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Abstract: Electronic devices can be damaged in an undesirable manner if the junction temperature
achieves high values in order to cause thermal runaway and melting. This paper describes the
mathematical model to calculate the power losses in power semiconductor devices used in bidirectional
rectifier which supplies a resistive-inductive load. The obtained thermal model can be used to analyse
the thermal behaviour of power semiconductors in steady-state conditions, at different values of the
firing angle, direct current, air speed in the case of forced cooling, and different types of load. Also,
the junction and case temperature of a power thyristor have been computed. In order to validate the
proposed mathematical model, some experimental tests have been performed. The theoretical values
are in good concordance with the experimental data and simulated results.

Keywords: power semiconductor; temperature distribution; mathematical model; thermal modelling
and simulation

1. Introduction

The need for miniaturization involves mounting power semiconductors at small distances on
the same heatsink, with the effect of increasing the device temperature. Even so, the maximum
junction temperatures given by the manufacturer may not be exceeded for the operating conditions [1].
Measuring the operating temperature of power semiconductor devices it is of high importance for
various applications, such as: power supply, wind turbines, electric vehicles, etc. Various methods are
described within specialized literature in order to estimate the junction temperature.

Switching devices usually fail due to the junction temperature being overcome during the normal
operation, as a precise estimation of the junction temperature variation is necessary. In [2], a real-time
monitoring strategy to estimate the junction temperature profile considering the dissipated powers
is proposed. In [3], it is shown that the Lorentz temperature distribution allows for the estimation
of the temperature within a substrate using some parameters of a power electronic device and a
3D temperature distribution of the substrate. According to [4], junction temperature distribution is
not uniform, the heat transfer to the heatsink being significantly higher on the junction periphery
than the heat eliminated from the junction bulk. Junction temperature control solutions for power
semiconductor devices are usually depend on a specific task or profile, and the controller has to be
adjusted to assure the desired performances [5].

The Kalman filter can be used for a noninvasive real-time estimation of the junction temperature
on a full-bridge inverter, starting from the measurements of the on-state voltage [6]. In [7] is presented a
method to determine how the junction temperature increases in transient surge conditions. The variation
of the temperature is obtained by measuring the on-resistance of the semiconductors.

In [8], the maximum junction temperature for power semiconductor devices is calculated using
electro-thermal models, in the case of power semiconductors used for pulse power applications, which
sometimes overcome the prescribed limits. Thermal management assures an increasing of reliability of
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the power electronic devices by controlling the current limit and decreasing the switching frequency in
order to estimate the power loss in Insulated Gate Bipolar Tranzistor (IGBT) modules [9].

For a rectifier, the output power depends on the thermal evolution of the power module diodes.
Hence, in [10], it is shown that for a lower switching frequency, the output power can be increased from
the thermal point of view. In [11], for a wind power converter, junction temperature determination is
proposed by calculating the switching cycle of IGBT modules based on electro-thermal analogy.

Estimation of the earliest time point of precise measurement after switching off is important
for a good estimation of the junction temperature. This is analyzed in [12] for IGBT and diode,
with simulations realized in Sentaurus TCAD. According to [13], the IGBT junction temperature
depends almost linearly on the turn-off delay time, which is a marker for the thermo-sensitive electrical
parameter used to determine and predict the junction temperature of power semiconductor devices.
For IGBT or MOSFET the junction temperature can be estimated by peak voltage over the external gate
resistor, using a system integrated into the gate driver, assuring high frequency measurements [14].

In [15], for the MOSFET power semiconductor devices, it is shown that the temperature can be
estimated using p–n-junction forward voltage and gate threshold voltage, with high temperature
resolution. The junction temperature of the high power IGBT modules can be obtained, according
to [16] via built-in negative thermal coefficient thermistor, along with the power loss and a thermal
model for the transient impedance between the chip and the thermistor.

Power cycling tests are performed to estimate the reliability of power semiconductor devices [17].
Junction temperature estimation is very important for the acceleration life tests and it can be performed
in real time by forward voltage drop measurement. Aging of power electronic devices has an impact
on the changing parameters of the device, with a large effect on junction temperature [18].

In order to reduce the necessary time for the accelerated aging tests, in [19], a method to estimate
the junction temperature of LED using the finite element method is presented. The temperature has
been obtained by the forward voltage method.

For power electronics of high temperatures (over 200 ◦C), in [20] are analyzed the package
materials, demonstrating that a low coefficient of thermal expansion (CTE) has to be considered,
especially between assembled materials. In order to adjust the thermal stress in power electronic
devices, active thermal control is used [21], the junction temperature being dependent on the controlling
of the power loss. Thermoelectric coolers can be used to regulate the junction temperature of power
semiconductors in a range of −40–200 ◦C [22].

In [23], a high voltage thyristor structure is used with a Schottky contact in order to reduce the
leakage current and improve thermal management. For SiC power modules [24], sintered copper die
attachment technology assures a junction temperature up to 175 ◦C, with very high improvement
compared with conventional solder die attach modules. According to [25], the measurement accuracy
of junction temperature is limited due to the slow removal of charge carriers, resulting a delay of 650
µs for IGBT.

In [26], it is proposed to estimate the junction temperature for an IGBT by using a high frequency
and low power signal injected into the gate-emitter terminals of the IGBT. The frequency response
permits the estimation of the junction temperature. The authors of the work [27] have been concluded
that, for a SiC MOSFET, a balance between the necessity to operate at high temperature and the
minimization of the volume of the device with the increased frequency is necessary. It has been proven
that the turn-on power loss of high temperature SiC MOSFET is larger than the turn-off power loss.

In [28], it is demonstrated that the power loss and the operating temperature of IGBT devices can
be estimated by an electrothermal method starting from the measured characteristics for the IGBT, and
by using a thermal network to calculate the temperature. The junction temperature and its modification
can be regulated by accurate and independent modulation of conduction and switching loss elements
using decoupling methods, which enables the power converters to reach the thermal limits [29].
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Vemulapati et al. in [30] present a method to monitor continuously the junction temperature
for an integrated gate commutated thyristor (IGCT) during conduction by measuring in real-time
operation the gate-cathode voltage which depends on the anode current and junction temperature.

