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ABSTRACT The junction temperature at the fundamental frequency cannot be ignored in a lifetime
evaluation of insulated-gate bipolar transistors (IGBTs) with a long-term mission profile. Therefore, it is
very important in terms of calculation speed and accuracy to simplify the loss curve when calculating the
thermal fluctuation at the fundamental frequency. This paper proposes a mathematical analysis method for
the junction temperature fluctuation at the fundamental frequency based on an equivalent sinusoidal half-
wave loss. The dynamic and static parameters of the devices are tested by an experimental platform, and
accurate device loss models are established through a case study of a 1.5 MW direct-drive wind turbine grid-
connected model. The accuracy of the proposed calculation model is compared with that of a time-domain
simulation and the two-step loss pulse method. Considering different output frequencies, the accuracy of
the proposed method is further discussed. Based on actual wind speed data, the proposed method is used
to calculate the junction temperature of an IGBT module in a grid-side converter. The results show that the
proposed method can improve the accuracy of the reliability evaluation of wind power converters.

INDEX TERMS Junction temperature fluctuation, equivalent sinusoidal half-wave loss, fundamental
frequency, reliability, mission profile.

I. INTRODUCTION
In recent years, wind energy has developed rapidly as a clean
renewable energy source, and the capacity of wind turbines
has increased continuously. Especially for the large-scale
grid-connected transmission of wind power generation, large-
capacity and high-reliability requirements are receiving more
and more attention [1]–[3]. The wind power converter is the
key component of wind turbines. The wind power converter
plays an important role in the flexible operation of units and
in the safe and stable operation of the power grid. Limited by
wind resources, wind power converters are often in a remote
and harsh operating environment, especially offshore wind
turbines, which is one of the most vulnerable parts of wind
power plants. Therefore, improving the reliability of the con-
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verter can ensure the safe operation of the generator set. More
importantly, a long converter life is themain factor to consider
for reducing the cost of wind power generation [4]–[6].

The reliability of a wind power converter system is affected
not only by the circuit topology but also by the reliability of
the devices, which plays a decisive role in the system [7], [8].
The IGBT module is the most valuable key device inside
the converter. In [7], the six IGBT modules of the inverter
system are in series, and any failure (ignoring a redundant
design) will result in a failure of the converter system. Oper-
ating under the coupled action of electrothermomechanical
fields, IGBT modules are required to have a high reliability
to improve the system reliability. Based on the principle of
barrel theory, the reliability of a powermodule depends on the
lifetime of the internal weak link (IGBT or diode) [9]. In the
literature [10], [11], an in-depth analysis of the IGBT module
failure mechanism pointed out that the IGBTmodule package
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has a multilayer structure inside the module, in which the
thermal expansion coefficients of the layers are mismatched.
The structure of each layer of the module needs to withstand
a considerable heat expansion and contraction process. Ther-
mal stress and long-term repeated temperature fluctuations
are the main factors affecting the working life of IGBT mod-
ules. An accurate power loss and junction temperature fluc-
tuation analysis is important for the reliability analysis and
thermal design of high-power IGBT modules [12]. For every
10◦C increase in temperature, the failure rate of the switching
device doubles [13]. A transient high temperature is an impor-
tant cause of an external failure of the device, so the junction
temperature information is the basis for device life prediction
and management [14]. Under the operating conditions of
an actual power electronic system, it is difficult to directly
obtain the power loss and junction temperature of the device.
Therefore, it is necessary to estimate the thermal load of the
wind power converter according to the mission profile. The
lifetime prediction of the IGBT module usually takes into
account the wind speed and air temperature in the wind power
converter over a long time (one year), spanning multiple time
scales. Therefore, converting the operating conditions into
thermal loading is key for a lifetime consumption assessment
of the components [15], [16]. The accuracy of a lifetime
cumulative damage assessment is limited by the accuracy of
the junction temperature calculation of the power device.

In addition to the wind speed, temperature, and other exter-
nal environmental factors, the junction temperature fluctu-
ation at the fundamental frequency cannot be ignored in a
lifetime assessment. The fundamental wave of the grid-side
converter output current maintains the same frequency as the
grid voltage (f0 = 50 Hz), and the junction temperature
calculation needs to process approximately 1.57∗109 power
cycles in one year. Therefore, it is very important to be able
to obtain the thermal load that meets the calculation accuracy
requirements within a reasonable calculation time.

