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IGBT Modules under Periodic Power Loss Profiles

in Modular Multilevel Converters
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Abstract—One of the next challenges for modular multilevel
converters (MMCs) is how to the size the critical components
to its limits with reduced design margins, while at the same
time fulfilling the reliability target. To do it confidently, better
thermal modeling with quantitative uncertainty analysis is nec-
essary to support the decision-making during the product design
stage. Regarding conversion of long-term mission profiles into
thermal profiles for reliability evaluation, this paper proposes
a computational-efficient thermal modeling method for IGBT
modules in MMCs. The proposed method considers the impact of
the inherent thermal unbalance and has minimum computation
with quantitative error analysis. Finally, both simulations and
experiments have verified the theoretical results.

Index Terms—Error analysis, insulated gate bipolar transis-
tors (IGBTs), modular multilevel converters (MMCs), reliability,
thermal analysis.

I. INTRODUCTION

W ITH modular multilevel converter (MMCs) having wide
range of applications [1]–[4], its challenges of relia-

bility are increasingly emerging. Although many redundancy
schemes [5] and fault protection methods [6] are proposed to
improve the reliability of the MMC, these methods usually
sacrifices some important characters, such as cost, footprint,
power density, etc. How to design an MMC to fulfill a specific
reliability-target with compromised costs and design margins
has not attracted so much attention yet. To do it confidently,
better modeling methods with quantitative uncertainty analysis
are necessary to support decision making at the design stage.

According to [7] and [8], junction temperature fluctuations
are one of the dominant failure mechanisms for power
semiconductor devices, which are classified into two types:
1) thermal cycles caused by the change of environmental
conditions [9], [10], e.g., ambient temperature, wind speeds,
solar irradiation, etc., and 2) periodic thermal profiles due to
fundamental-frequency currents. As the amplitudes of periodic
thermal profiles are relative moderate, some works usually
ignored its effects in reliability evaluations [11]. However,
[12]–[14] pointed out that a large number of minor thermal
cycles have a non-negligible effect on the components fatigue.
Moreover, high-power converters, e.g., MMC, have significant
periodic thermal behaviors at the fundamental frequency.
For instance, a 30-MW MMC has over 10◦C temperature
variations [15]. Therefore, the thermal behaviors under periodic
power loss profiles should be considered carefully and estimated
with a quantitative error.

In terms of the reliability evaluation of the MMC based on
long-term mission profiles, one of the significant challenges
is to convert tremendous periodic power loss profiles into
thermal profiles. Many advanced simulation tools provide
comprehensive thermal behavior analysis, such as the finite
element method (FEM) and electro-thermal simulation (e.g.,
PLECS). However, these methods require massive computation;
thus it is problematic to process a large number of power cycles
(e.g., one-year mission profiles) for the reliability assessment.
Following, some prior-art simplified thermal estimation models
developed from two-level converters are computational light,
such as the square-wave loss profile [16], the fixed half-sine
loss profile [17], and the two-level power loss profile [13].
Nonetheless, these methods fail to consider the inherent thermal
unbalance existing in the sub-module (SM) of the MMC. As a
result, a large error might be introduced. Then, an equivalent
power loss profile was proposed to consider the inherent thermal
unbalance of the MMC in [15] and [18], but this method is
still complicated to process a large number of thermal cycles
efficiently. For instance, if the fundamental frequency is 50 Hz,
there are approximately 109 periodic power cycles for one-
year mission profiles. A heavy computational burden is still
inevitable. Therefore, a further simplification of the equivalent
power loss profile within a quantitative error level is demanding.

In this paper, a computational-efficient thermal estimation
method is proposed for the IGBT modules of the MMC
under periodic power loss profiles. An equivalent power loss
profile is introduced in Section II to model the inherent
thermal unbalance of the MMC. Then, Section III establishes
a quantitative error model to simplify the equivalent power
loss profile according to a maximum allowable error. Then
quantitative error analysis helps to achieve a more confident
reliability evaluation. Finally, the effectiveness of the proposed
method is verified by simulations and experiments.

II. CONFIGURATION OF THE MMC AND THERMAL
ESTIMATION OF PERIODIC POWER LOSS PROFILES

This section introduces the configuration of the MMC at
first. Then, in order to consider the varied thermal unbalance
of the MMC, the equivalent power loss profile is summarized
according to [15]. The challenge to further simplify the
proposed equivalent power loss profile within a quantitative
error is also introduced.
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Fig. 1. Configuration of an MMC system (Idc is the dc current, Udc is
the dc bus voltage, iac is the ac current, up, ip, un and in are upper arm
voltage/current and lower arm voltage/current, and uc ph is the phase-voltage
of the converter, respectively).