From the analysis of the previous works, it can be concluded that the previous research
teams developed methods of controlling and monitoring the on-line junction temperature of power
semiconductor devices in order to investigate their reliability. Also, complex analytical methods to
calculate the maximum junction temperature have been obtained, and some authors have analyzed the
power devices only through thermal models.

Therefore, the goal of this paper is to analyze the junction and case temperature of a power
thyristor used in rectifier applications. The analysis will be performed in the case of steady-state
operating conditions. First, it will obtain a mathematical model of the junction and case temperature.
Then, the theoretical results will be compared with simulated values of a three-dimensional thermal
model of the power thyristor. Finally, some experimental tests will be performed with the aim to
validate the proposed thermal model.

The paper proposes a new mathematical model which can be used for thermal analysis of junction
and case temperature of a thyristor. The model includes a new formula to calculate the power loss of
the semiconductor device in the case of a resistive—inductive load, and mathematical expressions for
junction-case thermal resistance and heatsink-environment thermal resistance variation against air
speed in the case of forced cooling.

2. Mathematical Model

Considering the voltage drop on the power semiconductor and its internal resistance, the power
loss in the case of direct conduction can be estimated with the relation:

p(t) = VTi(t) + rTi2(t) (1)

It can be noticed that the power loss is calculated as a sum of two terms: The first term represents
the product between the voltage drop VT on the conducting power semiconductor and the current i(t)
flowing through it and the second term means the product between the internal resistance rT of the
power semiconductor and the square of current i2(t) flowing through it.

The average power loss expression results as:

P =
1
T

T∫
0

p(t)dt =
1
T

T∫
0

VTi(t)dt +
rT

T

T∫
0

i2(t)dt =VTITAV + rTI2
RMS (2)

Taking into account the general expressions for the average and RMS currents, the power loss
can be calculated in the case of resistive-inductive (RL) loads and in particular, for the resistive load,
because in general, these types of loads are to be found in power rectifier applications. So, in the case
of the electric circuit type RL, the current is given by the next formula:

i(t) = Im sin(ωt−ϕ) − Im sin(α−ϕ)e−
ωt−α
ωL/R (3)

Hence, the RMS current is:

IRMS =

√√√√√
1

2π

αb∫
α

i2(t)d(ωt) = Im

√√√√√
1

2π

αb∫
α

[
sin(ωt−ϕ) − sin(α−ϕ)e−

ωt−α
ωL/R

]2
d(ωt) (4)

It can be noticed in the above formula that the conduction current starts at the firing angle α, and
stops at the locking angle αb, as shown in Figure 1.
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Figure 2. Current and power loss variation in time (I = 200 A, R = 1.4 Ω, L = 30 mH, α = 60 °el.). 

The average current from the Equation (3), has the expression below, 
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Taking into account Equation (3) of the current evolution and the initial Equation (1), the next
diagram, Figure 2, represents the time variation of both power loss p(t) and the electrical current i(t).
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Figure 2. Current and power loss variation in time (I = 200 A, R = 1.4 Ω, L = 30 mH, α = 60 °el.). 
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The average current from the Equation (3), has the expression below,

ITAV =
1

2π

αb∫
α

i(t)d(ωt) =
Im

2π

αb∫
α

[
sin(ωt−ϕ) − sin(α−ϕ)e−
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d(ωt) = Im

cosα− cosαb
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(6)

In the case of the resistive load, when the ratio ωL
R → 0 ; tgϕ→ 0 , the above expressions of the

RMS current become:

IRMS =
Im

2

√
1
π
(αb − α) −

1
2π

(sin 2αb − sin 2α) (7)

and for the average current,

ITAV = Im
cosα− cosαb

2π
. (8)



Energies 2020, 13, 103 5 of 18

Using the power loss Equation (2) for power semiconductors and the relations shown by Equations
(5) and (6), the formula to calculate the power loss through the semiconductor device in the case of a
RL load is provided as:

PsRL = VTIm
cosα− cosαb

2π cosϕ
+ rT

I2
m

2π



αb−α
2 −

1
2 sin(αb − α) cos(αb + α− 2ϕ)+

2 sin(α−ϕ)ωL
R

1+( ωL
R )

2


(

sin(αb −ϕ)+
+ωL

R cos(αb −ϕ)

)
e−

αb−α
ωL/R

− sin(α−ϕ) − ωL
R cos(α−ϕ)


−
ωL
2R sin2(α−ϕ)

(
e−2

αb−α
ωL/R − 1

)


(9)

In the case of the resistive load, the above expression becomes,

PsR = VTIm
cosα− cosαb

2πc
+ rT

I2
m

4π

[
(αb − α) −

1
2
(sin 2αb − sin 2α)

]
(10)

The foregoing expressions of power losses, together with the values of junction-case, case-heatsink,
and heatsink-environment thermal resistance of the power semiconductor, can be used to compute the
junction temperature and case temperature. Hence, the expression for the junction temperature is:

θ j = θa +
(
Rthjc + Rthck + Rthka

)
PsRL (11)

The case temperature of the power semiconductor can be computed with the following relation,

θc = θa + (Rthck + Rthka)PsRL. (12)

Generally, the junction-case and the heatsink-environment thermal junctions are not constant
values. Thus, the junction-case thermal resistance depends on the current waveform (rectangular or
sinusoidal) and the conduction angle from the respective current waveform. Depending on the type of
power semiconductor, the variation of the junction-case thermal resistance against conduction angle
are presented in the datasheets. Also, the heatsink-environment thermal junction depends on the type
of the heatsink and cooling method: natural or forced. In the heatsink datasheets there are graphics
with the variation of the heatsink-environment thermal junction against air speed. Moreover, the
case-heatsink thermal resistance depends on the type of the power semiconductor case and the cooling
method. Its value is specified in the power semiconductor device datasheets.

In the following, the SKT 340 thyristor made by Semikron company, will be analyzed in order
to obtain an analytical expression to study the heating aspects during steady-state conditions. From
the datasheets the following data can be obtained: VT = 1 V; rT = 0.9 mΩ; Rthck = 0.02 ◦C/W in the
case of double side cooling. With the aim to get the analytical expression to compute the junction
and case temperature, the variation curve of junction-case thermal resistance against conduction
angle from the datasheet, has been approximated with its fitting curve, Figure 3, which has the
mathematical expression,

Rthjc = a1 + b1e−
α
c1 (13)

where the parameters a1, b1, and c1 have the following values: a1 = 0.0718; b1 = 0.00082, and c1 = −40.584.
The relative error according to the Equation (13) is less than ±1.2%.