The electrothermal coupling iteration based on a time-
domain simulation is a very accurate method for calculat-
ing the junction temperature, but the method has a very
long simulation time. For long-term mission profiles, large
amounts of data are generated during the calculation. It is
unrealistic to apply this method to the reliability research of
powermodules. Based on the electrothermal analogymethod,
studies [17] and [18] have specified the iterative principle
and calculation process of the junction temperature for IGBT
modules in wind power converters, which uses the Gauss-
Seidel junction temperature iteration to calculate the junction
temperature at the fundamental frequency. The calculation
results show that the method is fast and accurate, but the
method cannot be used in systems with nonconvergence.
The finite element numerical calculation method is accurate
when based on a three-dimensional physical model and can
reflect the three-dimensional distribution characteristics of
the steady-state and transient junction temperatures. How-
ever, the physical modeling of IGBT modules is complex and
the amount of computation is large, which is not suitable for

calculating the junction temperature of devices over a long
time [19]. For high-power IGBT modules, the power loss has
sinusoidal half-wave characteristics [20]. Therefore, some
scholars have proposed a simplified loss model to improve
the speed of calculating the junction temperature fluctuation
but at the expense of the calculation accuracy. Reference
[21] proposed a calculation method for a two-step loss pulse
sequence, which can quickly calculate the junction temper-
ature fluctuation and the average junction temperature of
devices. The transition process of the instantaneous junction
temperature is neglected in order to improve the calculation
speed. Thus, there is a certain error in the junction tempera-
ture of the device calculated by this method. Reference [22]
considered the inherent DC bias characteristics of a modular
multilevel converter (MMC) and proposed a mathematical
iterative method based on a virtual sinusoidal half-wave loss
approximation to calculate the junction temperature fluctu-
ation of power devices in the MMC, and the validity of the
method was verified.

In this paper, the impulse equalization principle is intro-
duced into the junction temperature calculation of a wind
power converter, and a calculation method for the junction
temperature fluctuation is proposed that is suitable for a long-
term mission profile reliability evaluation of wind power
converters. First, the average junction temperature iterative
calculation method is analyzed based on electrothermal cou-
pling at the fundamental frequency. Then, the average loss
is equivalent to sinusoidal half-wave loss, and the math-
ematical analytical model is derived for a fast calculation
of the steady-state junction temperature fluctuation. In a
1.5 MW grid-connected direct-drive wind generator case
study, the dynamic and static parameters are tested through
experiments to establish the device loss models. The accu-
racy of the proposed model is compared with a time-domain
electrothermal simulation and the two-step loss method. The
impacts of different output frequencies on the junction tem-
perature fluctuation calculations are further discussed and
compared with those of other calculation methods. Finally,
based on actual wind speed data, the junction temperature of
the IGBT module is calculated by the proposed method, and
the effectiveness of the proposed method is verified.

II. JUNCTION TEMPERATURE CALCULATION MODEL
BASED ON AN EQUIVALENT SINUSOIDAL HALF-WAVE
LOSS
A. PROCESS OF THE PROPOSED METHOD
Fig. 1 illustrates the calculation process of the average junc-
tion temperature and the thermal fluctuation estimation of
the power device in a wind power converter. Before the
junction temperature evaluation process, the measured wind
speed data needs to be converted into the converter output
power according to the wind farm wind power curve. The
operating parameters of the converter are the voltage mod-
ulation coefficients, the DC bus voltage, the device current,
output frequency, and other electrical parameters. In the flow
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FIGURE 1. Flowchart of the proposed method.

chart, the operation parameters of the wind power are input
into the average loss model based on the power frequency
f0. Then the electrothermal coupling iterative calculation is
conducted to obtain the average junction temperature Tjav and
average loss Pav. The process above iterates until the junction
temperature Tjav converges. The average loss is converted
into a sinusoidal half-wave loss. According to the principle
of area equivalence, the equivalent rectangular pulse loss is
obtained. By inputting the equivalent rectangular pulse loss of
the sinusoidal half-wave loss into the calculation model of the
steady-state junction temperature fluctuation, the maximum
fluctuation value 1Tjmax can be obtained. This method is
applicable to the junction temperature calculation for the grid
side and the machine side in the converter.