A. Configuration of the MMC and the Equivalent Power Loss
Profile

As shown in Fig. 1, a typical three-phase MMC compromises
six arms, and each arm consists of N SMs as well as an arm
inductor L0. In each SM, a half-bridge topology has two IGBTs
(denoted as S1 and S2) and two free-wheeling diodes (D1 and
D2).

In steady-state, the arm current of the MMC is mainly
composed of a sinusoidal component at the fundamental
frequency and a dc-bias current. An inherent power-loss
unbalance is introduced by the dc-bias current, which leads to
inherently unbalanced thermal behaviors in the power devices
of the SM. Conventional methods [16], [17] developed from e.g.
two-level converters cannot model the varied thermal unbalance
of the MMC. Therefore, an equivalent power loss profile was
proposed in [15], which is given by

Pequi inst =

{
Ppeak sin (2πfe) , Pequi inst > 0

0, Pequi inst ≤ 0
(1)

where Ppeak is the amplitude of the equivalent power loss, and
fe is the equivalent frequency for characterizing the impacts
of loss duration time. The process to obtain the parameters
Ppeak and fe is illustrated in Fig. 2, which utilizes the zeros
points and the average power losses to reconstruct an equivalent
power loss profile. Accordingly, simplified thermal estimation
can be achieved without the complicated instantaneous power
loss profile.

Based on the zero points of the arm current, the equivalent
frequencies are obtained by

fe1 =
π

π + 2α
f0, for D1, S2

fe2 =
π

π − 2α
f0, for S1, D2

where α = arcsin
(m cosϕ

2

) (2)

where parameter α varies with m and ϕ, indicating the
unbalanced thermal behavior of the SM is varied with different

Fig. 2. Conversion from zero points of the arm current and the average
power losses to reconstruct an equivalent power loss profile for the thermal
estimation.

Fig. 3. The impact of the operational parameters (i.e., m and ϕ) on the
thermal unbalance factor α: (a) 3D plot of the relationship, (b) α is varied
with m and (c) α is varied with ϕ.

operational parameters of the MMC. As shown in Fig. 3, α
reaches the peak when m = 1 and ϕ = 0, and the valley at m
= 1 and ϕ = ±π, namely the MMC has the largest thermal
unbalance under these conditions.

Furthermore, Ppeak is obtained by the same energy between
the average power loss and the equivalent power loss. Taking
the device S1 as an example, which is

Ppeak S1 =
π2

(π − 2α)
Pave (3)

Therefore, the equivalent power loss profile for the MMC
is established with the consideration of the inherent thermal
unbalance.

B. Translation from Power Loss Profiles into Thermal Profiles

According to the thermal estimation model in [19], the
obtained equivalent power loss profile should be divided into
a series of square-wave dissipation pulses, where the junction
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Fig. 4. Discretizing the equivalent power loss profile into a series of dissipation
pulses, i.e., P1, P2, ..., Pk , ..., P2k and k is the number of the divided
dissipation levels: (a) one-level loss, (b) two-level losses, (c) three-level losses,
(d) k-level losses.

temperature is estimated by an iterative equation given as
∆Tn−1 = Pn−1Rth

(
1 − e

−∆t
τth

)
∆Tn = ∆Tn−1e

−∆t
τth + Pn

3∑
v=1

Rth

(
1 − e

−∆t
τth

) (4)

where Pn−1 is the previous dissipation, Pn is the actual
dissipated power in each time step, Rth and τth are related to
the thermal model and ∆t is the time period of each separated
dissipation pulse. A smaller ∆t gives a more accurate power
loss estimation, and thus a more accurate calculation of the
temperature fluctuation but at the cost of more computations.
However, the ∆t is limited by the minimum time scale of the
thermal model. In most data sheets, the time scale of the thermal
impedances starts from 1 ms. Therefore, the most conservative
way selects ∆t = 1 ms to do the thermal estimation. In a one-
year mission profile based lifetime prediction, a large number of
power cycles under periodic power loss profiles are needed to be
converted into thermal behaviors. If the fundamental frequency
is 50 Hz and ∆t = 1 ms is selected for the thermal estimation,
around 109 cycles × 10 iterative equations are required to be
computed. It is challenging to compute such a large amount
of thermal cycles within a short period. Therefore, a further
simplification of the thermal estimation with a quantitative
error level is essential.