It can be observed that the initial datasheet curve, junction-case thermal resistance against
conduction angle, has been transformed into the variation of the junction-case thermal resistance
against firing angle (firing angle = locking angle− conduction angle) because the computing expressions
of power loss depend on the firing angle and not on the conduction angle.
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cooling, decreasing of the heatsink-environment thermal resistance when the air speed is increasing
can be noticed. Thus, the junction temperature of the tyristor can be computed with the formula,

θ j = θa +

a1 + b1e−
α
c1 + Rthck + a2 + b2v2

air + c2v2
air ln vair + d2

ln vair

v2
air

PsRL (15)

and the case temperature of the same power semiconductor will be calculated with,

θc = θa +

Rthck + a2 + b2v2
air + c2v2

air ln vair + d2
ln vair

v2
air

PsRL (16)

Taking into account the expression of power loss (9) in a general case of a resistive-inductive load,
the next final relations are obtained to compute the junction temperature,

θ j = θa + VTIm
cosα−cosαb

2π cosϕ

(
a1 + b1e−

α
c1 + Rthck + a2 + b2v2

air + c2v2
air ln vair + d2

ln vair
v2

air

)
+

+rT
I2
m

2π

(
a1 + b1e−

α
c1 + Rthck + a2 + b2v2

air + c2v2
air ln vair + d2

ln vair
v2

air

)


αb−α
2 −

1
2 sin(αb − α) cos(αb + α− 2ϕ)+

2 sin(α−ϕ)ωL
R

1+( ωL
R )

2


(

sin(αb −ϕ)+
+ωL

R cos(αb −ϕ)

)
e−

αb−α
ωL/R

− sin(α−ϕ) − ωL
R cos(α−ϕ)


−
ωL
2R sin2(α−ϕ)

(
e−2

αb−α
ωL/R − 1

)


(17)
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and the case temperature of the tyristor,

θc = θa + VTIm
cosα−cosαb

2π cosϕ

(
Rthck + a2 + b2v2

air + c2v2
air ln vair + d2

ln vair
v2

air

)
+

+rT
I2
m

2π

(
Rthck + a2 + b2v2

air + c2v2
air ln vair + d2

ln vair
v2

air

)


αb−α
2 −

1
2 sin(αb − α) cos(αb + α− 2ϕ)+

2 sin(α−ϕ)ωL
R

1+( ωL
R )

2


(

sin(αb −ϕ)+
+ωL

R cos(αb −ϕ)

)
e−

αb−α
ωL/R

− sin(α−ϕ) − ωL
R cos(α−ϕ)


−
ωL
2R sin2(α−ϕ)

(
e−2

αb−α
ωL/R − 1

)


(18)
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Figure 4. Comparison between datasheet and fitting curve for the heatsink-environment thermal
resistance variation against air speed in the case of forced cooling.

It can be noticed that both the junction and case temperature of the tyristor depend on the
firing angle, conduction current, air speed in the case of forced cooling, and the values of the
resistive–inductive load.

3. Three-Dimensional Thermal Model

A power assembly made from the tyristor type SKT 340 mounted between a heatsink type
R150-E50 made from aluminium has been studied. This power assembly can be considered as the
main component part of a power bidirectional rectifier which provides DC power supply for a
resistive-inductive load. The average direct current which flows through the tyristor has been assumed
to be 250 A. Because the internal resistance value is 0.9 mΩ, it results in the power loss related to the
analyzed thyristor to be about 56.25 W.

The three-dimensional geometry of the above described power assembly, has been performed
using the software package Pro-ENGINEER. The 3D thermal model of the tyristor includes all the
component parts which are directly involved in the thermal exchange between components and from
the elements to the environment: anode copper pole, molybdenum disc, silicon chip and cathode
copper pole, as shown in Figure 5. Hence, the extreme components: the anode and the cathode pole,
both made from copper, can be observed. The cathode has in the upper middle part, a channel where
the gate is mounted. Between these main components, there is placed the molybdenum disc having a
larger diameter than the silicon chip.

The ceramic enclosure of the power semiconductor device has not been included in the 3D model
since the total heat flowing through it is less important than the heat flowing through the copper poles.
The mechanical elements which are not important for the heat transfer within the power semiconductor
and from the power device to the environment (e.g., the centering hole on the poles) have been removed.
The material properties of every component part of the power semiconductor and the heatsink are
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described in the Table 1 and the 3D thermal model of the thyristor together with its heatsinks for
double side cooling are shown in Figure 6.
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Table 1. Material data.
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Figure 6. Thermal model of the power assembly thyristor—heatsinks.

In order to perform the thermal simulations during steady-state conditions, the dedicated
Pro-MECHANICA software package based on the finite element method has been used. The heat
load, actually the power loss, has been applied on the active surface of the silicon chip of the thyristor.
A uniform spatial distribution on this surface was considered. The ambient temperature was about
20 ◦C. From experimental tests, a convection coefficient value of 14.45 W/m2

·
◦C was calculated for this

type of heatsink considering forced cooling with an air speed of 3 m/s.
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The convection condition has been considered as a boundary condition for the outer boundaries,
as heatsinks. The convection coefficient has been applied on outer surfaces of heatsinks with a uniform
spatial variation and a bulk temperature of 20 ◦C. The mesh of the 3D power assembly thermal model
(thyristor between heatsinks) has been done using tetrahedral solid elements, and the single pass
adaptive convergence method was considered in order to solve the thermal steady-state simulations.
Further, some thermal simulations during steady-state conditions, have been performed, as shown in
Figures 7 and 8.
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The temperature distribution of the tyristor which uses double cooling, both on anode and cathode,
in the case of air speed value of 3 m/s, firing angle equal with 50 ◦el, direct current of 250 A, load
resistance by 3 Ω and the load inductance about 30 mH, is shown in the above pictures, Figures 7 and 8.
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A maximum temperature of the power semiconductor can be noticed on the silicon surface and is
about 70.49 ◦C, and a minimum temperature of 47.97 ◦C, on the heatsink outer surfaces.