B. ITERATIVE CALCULATION OF THE AVERAGE LOSS
CONSIDERING JUNCTION TEMPERATURE COUPLING
The average losses of the IGBT and diode include the aver-
age conduction losses Pcond of the devices and the aver-
age switching losses PSW (or reverse recovery losses) at
the output power frequency. The output characteristics and
switching losses of the devices can be obtained through
experiments or a datasheet. Taking the grid-side inverter as
an example, the junction temperature of the chip is evaluated
and iteratively calculated when calculating the average con-
duction losses of the IGBT and the diode to better consider
the electrothermal interaction characteristics under operating
conditions. The average conduction loss of the power device
is expressed as

Pcond = f0

∫ 1/(2f0)

0
Uce(t) · i(t) · δ(t)dt (1)

where δ(t) represents the switching duty cycle of the power
device, Uce represents the forward on-state voltage drop of
the power device, and i represents the current flowing through
the power device. The calculation of the above integral for-
mula is more complicated. According to (1), the numerical
calculation can be expressed as [23]

Pcond=
√
2Ic · (

1
2π
±
m · cosϕ

8
) · V0(Tj)

+2 · I2c (
1
8
±
m · cosϕ

3π
) · r(Tj) (2)

in which the positive sign indicates the IGBT calculation
formula, and the negative sign indicates the diode calculation
formula. m represents the voltage modulation factor, cosϕ
represents the power factor, Ic represents the output current
RMS of the grid side, and Tj represents the junction tem-
perature of the device. V0 represents the threshold voltage at
the corresponding junction temperature, r represents the on-
resistance at the corresponding junction temperature, and the
output characteristic curve of the IGBT can be used with the
junction temperatures T1 = 25◦C and T2 = 125◦C. The two
parameters at the corresponding junction temperature are cal-
culated by approximating the interpolation by the following
formulas.

V0(Tj) =
V0(T2)− V0(T1)

T2 − T1
(Tj − T1)+ V0(T1) (3)

r(Tj) =
r(T2)− r(T1)
T2 − T1

(Tj − T1)+ r(T1) (4)

The switching losses (reverse recovery losses) of the IGBTs
and diodes are related to the conduction current, junction
temperature, DC voltage, and drive resistance and can be
obtained as [24]

Psw(T )= fsw · Eon+off ·
1
π
·

√
2Ic
Iref
· (
VDC
Vref

)KV

· (1+ CT (Tj − Tref )) (5)

Psw(D)= fsw ·Err ·
1
π
·

√
2Ic
Iref
·(
VDC
Vref

)KV

· (1+ CT (Tj − Tref )) (6)

where Eon and Eoff represent the turn-on and turn-off energy
consumptions under IGBT rated conditions, VDC represents
the DC-side voltage, KV and CT can be calculated by an
experiment or a datasheet. iref , Vref , and Tref represent the
reference current, reference blocking voltage, and reference
temperature, respectively. fsw represents the switching fre-
quency. Under the same load current, the higher the switching
frequency is, the better the quality of the output voltage
waveform. However, the switching losses are directly pro-
portional to fsw [25]. fsw is limited by the maximum junction
temperature and the efficiency of the converter.

It is known from the electrothermal analogy method that
the thermal model of the device can be represented by an
equivalent circuit. To meet the accuracy requirements of
the thermal model, a fourth-order Foster thermal network
is generally established for the IGBT module. To speed up
the calculation of the average junction temperature itera-
tive calculation, the network uses a pure thermal resistance
network model ignoring the average junction temperature
transient process. As shown in Fig. 2, the temperature is
represented by the node voltage. Tj_T /Tj_D, and Tc_T/Tc_D
represent the junction temperature and case temperature of
the IGBT/diode chip, respectively. The IGBT module con-
tains two heat sources, the IGBT and the diode chip, which
are represented by PT and PD, respectively. Rtjci, Rdjci (i =
1, 2, 3, 4) is the thermal resistance of the IGBT/diode chip
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FIGURE 2. Thermal model for the IGBT modules.

relative to the resistance of the case, Rtch/ Rdch is the thermal
resistance of the IGBT/diode case relative to the resistance
of the heat sink, and Th is the heat sink temperature. Here,
the heat sink time is constant at the level of minutes. When
calculating the junction temperature fluctuation at the funda-
mental frequency, the temperature increase of the heat sink is
not considered [26]. Based on the feedback of the junction
temperature, the average periodic loss at the fundamental
frequency is input into the thermal network model for the
iterative calculation. Then, the average junction temperature
and average loss of the power devices are obtained under the
corresponding working conditions.

