Section 3.
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Figure 5. Measured and computed output characteristics (a) and corresponding dependences of
maximum switched-on current (b), maximum switched-off voltage (c), and junction temperature of
diode and MOSFET (d) upon the output current of the converter.
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Figure 6. Measured and computed dependences of output voltage on switching frequency (a) and
corresponding dependences of maximum switched-on current (b), maximum switched-off voltage
(¢), and junction temperature of the MOSFET (d) on switching frequency of the converter.
Table 1. Values of electrical parameters of the model.
T, [K] np Isp [fA] Rsp [mQ] Vet [mV] tdoffrer [ns] tdon [ns] tdoffdriver [ns] tdondriver [ns]
298 1.1 30 7.3 25.8 4 19 210 120
aron [K™'] Ngsp [K™'] kisp [K™] bron [K™'] Vshigh [V] avgs [VI] bvgs [V] ap [V/A®] b [V/A?]
1.17 x 107° 6 x 107 9.339 x 1072 -9 x 107 18 46 22 5x 107 4x107°
aron1 [pJ/A*4] aron2 [J/A%] arons [nJ/A%] ajons [1]/A] CRGon [MS] avps [pJ/V?] ayp [nJ/V] byvbcon1 [V7™21  bypcoenz [V
—550 393 —712.3 9.1528 77.178 50 16.2 8.3 x 10°° 5.82 x 10°
bypcotrt [V721  bypcote [V Crgoff [MS] apogr [nJ/A?] apoez [nJ/A] Rare [Q] Rgin [Q] Vpcret [V] Cjo [nF]
1.7 x 10° 6.353 x 103 575.7 64.5 —210.4 0 12 300 2.5
m V; [V] di [ns/A] dy2 [ns] der [ps/Al disz [ns] 1 [mm] h¢ [mm] w¢ [mm]
0.5 1.5 1.6748 17 417.4 9.278 51 1.5 4
t [pm] 1. [mm] d. [mm] ref; ref; Ronrer [mQ] tgrease [Hm] Rino [K/W] grease [mm?]
35 179 18 0.9 0.1 48 100 2.75 321
k rease R j-c! k
[W/m/K] Runjr [K/WI Wi tntp [mm] (Wim/K] anp [mm?]
2.8 0.7 0.5 3 25 525

Figure 5a shows the measured and simulated output characteristics of the constructed
converter, while Figure 5b—d report the corresponding dependences: the maximum value
of the switched-on current I, the maximum value of the switched-off voltage V), and
the junction temperature of diode and MOSFET, all as a function of the output current I,;.

As can be seen from Figure 5a, although both the computations performed using the
proposed model in SPICE and those carried out with PLECS favorably agree with the



Electronics 2024, 13, 154

13 of 16

experimental data, the proposed model ensures a higher accuracy, as it accounts for the
influence of electrical inertia in the transistor and driver on the Vpg voltage duty cycle.

However, significant differences occur for the other three characteristics. They origi-
nate from the fact that the PLECS model does not include the parasitic capacitances and
inductances present in the converter. Conversely, the proposed model implemented in
SPICE accurately evaluates both the maximum value of the switched-on current and the
switched-off voltage (Figure 5b,c). The absolute error of the proposed model and the mea-
surement data are mainly due to the resolution of the 1 kV voltage probe (1 V). On the other
hand, during measurements in DCM mode, the oscillations of the switched voltage had a
significant impact on the measured value of the switched-on current occurring when the
inductor current is zero [43]. In this case, the maximum value of the switched-on current
depends on the oscillating component of the voltage.

The consequence of omitting the overcurrents and overvoltages in the PLECS model
is an underestimation of the MOSFET junction temperature (Figure 5d). The use of a linear
thermal model also adversely affects the accuracy of computations. More specifically, under
the considered operating conditions of the converter, the temperature computed using
the PLECS model is even 50 °C lower than the measured value. For the proposed model,
the absolute error of simulations does not exceed 12 °C, which is probably caused by the
limited accuracy of parameter estimation using datasheet as an input data. Unfortunately,
for the considered MOSFET, the thickness of the curve in the Eyg (Ip) diagram and the big
difference between the scale and presented values could lead to a significant error in the
parameter estimation. This dependence is crucial for the accuracy of computations in DCM
mode, where turn-off switching losses dominate. Another significant factor reported in the
literature [29] influencing the accuracy of both parameter estimation and simulations is the
difference between datasheet data and the characteristics of the tested transistor.

Conversely, both models offer a fairly good accuracy in the estimation of the junction
temperature of the diode, as their absolute error do not exceed 3 °C.