4. Discussion of the Results

Taking into account the solutions for the equation of junction temperature (17) and case temperature
(18), it can be analyzed the influence of air speed, electrical current, load resistance and load inductance
on the tyristor heating. Further on, the thermal analysis refers to the junction and case temperature of
the power semiconductor.

The variation of the junction and case temperature of the tyristor type SKT 340 against firing angle
at different air speed values of 1, 3, and 6 m/s in the case of forced cooling, is depicted in the Figure 9,
and respectively, Figure 10. A decreasing of the of the junction and case temperature is to be observed
when the firing angle increases. This is explained because when the firing angle increases, actually,
the conduction angle decreases (condution angle = locking angle − firing angle = π − firing angle),
thus, the tyristor will be passed by a less conductive current and, as a consequence, the power loss
decreases, so, the junction and case temperature will decrease. Also, when the air speed increases, the
junction and case temperature decrease because of better cooling of the power assembly. A maximum
junction temperature of 102 ◦C can be observed when the firing angle is 30 ◦el, in the case of air speed
about 1 m/s, upper curve in Figure 9, and a minimum of junction temperature of 24.85 ◦C when the
firing angle is 150 ◦el, in the case of air speed being about 6 m/s, the lower curve.
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The maximum case temperature is 78.81 ◦C when the firing angle is 30◦el and the air speed
is about 1 m/s, as shown in Figure 10 (upper curve), and the minimum case temperature is about
22.6 ◦C when the firing angle is 150 ◦el for an air speed of 6 m/s (lower curve). It can be noticed that
the simulation values for the junction temperature, are lower than the calculated ones. This can be
explained because during calculation of the formula, concentrated parameters have been considered,
as thermal load, but actually, the thermal load is distributed on the surface of the silicon chip, so the
thermal conduction and convection surfaces allow a better heat transfer from the silicon chip to the
environment. Thus, the maximum simulated junction temperature is 98.2 ◦C when the firing angle is
30 ◦el and the air speed is about 1 m/s, as shown in Figure 9, and the minimum maximum simulated
junction temperature is 22.6 ◦C when the firing angle is 150 ◦el for an air speed about 6 m/s.
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The junction and case temperature variation against the firing angle for different conduction
current values of 200, 250, 300, and 340 A for an air speed of about 3 m/s, a resistive load of 3 Ω, and
inductance load of 30 mH, as is presented in Figures 11 and 12, respectively. The same decreasing
variation of both junction and case temperature against firing angle can be observed, as with larger
values of the temperatures when the conduction current increases. This is explained because of higher
values of the power loss when the conduction current is increasing. Thus, the maximum junction
temperature of 104.3 ◦C when the firing angle is 30 ◦el, in the case of conduction current about 340 A,
Figure 11 (top curve), and a minimum of junction temperature of 24.52 ◦C when the firing angle is
150 ◦el and the conduction current is 200 A (bottom curve). The maximum case temperature is 72.5 ◦C
when the firing angle is 30 ◦el and the conduction current is 340 A, as in Figure 12 (top curve), and
the minimum case temperature is about 22.82 ◦C when the firing angle is 150 ◦el and the conduction
current is 200 A (bottom curve). As in the previously analyzed situation, for different air speeds and
with the same explanation, the simulated junction temperatures are lower than the calculated ones.
Hence, the maximum simulated junction temperature is 99.8 ◦C when the firing angle is 30 ◦el and
the conduction current is 340 A, as in Figure 11, and the minimum maximum simulated junction
temperature is 22.4 ◦C when the firing angle is 150 ◦el and the current is about 200 A.

The variation of the junction and case temperature against firing angle for different resistive load
values of 1.4, 5, 10, and 16 Ω when the air speed was about 3 m/s, the conduction current is 200 A,
and an inductive load of 30 mH, as described in Figures 13 and 14, respectively. The bottom curve
corresponds to a resistance value of 16 Ω, and the top curve has been drawn for a resistance value of
1.4 Ω. It is to observed that for higher resistance values, both junction and case temperatures decrease.

This is explained because at higher values of load resistance, the load current will decrease, and
also the power loss of the tyristor, so the junction and case temperatures will have lower values.
For instance, in the case of firing angle being about 90 ◦el, the junction temperature is about 74.8 ◦C in
the case of load resistance of 1.4 Ω, as in Figure 13, and the temperature value is 30.5 ◦C when the
resistance becomes 16 Ω. Also, at the same firing angle of 90 ◦el, the case temperature is 54.23 ◦C when
the load resistance of 1.4 Ω, as in Figure 14 (top curve), and the temperature value is 26.54 ◦C for a
resistance of 16 Ω (bottom curve). With the same explanation as in previously analyzed situations, at
different air speeds and currents, the simulated junction temperatures are lower than the calculated
ones. Thus, for instance, when the firing angle is about 50 ◦el, the simulated junction temperature
value of 104.1 ◦C is lower than the calculated one of 108.12 ◦C in the case of load resistance of 1.4 Ω,
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as in Figure 13, and the simulated junction temperature value of 34.5 ◦C is lower than the calculated
one of 37.17 ◦C at the resistance value of 16 Ω.Energies 2018, 11, x 13 of 19 

 

 

Figure 11. Junction temperature variation vs. firing angle at different current values of 200, 250, 300, 

and 340 A (vair = 3 m/s; R = 3 Ω; L = 30 mH). 

 

Figure 12. Case temperature variation vs. firing angle at different current values of 200, 250, 300, 

and 340 A (vair = 3 m/s; R = 3 Ω; L = 30 mH). 

The variation of the junction and case temperature against firing angle for different resistive 

load values of 1.4, 5, 10, and 16 Ω when the air speed was about 3 m/s, the conduction current is 200 

A, and an inductive load of 30 mH, as described in Figures 13 and 14, respectively. The bottom 

curve corresponds to a resistance value of 16 Ω, and the top curve has been drawn for a resistance 

value of 1.4 Ω. It is to observed that for higher resistance values, both junction and case 

temperatures decrease. 

Figure 11. Junction temperature variation vs. firing angle at different current values of 200, 250, 300,
and 340 A (vair = 3 m/s; R = 3 Ω; L = 30 mH).

Energies 2018, 11, x 13 of 19 

 

 

Figure 11. Junction temperature variation vs. firing angle at different current values of 200, 250, 300, 

and 340 A (vair = 3 m/s; R = 3 Ω; L = 30 mH). 