C. CALCULATION MODEL OF THE THERMAL
FLUCTUATION AT THE FUNDAMENTAL FREQUENCY
First, the average loss of the IGBT (diode) needs to be con-
verted into an equivalent half-wave loss using (7). As shown
in Fig. 3, the sinusoidal half-wave loss is divided into 4 dissi-
pation pulses for the thermal estimation while the negative
half cycle loss is zero. As shown in Fig. 5, because the
minimum time of the thermal response is 1 ms, the maximum
number of pulse losses is 10 for a 50 Hz fundamental fre-
quency output, but the calculation is very time-consuming.
Therefore, 4 dissipation pulses are used here. Then, four
equivalent pulse losses Pi(i=1,2,3,4) are obtained with refer-
ence to (8) according to the principle of equal impulse area.
In addition, P1 = P4, P2 = P3, as shown in (9) and (10).

Ppeak(T/D) = π · Pave(T/D) = π · (Pcon + Psw(T/D)) (7)

Pi =
1
1t

∫ i/1t
i− 1/1t

π · Pave sin(2π f0 · t)dt (8)

P1 = P4=2(2-
√
2) · Pave (9)

P2 = P3=2
√
2 · Pave (10)

where 1t = 1/(8∗f0).
To convert the power loss based on the power frequency

into the thermal load, the equivalent rectangular pulse loss
is input into the thermal impedance model of the power
device. Then, the value of the maximum junction temperature
fluctuation1Tj is obtained at the fundamental frequency. The
fluctuation of the junction temperature in the thermal loading

FIGURE 3. Calculation of the junction temperature fluctuation based on
an equivalent sinusoidal half-wave loss.

is mainly caused by the fast and periodic alternation of the
load current [16]. However, in the initial stage, the junction
temperature of the device is transient. The two-step pulse
loss method based on the simplified loss model ignores
the transient junction temperature transition process [21].
In addition, the first junction temperature fluctuation is con-
sidered to be the steady-state junction temperature fluctua-
tion, which will result in inaccuracies when predicting the
junction temperature.

Actually, Fig. 4 illustrates the simplification of the equiva-
lent rectangular power loss and its thermal response process.
After several fundamental periods, the junction temperature
reaches a steady state. The average junction temperature no
longer increases, and the final junction temperature fluctu-
ates around the average of the average junction temperature.
At this moment, the power loss and dissipated power reach a
balance. The maximum value of fluctuation1Tjmax in steady
state is the amplitude of the fluctuation in the fundamental
frequency cycle. For a more accurate prediction with the
minimum number of computations, the derivation process is
as follows

T
′

j0=0

Tj0=P1 · R(1− exp(−31t/τ ))+ (P2 − P1)
·R(1− exp(−21t/τ ))
T
′

j1=Tj0 · exp(−51t/τ )+ P1 · R(1− exp(−1t/τ ))

·exp(−41t/τ )
Tj1=T

′

j1

·exp(−31t/τ )+ Tj0
· · · · ··

T
′

jk+1=Tjk · exp(−51t/τ )+ P1 · R(1− exp(−1t/τ ))

·exp(−41t/τ )
Tjk+1=T

′

jk+1 · exp(−31t/τ )+ Tj0

(11)

According to Fig. 4, when the junction temperature transi-
tions to steady state, the two steady-state junction temperature
peaks are equal; namely, Tjk+1 = Tjk. Substituting T ’ jk+1
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FIGURE 4. Schematic diagram of the junction temperature transition from
the transient stage to the steady-state stage.