III. SIMPLIFICATION OF THERMAL ESTIMATION WITH
QUANTITATIVE ERROR LEVELS

This section proposes an analytical error model in terms
of the estimation error and the number of divided dissipation
pulses. The model targets to provide a minimum dissipation
level for a given accuracy.

A. Discretization of the Proposed Equivalent Power Loss
Profile and the Corresponding Error Model

As shown in Fig. 4, the equivalent power loss profile is
divided into a series of dissipation pulses for thermal estimation.
When k = 1, the equivalent power loss curve is simplified as

a square wave consisting of P1 and P2 (see Fig. 4(a)). With
the increase of k, the level of the discretized loss is increasing.
Obviously, a larger k makes the discretized total power loss
well approximated to the equivalent power loss profile, but
at the cost of increasing computations. This indicates that an
optimal point exist when the estimation is relatively accurate
with the minimum computations.

Assuming that each dissipation pulse has the same energy
as the equivalent power loss profile in the same time period,
then each dissipation pulse can be expressed as

Pi =
4k

π
Ppeak sin

π

4k
sin

(2i− 1)π

4k
(5)

where Pi is the i-th dissipation pulse amplitude, i = 1, 2, ...,
2k, and Ppeak refers to (3). Then, the pulse period is

∆t =
1

4fek
(6)

According to Fig. 4, the maximum dissipation pulses always
lasts until the end of the (k+1)-th pulses, namely Pk+1. Thus,
the maximum temperature can be achieved at the end of Pk+1.
Substituting (5) into the thermal estimation equations (4), the
maximum temperature is expressed as

∆Tmax = Rth

(
1 − e

−∆t
τth

)

Pk+1

Pk
...
P1


T 

1

e−∆t/τth

...

e−k∆t/τth

 (7)

which is simplified into

∆Tmax =
k+1∑
i=1

PiRth

(
1 − e−∆t/τth

)
e−(k+1−i)∆t/τth (8)

According to (5) and (8), it is clear that a larger k or a smaller
∆t gives a more accurate power loss estimation, and thus a more
accurate thermal estimation. However, the lumped-RC thermal
network, which is derived or calibrated based on experimental
data, will be uncertain when predicting the transient response
for the time shorter than these original measurements. It means
the minimum ∆t is limited by the minimum time scale of
the experimental thermal network, which starts from 1 ms in
most of the data sheets. Therefore, the maximum temperature
fluctuation with ∆t = 1 ms is considered as a valid base value,
which is given as

∆Tmax (kmax) =

kmax+1∑
i=1

PiRth

(
1 − e

−1
4kmaxfeτth

)
e

−(kmax+1−i)
4kmaxfeτth

(9)
where kmax is the maximum power loss level being kmax =
round(1/(4fe∆t)) = round(250/fe).

Similarly, for arbitrary dissipation pulses with k levels, the
maximum temperature fluctuation is expressed as

∆Tmax (k) =
k+1∑
i=1

PiRth

(
1 − e

−1
4kfeτth

)
e

−(k+1−i)
4kfeτth (10)
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Fig. 5. The equivalent frequency range of the device S1 when the output
frequency ranges from 0.1 Hz to 100 Hz.

Fig. 6. Transient thermal impedances from the data-sheet and curve-fitted
single-layer network, where Tj is the junction temperature, Tc is the case
temperature, Rthi is the thermal resistance and τthi is the thermal time constant.

Therefore, a relative error of the estimated temperature in
respect to the base is defined as

ε =
∆Tmax (kmax) − ∆Tmax (k)

∆Tmax (kmax)
. (11)

According to (9), (10) and (11), the obtained relative error is
expressed as (12). The peak value of the equivalent power loss
profile Ppeak and the thermal resistance of the power device Rth
are independent of the relative error. Hence, the relative error
is only related to three parameters, one for the the number of
loss level k, one for the frequency of the equivalent power loss
profile fe and one for the thermal time constant τth. Therefore,
with a specific application (i.e., fe and τth are known), the
minimum dissipation level kmin can be calculated according
to (12) with a pre-set maximum allowable error εmax.