 

Figure 12. Case temperature variation vs. firing angle at different current values of 200, 250, 300, 

and 340 A (vair = 3 m/s; R = 3 Ω; L = 30 mH). 

The variation of the junction and case temperature against firing angle for different resistive 

load values of 1.4, 5, 10, and 16 Ω when the air speed was about 3 m/s, the conduction current is 200 

A, and an inductive load of 30 mH, as described in Figures 13 and 14, respectively. The bottom 

curve corresponds to a resistance value of 16 Ω, and the top curve has been drawn for a resistance 

value of 1.4 Ω. It is to observed that for higher resistance values, both junction and case 

temperatures decrease. 

Figure 12. Case temperature variation vs. firing angle at different current values of 200, 250, 300, and
340 A (vair = 3 m/s; R = 3 Ω; L = 30 mH).

The junction and case temperature variation against firing angle for different inductive load values
of 18, 30, 55, and 200 mH when the air speed is about 3 m/s, the conduction current is 200 A, and the
resistive load of 10 Ω, is presented in Figures 15 and 16, respectively. The bottom curve corresponds to
an inductance value of 18 mH, and the top curve has been drawn for an inductance value of 200 mH. It
can be observed that when the inductance increases, the junction and case temperatures also increase.
This is explained because at higher value of the inductance, a dominant inductive load, actually the
power rectifier, becomes a current generator, so the power loss within the tyristor will increase, and
finally, the junction and case temperature increases. For instance, when the firing angle is 60 ◦el, the
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junction temperature is about 95.28 ◦C in the case of load inductance of 200 mH, Figure 15 (top mark),
and the temperature value is 35.65 ◦C when the inductance becomes 18 mH (bottom mark). For the
same firing angle of 60 ◦el, the case temperature is 66.89 ◦C when the load inductance is 200 mH, as
in Figure 16, and the temperature value is 29.74 ◦C for an inductance of 18 mH. As in the previously
analyzed situations, the simulated junction temperatures are lower than the calculated ones. For
instance, when the firing angle is about 60 ◦el, the simulated junction temperature value of 91.6 ◦C is
lower than the calculated one of 95.28 ◦C in the case of load inductance of 200 mH, as in Figure 15, and
the simulated junction temperature value of 31.3 ◦C is lower than the calculated one of 35.65 ◦C at the
resistance value of 18 mH.
Energies 2018, 11, x 14 of 19 

 

 

Figure 13. Junction temperature variation vs. firing angle at different load resistance values of 1.4, 5, 

10, and 16 Ω (vair = 3 m/s; I = 200 A; L = 30 mH). 

 

Figure 14. Case temperature variation vs. firing angle at different load resistance values of 1.4, 5, 10, 

and 16 Ω (vair = 3 m/s; I = 200 A; L = 30 mH). 

This is explained because at higher values of load resistance, the load current will decrease, 

and also the power loss of the tyristor, so the junction and case temperatures will have lower 

values. For instance, in the case of firing angle being about 90 °el, the junction temperature is about 

74.8 °C in the case of load resistance of 1.4 Ω, as in Figure 13, and the temperature value is 30.5 °C 

when the resistance becomes 16 Ω. Also, at the same firing angle of 90 °el, the case temperature is 

54.23 °C when the load resistance of 1.4 Ω, as in Figure 14 (top curve), and the temperature value is 

26.54 °C for a resistance of 16 Ω (bottom curve). With the same explanation as in previously 

analyzed situations, at different air speeds and currents, the simulated junction temperatures are 

lower than the calculated ones. Thus, for instance, when the firing angle is about 50 °el, the 

simulated junction temperature value of 104.1 °C is lower than the calculated one of 108.12 °C in the 

Figure 13. Junction temperature variation vs. firing angle at different load resistance values of 1.4, 5,
10, and 16 Ω (vair = 3 m/s; I = 200 A; L = 30 mH).

Energies 2018, 11, x 14 of 19 

 

 

Figure 13. Junction temperature variation vs. firing angle at different load resistance values of 1.4, 5, 

10, and 16 Ω (vair = 3 m/s; I = 200 A; L = 30 mH). 

 

Figure 14. Case temperature variation vs. firing angle at different load resistance values of 1.4, 5, 10, 

and 16 Ω (vair = 3 m/s; I = 200 A; L = 30 mH). 

This is explained because at higher values of load resistance, the load current will decrease, 

and also the power loss of the tyristor, so the junction and case temperatures will have lower 

values. For instance, in the case of firing angle being about 90 °el, the junction temperature is about 

74.8 °C in the case of load resistance of 1.4 Ω, as in Figure 13, and the temperature value is 30.5 °C 

when the resistance becomes 16 Ω. Also, at the same firing angle of 90 °el, the case temperature is 

54.23 °C when the load resistance of 1.4 Ω, as in Figure 14 (top curve), and the temperature value is 

26.54 °C for a resistance of 16 Ω (bottom curve). With the same explanation as in previously 

analyzed situations, at different air speeds and currents, the simulated junction temperatures are 

lower than the calculated ones. Thus, for instance, when the firing angle is about 50 °el, the 

simulated junction temperature value of 104.1 °C is lower than the calculated one of 108.12 °C in the 

Figure 14. Case temperature variation vs. firing angle at different load resistance values of 1.4, 5, 10,
and 16 Ω (vair = 3 m/s; I = 200 A; L = 30 mH).



Energies 2020, 13, 103 14 of 18

Energies 2018, 11, x 15 of 19 

 

case of load resistance of 1.4 Ω, as in Figure 13, and the simulated junction temperature value of 

34.5 °C is lower than the calculated one of 37.17 °C at the resistance value of 16 Ω. 