FIGURE 5. Transient thermal impedance curve.

into the thermal estimation equation Tjk+1 in (11), T ’ jk+1 is
eliminated. Tjk is expressed as

Tjk=
P1 · R(1−exp(−1t/τ )) · exp(−71t/τ )+Tj0

1−exp(−81t/τ )
(12)

Similarly, the minimum junction temperature T’jk can be
obtained, which can be expressed as

T
′

jk

=
P1 ·R(1−exp(−1t/τ ))·exp(v−41t/τ )+Tj0exp(−51t/τ )

1−exp(−81t/τ )
(13)

Therefore, the value of the junction temperature fluctuation
1Tjmax at steady state can be obtained, which is given as (14),
shown at the bottom of the next page.
To estimate the junction temperature accurately, the high-
order thermal impedance curve in the datasheet is adopted,
instead of the simplified first-order thermal network. The
fourth-order foster thermal impedance (Zjc) curve of the
IGBT module is shown in Fig. 5. There are four correspond-
ing thermal time constants τ and four thermal resistance
constants R. Substituting Tj0 into the junction temperature
fluctuation (14), the above formula can be expressed as (15),
shown at the bottom of the next page.
According to (15), the fluctuation of the junction temperature
in the power frequency period can be calculated. The wave-
form of the change in the junction temperature in the whole
period cannot be obtained by the proposed method. This
is the focus of this study. The proposed method solves the
temperature fluctuation of the fundamental frequency output

FIGURE 6. Typical structure of a back-to-back direct-drive wind turbine,
where the grid-side converter is studied.

FIGURE 7. Internal structure of unpacked FF300R17ME4 module.

TABLE 1. Specifications of the grid-side converter.

cycle (usually one year) quickly and effectively, which is
helpful for the evaluation of the reliability of power devices.

III. VALIDATION OF THE PROPOSED METHOD
In this part, the grid-connected inverters of direct-drive wind
turbines are taken as an example to analyze the accuracy
of this method. A simulation model of a 1.5 MW grid-side
inverter is developed in the MATLAB and PLECS cosim-
ulation platform, as shown in Fig. 6. Assuming that all of
the power of the machine-side converter is transmitted to the
grid-side inverters, the specifications are listed in Table 1.
The DC bus voltage is 900 V, and the grid-side line volt-
age is 480 V. In this study, we employ the Infineon half-
bridge module FF300R17ME4, which consists of 6 IGBT
chips and 6 antiparallel diode chips. In more detail, the con-
sidered IGBT module contains three half-bridge converters
connected in parallel, as shown in Fig. 7. For the power
modules, the rating of 1.7 kV and 0.3 kA is adopted for the
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FIGURE 8. Test platform for the IGBT dynamic and static parameters.

grid-side inverter. Themultimodule parallel connectionmeets
the capacity requirements of the wind turbine, and the thermal
impedance curve of the selected module is shown in Fig. 5.

A. DYNAMIC AND STATIC PARAMETER TESTING
The datasheets of power devices mostly only provide only
dynamic and static parameters at 25◦C and 125◦C. In addi-
tion, the switching loss and conduction loss cannot be
obtained at other junction temperatures. To calculate the
conduction loss and switching loss more accurately, the
LEMSYS high-power IGBT tester is used to test the dynamic
and static parameters of the device at different temperatures
(25◦C, 50◦C, 75◦C, 100◦C, and 125◦C). The test platform
is shown in Fig. 8. The same IGBT module as that in the
simulation model is chosen in the experiment.

The static parameters reflect the forward output character-
istics of the IGBT and diode at different junction tempera-
tures. The test results are shown in Fig. 9. With the increase
in temperature, the forward voltage of the IGBT and diode
increases continuously, which means that the conduction

FIGURE 9. Output characteristic of the IGBT and the forward
characteristic of the diode at different temperatures. (a) IGBT. (b) Diode.

losses increase continuously. In the dynamic parameter test,
the blocking voltage is set to 900 V. The module is heated to a
specified temperature by a heating plate using a double-pulse
circuit [27]. The switching losses of the IGBT and diode at
different temperatures are tested. The test results are shown

1Tjmax = Tjk − T
′

jk

1Tjmax =
P1 · R(1− exp(−1t/τ )) · (exp(−71t/τ )− exp(−41t/τ ))+ Tj0 · (1− exp(−51t/τ ))