B. A Case Study

In order to make the discretization of the equivalent loss
profile clear, an IGBT module (1200 V/50 A, F4-50R12KS4)
is chosen as the study case. In the following, the minimum
required kmin is obtained based on three parameters: fe, τth
and εmax.

In typical applications, the fundamental frequency is
50/60 Hz. However, the frequency varies in some cases, such as

machine drive [2], [20], sub-synchronous oscillation [21], etc.
This paper considers the fundamental frequency ranging from
0.1 Hz to 100 Hz which covers most applications. According
to (2), the equivalent frequency of device S1 varies with the
fundamental frequency and the unbalanced factor α as shown
in Fig. 5. Thus, the equivalent frequency of S1 has a range as

0.086 6 fe 6 120, when 0.1 6 f0 6 100. (13)

Due to the thermal unbalance in the MMC, the equivalent
frequency of the device S1 is enlarged relatively to the
fundamental frequency.

Furthermore, the thermal time constant refers to Fig. 6. A
fourth-layer Foster network is provided in the datasheet of
the selected IGBT module. However, the high-order thermal
network is not straightforward to calculate the minimum
dissipation level kmin. As described in (12), a single-layer
thermal time constant can be extracted from the high-order
thermal network. Based on the curve fitting, the obtained
thermal time constant is 0.03245 s for the selected IGBT
module, which is also shown in Fig. 6. It should be noted
that the curve-fitted single-layer thermal time constant is only
utilized to obtain the minimum dissipation level. The thermal
behavior estimation still relies on the thermal network provided
in the datasheet, which can make sure that the multiple thermal
time constants are covered simultaneously in the final thermal
result.

Following, once a 10 % maximum allowable error is selected,
Fig. 7(a) compares the resultant kmin and the corresponding-
ly estimated thermal fluctuations under different equivalent
frequencies. It is shown that kmax of the base increases
exponentially when the equivalent frequency decreases. When
the fundamental frequency is 0.1 Hz, the minimum equivalent
frequency of the device S1 had fe = 0.086 Hz according to
(11). Under the condition, the corresponding kmax is around
2,900, which is approximately 1,500 times larger than kmin

= 2 under the same frequency. In contrast, kmin with the
proposed method does not change significantly with the change
of fe. More specifically, when fe varies from 0.086 Hz to
71 Hz, the temperature estimation can achieve a 10% error
with kmin = 2 only. Once fe > 71 Hz, k = 1 is enough to
achieve the expected 10% error. The estimated temperature
as shown in Fig. 7(a) indicates that the estimated temperature
using kmin and kmax are very close. Additionally, Figs. 7(b)
and (c) show the results when the εmax is 5 % and 1 %,
respectively. Compared with the results under 10 % maximum
allowable error, the estimated temperature has better results
under 5 % and 1 % errors at the cost of increasing of kmin.
However, kmin based on the proposed method is still very small
compared to the kmax on the base value. As a larger k value
means more iterative calculations in the thermal estimation, the
proposed simplification method can reduce the computational
burden significantly within a maximum allowable error.

C. Characterization of Thermal Behaviors of the MMC Under
Periodic Power Loss Profiles

In order to clarify the proposed thermal method in long-
term reliability evaluation, a flowchart of mission-profile-based
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ε = 1 −

k+1∑
i=1

k sin (2i−1)π
4k sin π

4k

(
1 − e

−1
4kfeτth

)
e

−(k+1−i)
4kfeτth

kmax+1∑
i=1

kmax sin (2i−1)π
4kmax

sin π
4kmax

(
1 − e

−1
4kmaxfeτth

)
e

−(kmax+1−i)
4kmaxfeτth

(12)

Fig. 7. Comparison between the base (∆t = 1 ms) and the proposed minimum number of loss levels within different maximum allowable errors under Pave:
(a) the loss level kmax according to base and the minimum loss level kmin according to the proposed method and their corresponding thermal fluctuations
when εmax = 10 %, (b) when εmax = 5 % and (c) when εmax = 1 %.

Fig. 8. Mission-profile-based lifetime prediction embedded with the proposed
thermal estimation method under periodic power loss profiles, where the MMC
is adopted to collect the wind power.

lifetime prediction method is shown in Fig. 8. The MMC
system is assumed to collect the wind power. Thus, the mission
profiles are annual wind-speed profiles, power profiles, loss

profiles, etc. Once the average power losses are obtained (i.e.,
PS1, PD1, PS2 and PD2), the equivalent power loss profiles are
constructed according to (1), which can consider the inherent
thermal unbalance of the MMC without the use of time-domain
simulation. Afterward, the proposed quantitative error model
of (12) provides the minimum required dissipation level kmin

for thermal estimation. Therefore, the thermal behaviors of the
power devices can be estimated with a minimum computation
burden and a quantitative error level based on the proposed
method.