The junction and case temperature variation against firing angle for different inductive load 

values of 18, 30, 55, and 200 mH when the air speed is about 3 m/s, the conduction current is 200 A, 

and the resistive load of 10 Ω, is presented in Figures 15 and 16, respectively. The bottom curve 

corresponds to an inductance value of 18 mH, and the top curve has been drawn for an inductance 

value of 200 mH. It can be observed that when the inductance increases, the junction and case 

temperatures also increase. This is explained because at higher value of the inductance, a dominant 

inductive load, actually the power rectifier, becomes a current generator, so the power loss within 

the tyristor will increase, and finally, the junction and case temperature increases. For instance, 

when the firing angle is 60 °el, the junction temperature is about 95.28 °C in the case of load 

inductance of 200 mH, Figure 15 (top mark), and the temperature value is 35.65 °C when the 

inductance becomes 18 mH (bottom mark). For the same firing angle of 60 °el, the case temperature 

is 66.89 °C when the load inductance is 200 mH, as in Figure 16, and the temperature value is 29.74 

°C for an inductance of 18 mH. As in the previously analyzed situations, the simulated junction 

temperatures are lower than the calculated ones. For instance, when the firing angle is about 60 °el, 

the simulated junction temperature value of 91.6 °C is lower than the calculated one of 95.28 °C in 

the case of load inductance of 200 mH, as in Figure 15, and the simulated junction temperature 

value of 31.3 °C is lower than the calculated one of 35.65 °C at the resistance value of 18 mH. 

 

Figure 15. Junction temperature variation vs. firing angle at different load inductance values of 18; 

30, 55, and 200 mH (vair = 3 m/s; I = 200 A; R = 10 Ω). 

In order to validate the mathematical models presented above, some experimental tests have 

been performed with the aim to obtain the case temperature value of the thyristor. The 

temperatures have been acquired using type K thermocouples. A drawing of the device under test 

with the current and temperature measurement system is presented in the Figure 17. The 

three-phase full bridge rectifier made with the tyristors T1–T6, is supplied from the main grid with 

the terminals L1, L2, and L3. In series with the thyristor T6, actually the device under test, mounted 

to the ammeter A, to measure the current value. In this case, thyristor T6 is placed at the 

thermocouple Th in order to get the temperature data. 

Figure 15. Junction temperature variation vs. firing angle at different load inductance values of 18; 30,
55, and 200 mH (vair = 3 m/s; I = 200 A; R = 10 Ω).Energies 2018, 11, x 16 of 19 

 

 

Figure 16. Case temperature variation vs. firing angle at different load inductance values of 18, 30, 

55, and 200 mH (vair = 3 m/s; I = 200 A; R = 10 Ω). 

 

Figure 17. The Device Under Test experimental setup. 

The thermocouple provides a low magnitude voltage signal that needs to be amplified by a 

signal conditioning board SC, type AT2F-16 with the error of ±0.5%. The amplified voltage signal is 

used as input data for a data acquisition board type PC-LPM-16. This can be programmed using the 

LabVIEW software package. The sampling rate was 50 kS/s and the analogue inputs have a 

resolution on 12 bits. The three-phase power rectifier supplies the resistive-inductive load RL. 

In the case of temperature variation against firing angle for different air speed values, shown 

in Figure 10, the maximum case temperature is about 83.1 °C when the air speed is 1 m/s and the 

firing angle is 30 °el, and the minimum case temperature is 24.8 °C for a firing angle of 150 °el and 

the air speed of 6 m/s. It can to observed that the experimental values are higher than the calculated 

ones because, in fact, the semiconductor case does not cool evenly. Actually, due to the mounting 

technology of the power assembly (thyristor case between heatsinks of rather large sizes), the 

airflow does not cool the surface of the semiconductor case quite well. So, for instance at the firing 

angle of 90 °el, the experimental case temperature is 56.8 °C higher than the computed temperature 

Figure 16. Case temperature variation vs. firing angle at different load inductance values of 18, 30, 55,
and 200 mH (vair = 3 m/s; I = 200 A; R = 10 Ω).

In order to validate the mathematical models presented above, some experimental tests have
been performed with the aim to obtain the case temperature value of the thyristor. The temperatures
have been acquired using type K thermocouples. A drawing of the device under test with the current
and temperature measurement system is presented in the Figure 17. The three-phase full bridge
rectifier made with the tyristors T1–T6, is supplied from the main grid with the terminals L1, L2,
and L3. In series with the thyristor T6, actually the device under test, mounted to the ammeter A, to
measure the current value. In this case, thyristor T6 is placed at the thermocouple Th in order to get
the temperature data.
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Figure 17. The Device Under Test experimental setup.

The thermocouple provides a low magnitude voltage signal that needs to be amplified by a signal
conditioning board SC, type AT2F-16 with the error of ±0.5%. The amplified voltage signal is used as
input data for a data acquisition board type PC-LPM-16. This can be programmed using the LabVIEW
software package. The sampling rate was 50 kS/s and the analogue inputs have a resolution on 12 bits.
The three-phase power rectifier supplies the resistive-inductive load RL.

In the case of temperature variation against firing angle for different air speed values, shown in
Figure 10, the maximum case temperature is about 83.1 ◦C when the air speed is 1 m/s and the firing
angle is 30 ◦el, and the minimum case temperature is 24.8 ◦C for a firing angle of 150 ◦el and the air
speed of 6 m/s. It can to observed that the experimental values are higher than the calculated ones
because, in fact, the semiconductor case does not cool evenly. Actually, due to the mounting technology
of the power assembly (thyristor case between heatsinks of rather large sizes), the airflow does not
cool the surface of the semiconductor case quite well. So, for instance at the firing angle of 90 ◦el, the
experimental case temperature is 56.8 ◦C higher than the computed temperature of 54.2 ◦C for an air
speed of 1 m/s, and there is also an experimental case temperature of 37.2 ◦C which is higher than the
computed one of 35.48 ◦C for an air speed of 6 m/s.

The thermal analysis against firing angle for different conduction current values, shown in
Figure 12, outlines the same higher experimental values as the calculated ones. Thus, in the case of a
90 ◦el firing angle, the experimental case temperature is 53.6 ◦C, which is higher than the computed
temperature of 51.45 ◦C when the conduction current is 340 A, and there is also an experimental case
temperature of 39.2 ◦C higher than the calculated case temperature of 37.49 ◦C at the conduction
current of 200 A.

Also, in the case of load resistance or load inductance variation, the experimental case temperatures
are higher than the computed ones. For instance, when the load resistance has the value of 1.4 Ω and
the firing angle is 30 ◦el, the experimental case temperature of 87.6 ◦C is higher than the computed
ones of 82.84 ◦C, as in Figure 14. On the other hand, for an inductive load of 200 mH and a firing angle
of 60 ◦el, the experimental case temperature of 69.6 ◦C is higher than the calculated one of 66.89 ◦C,
shown in Figure 16.