1− exp(−81t/τ )

(14)

1Tjmax

=P1
4∑
i=1

Ri(1−exp(−1t/τ i))·(exp(−71t/τi)−exp(−41t/τi))
1−exp(−81t/τi)

+P1
4∑
i=1

Ri(1−exp(−1t/τ i))·(1−exp(−51t/τi))
1−exp(−81t/τi)

+ (P2−P1)
4∑
i=1

Ri(1−exp(−21t/τ i))·(1−exp(−51t/τi))
1−exp(−81t/τi)

(15)
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FIGURE 10. Switching losses of the IGBT. (a) Turn-on loss Eon. (b) Turn-off
loss Eoff.

in Figs. 10 and 11. The turn-on and turn-off losses of the
IGBT increase when the temperature increases. The recovery
losses of the diode increase when the temperature increases.

B. VERIFICATION OF THE ACCURACY OF THE THERMAL
FLUCTUATION MODEL
To speed up the calculation in PLECS, a lookup table is used
to determine the device losses [28], [29]. In a real system,
device losses depend on the junction temperature. Based
on the above experimental results, the dynamic and static
parameters are inputted to the device model in the form of
a thermal description file, and an accurate loss model can
be obtained. Fig. 12 shows the thermal simulation results
of the power devices when the power output current of the
grid-side wind power converter is 230 A. The maximum
junction temperature of the IGBT chip is approximately
76.8◦C, and the fluctuation of the junction temperature1Tj/T
is approximately 10.3◦C. Themaximum junction temperature
of the diode chip is approximately 56.3◦C, and the fluctuation
of the junction temperature 1Tj/D is approximately 4.9◦C.
The simulation results are used as a benchmark. Based on
the same average loss, the proposed calculation method for

FIGURE 11. Recovery loss Err of the diode.

FIGURE 12. Thermal profiles of the power devices in PLECS.

TABLE 2. Comparison of the junction temperature fluctuations.

the steady-state junction temperature fluctuation is compared
with the simulation results and the calculation results of the
two-step pulse loss method, as shown in Table 2. Notably,
compared with the simulation results, the accuracy of the
proposed method is more satisfactory. It is worth noting that
in the simulations the case temperatures of the IGBT and the
diode are the same.

Table 2 shows the fundamental frequency fluctuations of
the steady-state junction temperature of the IGBT and diode
when the output current of the grid-side wind power converter
is 230 A. In contrast, the calculated results based on the
proposed method are very close to the simulation results of
the PLECS steady-state junction temperature, and the errors
are within 4%. However, the proposed method is faster and
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FIGURE 13. Data of the wind speed and ambient temperature. (a) Wind
speed fluctuation curve. (b) Ambient temperature curve.

simpler. The maximum error based on the two-step pulse loss
calculation is 37%. It can be seen that the method proposed
in this paper has good accuracy when the output frequency is
50 Hz.

C. IMPACTS OF DIFFERENT OUTPUT FREQUENCIES
In the machine side of the converter and three-phase variable-
frequency drive system, the output frequency is generally as
low as 1 Hz, so it is necessary to study the sensitivity at low
frequencies. To validate the calculation results, simulations
are carried out using IPOSIM, where three-phase inverter
models with different output frequencies are established.
With the IPOSIM results as a reference, the results of the
proposed method are compared with the results of the two-
step loss pulse method. The same IGBT module is used
as in the above experimental tests. For the case when the
fundamental current of the inverter is 200 A, the results are
shown in Table 3.

Table 3 shows the effect of the output fundamental fre-
quency on the calculation method of the junction temper-
ature fluctuation 1Tj. Both the proposed method and the
two-step pulse loss method are based on the same average

FIGURE 14. Average junction temperature and junction temperature
fluctuation at the fundamental frequency. (a) Average junction
temperature. (b) Junction temperature swing at the fundamental
frequency.