IV. VALIDATION BY EXPERIMENTS AND SIMULATIONS

To verify the analysis above, the same IGBT module as in the
case study is chosen. The validation characterizes the selected
IGBT module at first to obtain the accurate loss information.
Then, a platform is built up to test the thermal behaviors.
Both experimental measurements and simulation validate the
periodic thermal behaviors in terms of the low frequency, the
high frequency, the steady state, and the transient state.

A. Characterization of the IGBT Module

The accuracy of thermal estimation depends on the accuracy
of the power loss model. However, the information provided by
IGBT datasheets is not comprehensively enough. For example,
the provided power loss information lacks values under various
temperatures and different blocking voltages. Moreover, the
impact of the gate driver is not taken into account for the
loss characterization. Therefore, the IGBT module should
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Fig. 9. Experimental characterization of the IGBT module at different
temperatures: (a) output characteristic in on-state, (b) turn-on loss Eon and
(c) turn-off loss Eoff.

be characterized first to obtain the necessary power loss
information.

The output characteristic of the IGBT reflecting the conduc-
tion loss is measured using Keysight B1506A curve tracer,
where the temperature is controlled from 25◦C to 125◦C.
Likewise, the switching losses are measured with a double-pulse
circuit according to IEC60747-9, where a hot plate controls
the device temperature. The measured results are shown in
Figs. 9(a)-(c).

Fig. 10. Experimental platform for the thermal-behavior measurement in the
MMC operation.

Fig. 11. The photo of the experimental platform.

B. Experimental Validation of the Steady-State Thermal Be-
haviors at 0.1 Hz

To measure the thermal behaviors of the power devices in the
MMC, a platform is built as shown in Figs. 10 and 11, which
is composed of three parts. The full-bridge circuit is employed
to control the arm current like the MMC. The auxiliary SM is
used to manage the capacitor voltage Uc as constant. Then, the
switching profile is fed into the SM under test to emulate an
SM working in an MMC system. The experimental platform
has been introduced in [22] in detail. The thermal behaviors
are measured by the Opsens thermal optical fibers [23].

Then, the measured junction temperature of S1 is shown
in Fig. 12. The junction-to-case temperature fluctuates like a
half-sine wave, but the wave is not symmetrical in the period.
This is because the loss duration time of S1 is smaller than
the half period of the fundamental-frequency cycle in the
MMC. The obtained temperature fluctuation of S1 is 6.84 ◦C
in the experiment, and matches well with the time-domain
simulated results as shown in Fig. 12(a). Based on the loss
characterization above, the time-domain simulation can achieve
an accurate temperature prediction, but the simulating method
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Fig. 12. Experimental comparison of the steady-state thermal behaviors based on the device S1 at 0.1 Hz: (a) measurement and the time-domain simulation,
(b) measurement and estimation based on the equivalent loss profile, (c) estimation based on the proposed method with loss dissipation k = 1, (d) based on
k = 2, (e) k = 3 and (f) k = 4.

Fig. 13. Comparison of the power loss profiles, simulated thermal transient behaviors and the estimated error of the device S1 at 50 Hz: (a) k = 1, (b) k = 2,
and (c) k = 3.

is difficult to process long-term data for reliability evaluation.
Following, as shown in Fig. 12(b), the equivalent power loss
profile also provides a good thermal result compared to the
measurement. It indicates that the equivalent loss profile can
consider the thermal unbalance of the MMC well without the
aid of time-domain simulation.