Certainly, there are different temperature values resultant from experimental tests with respect
to calculations because of measurement errors, thermal model simplifications, and mounting test
conditions. However, the difference between experimental and calculation results is less than 5 ◦C.

5. Conclusions

In order to understand and optimize the operating mechanisms of power converters, the thermal
behaviour of the power electronic device itself is of real importance. The simulation of the thermal
processes of the power semiconductor junction, which depends on the power device design, may
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lead to new functions regarding the optimization of power semiconductor converters. This has an
important impact on the development and test costs of new power converters.

Extending the thermal models to specific applications allows the user of power devices to choose
the right ratings, to evaluate critical load cycles, and to identify potential overload capacities for
dynamic operating conditions. The described thermal model has an important potential for different
applications, including:

• development support;
• to identify user risks;
• to evaluate the right rated current;
• to evaluate overload capacity without destructive failure of the power device.

This paper describes a mathematical model related to the junction and case temperature of a
thyristor from a power rectifier. The thermal model allows for the calculation of the junction and
case temperature in the situation of conduction current variation, load type variation, and air speed
in the case of forced cooling. Having the possibility of 3D thermal modelling and simulation, it will
improve the power assembly design and provide new solutions for a better cooling of the power
semiconductors and power converter design.

The experimental tests validated the proposed mathematical model. There are close values
between experimental, simulation, and computing of junction and case temperature.
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Nomenclature

θj means the junction temperature [◦C];
θc case temperature [◦C];
θa ambient temperature [◦C];
P average power loss [W];
rT internal resistance [Ω];
VT voltage drop [V];
Rthjc thermal resistance between junction and case [◦C/W];
Rthck thermal resistance between case and heatsink [◦C/W];
Rthka thermal resistance between heatsink and environment [◦C/W];
ITAV average current [A];
IRMS root mean square value of the current [A];
Im maximum current [A];
ϕ phase shift between the current and voltage [◦el];
α firing angle [◦el];
αb locking angle [◦el];
ω pulse current [rad/s];
L inductance [H];
R resistance [Ω];
vair air speed [m/s].

References

1. Komma, T.; Kiffe, W. Dynamic junction temperature calculation and measurement by Four-pole theory
and complex Fourier-Series. In Proceedings of the 13th European Conference on Power Electronics and
Applications, Barcelona, Spain, 8–10 September 2009; pp. 1–9.

2. Di Napoli, F.; Magnani, A.; Coppola, M.; Guerriero, P.; D’Alessandro, V.; Codecasa, L.; Tricoli, P.; Daliento, S.
On-Line Junction Temperature Monitoring of Switching Devices with Dynamic Compact Thermal Models
Extracted with Model Order Reduction. Energies 2017, 10, 189. [CrossRef]

http://dx.doi.org/10.3390/en10020189


Energies 2020, 13, 103 17 of 18

3. Ling, J.H.L.; Tay, A.A.O. A New Analytical Method for Calculating Maximum Junction Temperature of
Packaged Devices Incorporating the Temperature Distribution at the Base of the Substrate. J. Electron. Packag.
2015, 137, 014502. [CrossRef]

4. Obreja, V.V.; Codreanu, C.; Nuttall, K.I.; Codreanu, I. Peaks in temperature distribution over the area of
operating power semiconductor junctions related to the surface leakage current. In Proceedings of the
EuroSimE 2005, 6th International Conference on Thermal, Mechanical and Multi-Physics Simulation and
Experiments in Micro-Electronics and Micro-Systems, Berlin, Germany, 18–20 April 2005; pp. 584–589.

5. Andresen, M.; Ma, K.; Buticchi, G.; Falck, J.; Blaabjerg, F.; Liserre, M. Junction temperature control for more
reliable power electronics. IEEE Trans. Power Electron. 2017, 33, 765–776. [CrossRef]

6. Eleffendi, M.A.; Johnson, C.M. Application of Kalman filter to estimate junction temperature in IGBT power
modules. IEEE Trans. Power Electron. 2015, 31, 1576–1587. [CrossRef]

7. Du, Y.; Rodrigues, R.; Jiang, T. A measurement method to extract the transient junction temperature profile
of power semiconductors at surge conditions. In Proceedings of the 2017 IEEE Energy Conversion Congress
and Exposition (ECCE), Cincinnati, OH, USA, 1–5 October 2017; pp. 2512–2519.

8. Chamund, D.; Shammas, N.Y.; Taylor, P. Modelling of power semiconductor devices for pulse power
applications. In Proceedings of the 44th International Universities Power Engineering Conference (UPEC),
Glasgow, UK, 1–4 September 2009; pp. 1–5.

9. Wang, B.; Song, Y. Survey on Reliability of Power Electronic Systems. IEEE Trans. Power Electron. 2012,
28, 591–604.

10. Nussbaumer, T.; Baumann, M.; Kolar, J.W. Comprehensive Design of a Three-Phase Three-Switch Buck-Type
PWM Rectifier. IEEE Trans. Power Electron. 2007, 22, 551–562. [CrossRef]

11. Li, G.; Du, X.; Sun, P.; Zhou, L.; Tai, H.M. Numerical IGBT junction temperature calculation method for
lifetime estimation of power semiconductors in the wind power converters. In Proceedings of the 2014
International Power Electronics and Application Conference and Exposition, Shanghai, China, 5–8 November
2014; pp. 49–55.

12. Chen, W.; Franke, J.; Herold, C.; Bhojani, R.; Lutz, J. Internal processes in power semiconductors at virtual
junction temperature measurement. Microelectron. Reliab. 2016, 64, 464–468. [CrossRef]

13. Luo, H.; Chen, Y.; Sun, P.; Li, W.; He, X. Junction temperature extraction approach with turn-off delay time
for high-voltage high-power IGBT modules. IEEE Trans. Power Electron. 2016, 31, 5122–5132. [CrossRef]

14. Baker, N.; Munk-Nielsen, S.; Iannuzzo, F.; Liserre, M. Online junction temperature measurement using peak
gate current. In Proceedings of the 2015 IEEE Applied Power Electronics Conference and Exposition (APEC),
Charlotte, NC, USA, 15–19 March 2015; pp. 1270–1275.