losses of 269 W calculated by IPOSIM. For the same aver-
age power losses, the amplitude of the junction tempera-
ture fluctuation increases gradually with a decrease in the
output frequency when using the same junction temperature
calculation method. The calculation results of IPOSIM are
used as a benchmark. When the output frequency is 50 Hz,
the calculated results 1Tj of the proposed method are con-
sistent with those of the IPOSIM, while the error of the two-
step pulse loss method is 41%. The calculated errors of the
junction temperature fluctuations from 50 Hz to 5 Hz are
less than the two-step pulse losses. However, when the output
frequency is 1 Hz, the error of the two-step pulse loss method
is 0.74%, while the error of the proposedmethod is 5.9%. The
reason for this result is that the proposed junction temperature
fluctuation calculation model assumes that the module needs
to experience multiple sinusoidal half-wave losses before it
can reach a stable state. However, when the module runs at
a high temperature, it experiences one or several loss cycles,
and the junction temperature can quickly reach a stable state.
From Table 3, it can be seen that the proposed mathematical
analysis method for the junction temperature fluctuation is
applicable to different fundamental frequencies.
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TABLE 3. Impacts of different output frequencies on the junction temperature fluctuation calculation based on the same IGBT power loss.

IV. FAST ESTIMATION OF THE JUNCTION TEMPERATURE
WITH ACTUAL WIND SPEED DATA
Based on the high accuracy of the proposed junction tem-
perature fluctuation model, the same IGBT module is used
to quickly estimate the junction temperature of the grid-side
converter. An SCADA system equipped with wind power
grid-connected units can continuously store wind speed and
cabin temperature data of wind turbines at a certain time
interval. According to the mission profile, a reliability evalu-
ation of the power devices can be carried out [30]. Consider
the wind speed and temperature data collected by a wind
farm in Hebei province for a period of time (12,960 min)
as an example, as shown in Fig. 13. The data recording
unit was 1 min, i.e., 12,960 wind conditions were recorded.
Wind power converters use water-cooled heat dissipation,
assuming that the temperature of the radiator is basically
maintained at 40◦C. When the wind speed is lower than
the cut-in wind speed and the IGBT does not operate for
more than 12 hours, the heat sink temperature is the inter-
nal temperature of the cabin. Based on the equivalent sinu-
soidal half-wave method, the average junction tempera-
ture and amplitude of the fundamental junction temperature
fluctuation of the IGBT at each wind speed are obtained,
which only takes approximately 3 s to improve the calculation
speed significantly, as shown in Fig. 14. The two-step loss
calculation is compared with the IGBT junction temperature
fluctuation based on the equivalent sinusoidal half-wave loss
calculation, as shown in Fig. 14(b). The green line represents
the calculated value of the method proposed in this paper,
and the magenta line represents the value of the two-step
loss pulse calculation. Through the comparison, it can be
seen that the two-step loss pulse method calculates a larger
amplitude of the fundamental frequency junction temperature
fluctuation. For the welded IGBT module, the cumulative
life damage of the bonding line or chip solder layer will be
overestimated when the latter calculation results are used to
evaluate the life loss of the bonding line or chip solder layer.
Therefore, the proposed method can predict the device life
more accurately.

V. CONCLUSION
To estimation the lifetime of an IGBT module in wind power
converters, it is necessary to address the junction temperature
fluctuation at the fundamental frequency in the long-term
mission profile quickly. Based on an equivalent sinusoidal
half-wave loss, an analytical mathematical method is

proposed to estimate the fundamental junction temperature
fluctuation more accurately in this paper. For actual wind
speed data, a quantitative comparison is made with the two-
step loss pulse method, which further validates the effective-
ness of the proposed method.

A variation in the operational parameters is considered in
the proposed method. The validity of the calculation of the
junction temperature fluctuation is verified for output power
frequencies through the grid-connected inverter model. Com-
paring the calculated results with the IPOSIM calculation
and two-step pulse loss for different output frequencies, it is
proved that the analytical model has high accuracy. In addi-
tion, the proposed method can also be applied to an IGBT
module in a machine-side converter.

The calculated junction temperature fluctuations agree
well with the time-domain simulation results. Compared with
the two-step loss pulse method, the proposed calculation
method for the junction temperature has high accuracy and
achieves a fast calculation. Therefore, this method is suit-
able for calculating the cumulative damage device lifetimes
over long time scales. In addition, the method is helpful for
improving the accuracy of a reliability evaluation.
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