However, the equivalent power loss profile still requires a
lot of computations to achieve thermal estimation by using
(4). Thus, the proposed method provides further simplification
as shown in Fig. 12(c)-(d). When k = 1, the estimated result

is 4.69 ◦C, the relative error is around 31.5 %. By contrast,
a 5.9 % error is achieved when k = 2. It corresponds to
Fig. 7(a) where the dissipation level of k = 2 can achieve an
εmax = 10 %. Likewise, both k = 3 and k = 4 reach into
5 % maximum of the allowable error but cannot go into 1 %
error as shown in Fig. 12(e) and (f). The results verify that
k = 3 is the minimum requirement to achieve a 5 % error but
εmax = 1 % requires more dissipation levels, which has been
analyzed in Fig. 7(b) and (c). Therefore, the proposed method
is able to reduce the computational burden and meanwhile
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TABLE I
COMPARISON OF THERMAL ESTIMATION METHODS APPLIED TO THE

MMC UNDER ONE-YEAR MISSION PROFILES WHEN THE FUNDAMENTAL
FREQUENCY IS 0.1 HZ

Number of iterations
to process one-year
mission profiles

Error relative to
the measurement

The square wave profile [16] 3.15 ×106 60.4 %
The half-sine profile [17] 1.58 ×1010 38.0 %
Two-level profile [13] 9.46 ×107 44.0 %
Equivalent half-sine
profile (∆t = 1 ms) [15] 1.16 ×1010 0.7 %

The proposed method
(with 10 % error) 1.71 ×107 (k = 2) 5.9 %

The proposed method
(with 5 % error) 2.57 ×107 (k = 3) 3.0 %

*Conditions: m = 0.8, ϕ = 0◦, and the measured junction temperature
variation is 6.84◦C

to predict the thermal behaviors of the IGBT modules in the
MMC within a quantitative error.

Furthermore, different thermal estimation methods applied
to the MMC are compared in Table I. The conventional square-
wave profile requires the minimum iterative computations to
process one-year mission profiles, but the accuracy is the worst
with an error of 60.4 %. Due to the ignorance of the thermal
unbalance in the MMC, all three methods developed from two-
level converters, such as the square-wave profile, the fixed
half-sine profile and the two-level profile, are challenging
to achieve good thermal estimation. Although the half-sine
profile costs 1.58 ×1010 iterations, the estimated error is still
38.0 %. Following, the equivalent half-sine profile considers
the thermal unbalance of the MMC; thus an error of 0.7 %
is close to the results by time-domain simulation, but the
computational burden is around 1.16 ×1010 iterations. For the
proposed method in the paper, the dissipation level k = 2 is
enough to achieve the error εmax ≤10 % while the computation
decreases to 0.1 % (i.e., 1.71 ×107 iterations) of the equivalent
half-sine profile. Moreover, the error of εmax ≤5 % of thermal
estimation if performed by k = 3, where the computation is
2.57 × 107 only. Therefore, based on the proposed method,
the computational burden for the thermal estimation can be
reduced significantly while maintain within a quantitative error
level.

C. Simulation Validation of the Transient Thermal Behaviors
at 50 Hz

Due to the limited response time of the thermal sensors,
the thermal behaviors at 50 Hz are validated by simulation.
The simulation model and parameters are all the same as
Fig. 10. The average power loss of the device S1 intentionally
increases to 50 W in the simulation to obtain a more obvious
thermal response. As shown in Fig. 13, all the estimated thermal
behaviors by k = 1, k = 2, and k = 3 can follow the transient
thermal response by the equivalent half-sine profile. For the
case with k = 1, the thermal error is more than 10 % as
shown in Fig. 13(a). Then, the estimated error decreases to
5 % with k = 2 as shown in Fig. 13(b). Further increasing of the
dissipation level to k = 3 as shown in Fig. 13(c), the estimated
error decreases again to around 3 % but cannot achieve an

error of 1 %. Therefore, both the transient responses and the
estimated errors coincide well with the theory as shown in
Fig. 7.

V. CONCLUSION

As IGBT modules in the MMC suffer from a large number
of thermal fluctuations under periodic power loss profiles,
it demands a method to estimate the thermal behaviors for
lifetime prediction in terms of both accuracy and simplicity.
This paper has proposed a computational-efficient thermal
estimation method for periodic power loss profiles of MMCs,
which consists of an equivalent power loss profile and a
quantitative error model. The equivalent power loss profile
serves to characterize the relationship between the unbalanced
thermal behaviors of the MMC and the operational parameters
(i.e., m, ϕ and f0). Furthermore, a quantitative error model is
adopted to simplify the equivalent power loss profile with a
small number of computations. Based on the proposed method,
the inherent thermal unbalances in the SM of the MMC can
be modeled well without the aiding of time-domain simulation.
The thermal estimation can be achieved by the minimum
computations according to a given error level. Finally, an
experimental platform has been built for validation. Both the
experiments and simulations indicate that the proposed method
effectively predicts the thermal behavior under periodic power
loss profile of the MMC.
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