15. Zeng, G.; Cao, H.; Chen, W.; Lutz, J. Difference in device temperature determination using pn-junction
forward voltage and gate threshold voltage. IEEE Trans. Power Electron. 2019, 34, 2781–2793. [CrossRef]

16. Zhou, Y.; Shi, W.; Tang, J.; Wang, X.; Li, W.; He, X.; Zhang, C.; Li, Z. Dynamic junction temperature estimation
via built-in negative thermal coefficient (NTC) thermistor in high power IGBT modules. In Proceedings of
the 2017 IEEE Applied Power Electronics Conference and Exposition (APEC), Tampa, FL, USA, 26–30 March
2017; pp. 772–775.

17. Choi, S.S.; Lee, W.Y.; Ma, B.; Lee, K.H. Power cycling test of power semiconductor based on junction
temperature monitoring. In Proceedings of the 20th International Workshop on Thermal Investigations of
ICs and Systems, London, UK, 24–26 September 2014; pp. 1–3.

18. Li, L.; Xu, Y.; Li, Z.; Wang, P.; Wang, B. The effect of electro-thermal parameters on IGBT junction temperature
with the aging of module. Microelectron. Reliab. 2016, 66, 58–63. [CrossRef]

19. Hsu, F.M.; Su, Y.F.; Chiang, K.N. Determination of the junction temperature of Gallium Nitride (GaN)-based
high power LED under thermal with current loading conditions. In Proceedings of the 2015 International
Conference on Electronic Packaging and iMAPS All Asia Conference (ICEP-IAAC), Kyoto, Japan,
14–17 April 2015; pp. 691–694.

20. Khazaka, R.; Mendizabal, L.; Henry, D.; Hanna, R. Survey of High-Temperature Reliability of Power
Electronics Packaging Components. IEEE Trans. Power Electron. 2014, 30, 2456–2464. [CrossRef]

21. Murdock, D.; Torres, J.; Connors, J.; Lorenz, R. Active thermal control of power electronic modules. IEEE Trans.
Ind. Appl. 2006, 42, 552–558. [CrossRef]

http://dx.doi.org/10.1115/1.4028120
http://dx.doi.org/10.1109/TPEL.2017.2665697
http://dx.doi.org/10.1109/TPEL.2015.2418711
http://dx.doi.org/10.1109/TPEL.2006.889987
http://dx.doi.org/10.1016/j.microrel.2016.07.125
http://dx.doi.org/10.1109/TPEL.2015.2481465
http://dx.doi.org/10.1109/TPEL.2018.2842459
http://dx.doi.org/10.1016/j.microrel.2016.09.016
http://dx.doi.org/10.1109/TPEL.2014.2357836
http://dx.doi.org/10.1109/TIA.2005.863905


Energies 2020, 13, 103 18 of 18

22. Engelmann, G.; Laumen, M.; Gottschlich, J.; Oberdieck, K.; De Doncker, R.W. Temperature-Controlled Power
Semiconductor Characterization Using Thermoelectric Coolers. IEEE Trans. Ind. Appl. 2018, 54, 2598–2605.
[CrossRef]

23. Toulon, G.; Bourennane, A.; Isoird, K. Analysis in commutation of a new high voltage thyristor structure for
high temperature. In Proceedings of the 20th International Conference Mixed Design of Integrated Circuits
and Systems-MIXDES 2013, Gdynia, Poland, 20–22 June 2013; pp. 426–430.

24. Yasui, K.; Hayakawa, S.; Nakamura, M.; Kawase, D.; Ishigaki, T.; Sasaki, K.; Kobayashi, T. Improvement
of power cycling reliability of 3.3 kV full-SiC power modules with sintered copper technology for Tj,
max = 175 ◦C. In Proceedings of the IEEE 30th International Symposium on Power Semiconductor Devices
and ICs (ISPSD), Chicago, IL, USA, 13–17 May 2018; pp. 455–458.

25. Herold, C.; Franke, J.; Bhojani, R.; Schleicher, A.; Lutz, J. Methods for virtual junction temperature
measurement respecting internal semiconductor processes. In Proceedings of the 2015 IEEE 27th International
Symposium on Power Semiconductor Devices & IC’s (ISPSD), Hong Kong, China, 10–14 May 2015;
pp. 325–328.

26. Chen, C.; Pickert, V.; Tsimenidis, C.; Al-Greer, M. Junction Temperature Estimation for IGBT Modules
Applied to EVs Based on High-Frequency Signal Sweeping Technique. In Proceedings of the 2018 IEEE
Transportation Electrification Conference and Expo, Asia-Pacific (ITEC Asia-Pacific), Bangkok, Thailand,
6–9 June 2018; pp. 1–5.

27. Mao, S.; Popovic, J.; Ferreira, J.A. 300W 175 ◦C Half Bridge Power Building Block with High Temperature SiC
MOSFETs for Harsh Environment Applications. In Proceedings of the 2018 1st Workshop on Wide Bandgap
Power Devices and Applications in Asia (WiPDA Asia), Xi’an, China, 16–18 May 2018; pp. 1–5.

28. Xu, D.; Lu, H.; Huang, L.; Azuma, S.; Kimata, M.; Uchida, R. Power loss and junction temperature analysis
of power semiconductor devices. IEEE Trans. Ind. Appl. 2002, 38, 1426–1431.

29. Polom, T.A.; Wang, B.; Lorenz, R.D. Control of Junction Temperature and Its Rate of Change at Thermal
Boundaries via Precise Loss Manipulation. IEEE Trans. Ind. Appl. 2017, 53, 4796–4806. [CrossRef]

30. Vemulapati, U.R.; Bianda, E.; Torresin, D.; Arnold, M.; Agostini, F. A Method to Extract the Accurate Junction
Temperature of an IGCT During Conduction Using Gate–Cathode Voltage. IEEE Trans. Power Electron. 2015,
31, 5900–5905. [CrossRef]

© 2019 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/TIA.2018.2796574
http://dx.doi.org/10.1109/TIA.2017.2710038
http://dx.doi.org/10.1109/TPEL.2015.2492621
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Mathematical Model 
	Three-Dimensional Thermal Model 
	Discussion of the Results 
	Conclusions 
	References