In Figure 5b,d, the visible discontinuity is caused by the change of the operation mode
of the converter.

Figure 6a shows the dependence of the output voltage on the switching frequency.
Figure 6b—d report the corresponding dependences of the maximum value of the current
switched on by the MOSFET (Figure 6b), the voltage switched off by it (Figure 6¢), and its
junction temperature (Figure 6d) all vs. the switching frequency.

As in the case of the output characteristics of the considered converter, the dependence
of the output voltage on the switching frequency is computed with high accuracy in both
considered models. However, as can be seen from Figure 6a, the absolute error of PLECS
model increases with increasing frequency, as the influence of electrical inertia in the
driver and the MOSFET is neglected. As the frequency increases, the influence of inertia
causes the difference between the duty cycle of Vpg and its value computed using the
non-inertia PLECS model. Using the proposed model, high accuracy was obtained in the
entire switching frequency range.

Concerning the dependences of the maximum value of the switched-on current
(Figure 6b) and the switched-off voltage (Figure 6¢c) on switching frequency, a high accuracy
was obtained only for the proposed model in SPICE. The reason for the high absolute error
of the PLECS model is the inability of this software to take into account overcurrents and
overvoltages related to transistor switching in the waveforms of the considered converter.
Therefore, the voltage and current values computed with the PLECS model are equal to
the values for an ideal converter [1]. Consequently, the switching losses and the MOSFET
junction temperature computed using PLECS are markedly underestimated. The discrepan-
cies seen in Figure 6d between the computations performed with the proposed model and
measurements, visible in the DCM mode similarly as in Figure 5d, are probably caused by
the limited accuracy of the parameter estimation procedure from datasheet. Nevertheless,
the absolute error in the entire switching frequency range does not exceed 10 °C.
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The results presented in Figure 6d can be used to select switching frequency following
the method presented in [44]. For the junction temperature selected in the design process,
the value of the switching frequency can be directly read from the chart and implemented
in the control system, e.g., [45].

Using the proposed approach, it is also possible to obtain the waveforms of the
transistor currents and voltages. By exploiting the parameters computed in voltage sources
presented in the blocks denoted as “CCM/DCM”, “Overcurrents and overvoltages”, and
“Auxiliary sources”, the coordinates of all key points of the waveform may be drawn.
The result of such a procedure is presented in Figure 7. In this figure, the results of
measurements are identified with lines and the results of simulations with dots.

400 12

350 v
Va=325v V;
300 14295

250 Rluﬂd =203Q
200

ove  fmin

150
100

Vsl V]

50

0
-50

-100

tps]

Figure 7. Measured and computed waveforms of the drain—source voltage and the drain current.

In Figure 7, the labels describe parameters used to draw the waveform of the Vpg
voltage and Ip current. The time coordinates were calculated from the model parameters
f (switching frequency), Ey, (equivalent duty cycle), and tg, tr, tiop, taon (SWitching times).
It must be remarked that the proposed modeling approach allows computing waveforms
under steady state conditions using only 5 points for every waveform. This implies that it
is much more effective compared with the traditional approach of transient simulations
of DC-DC converters in SPICE, which requires a few thousand points for every period of
its operation.

These waveforms may be also computed in PLECS; however, much lower accuracy
would be obtained, as in this program overcurrents and overvoltages are not accounted for
and switching times are equal to 0.

5. Conclusions

This paper presents a novel approach to electrothermal averaged modeling of a diode—
MOSFET switch for the analysis of DC-DC converters. The model formulated using the
presented approach allows computing the characteristics of the DC-DC converter in the
CCM and DCM modes taking into account electrothermal effects. The advantage of the
proposed model over other averaged models known from the literature is the inclusion
of the influence on the MOSFET junction temperature of overcurrents and overvoltage
occurring during switching. Due to the development of a parameter estimation procedure
based solely on datasheet parameters, the model can be easily used by designers of DC-DC
converters. Another advantage is the duration of the simulations: each of the characteristics
presented in the paper using the proposed model in SPICE takes less than a second on a
normal PC.

The usefulness of the proposed modeling approach was confirmed experimentally
and by comparison with results obtained with PLECS modeling. The performed verifi-
cation proved that the formulated averaged model of a diode-MOSFET switch enables a
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more accurate and faster computation of the MOSFET junction temperature than PLECS
simulations. This was possible since the proposed model accounts for the influence of (i)
overcurrents and overvoltages on switching energy losses and of (ii) the junction tempera-
ture on junction-ambient thermal resistance of the devices. Such effects are both omitted in
the PLECS model.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ electronics13010154/s1, File S1: Elecronics model (1).cir.
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