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Abstract—With the increasing renewable energy injected into
the electrical distribution grid, the reliability of the power con-
verter is gaining importance for the power system. In order to
address the wear-out caused failure mechanisms of power semi-
conductors and thereby increasing the reliability, this paper aims
at balancing the thermal stress caused during operation between
different power converters in a wind park. An active thermal con-
trol strategy based on the discontinuous pulsewidth modulation
is proposed for reducing the thermal stress of the semiconductors
under a fluctuating power profile, while maintaining good power
quality. The proposed method is introduced for multiple convert-
ers, which are connected to the same grid feeder and its impact
on the lifetime of the semiconductors is investigated analytically.
Finally, the effectiveness of the proposed method is experimentally
validated for a two-level voltage source converter.

Index Terms—Active clamping angle, active thermal control,
discontinuous pulsewidth modulation (DPWM), reliability,
two-level converter, wind turbine.

I. INTRODUCTION

THE INCREASING number of wind turbines, built on-
shore and off-shore, leads to an increasing importance of

power converters for the power system. Their importance is be-
ing reflected in the obligation to provide grid services, whereas
the reliability of the converters is a potential point for improve-
ments, because of the high costs caused by their failures and
system down times [1]. Based on the finding that power semi-
conductors in power modules are one of the most frequently
failing components [2], [3], high effort has been made to detect
open- and short-circuit failures, stop immediately the operation,
and send this information to a management system [4]–[7].
Although the fault detection can prevent secondary destruc-

Manuscript received August 29, 2017; revised December 22, 2017; accepted
March 11, 2018. Date of publication March 25, 2018; date of current ver-
sion November 19, 2018. This work was supported in part by the European
Union/Interreg V-A - Germany-Denmark, under PE:Region Project, in part by
the European Research Council under the European Union’s Seventh Framework
Programme (FP/2007–2013)/ERC Grant Agreement 616344 - HEART, and in
part by the Ningbo Science & Technology Beauro under Grant 2013A31012
and Grant 2014A35007. Recommended for publication by Associate Editor R.
Burgos. (Corresponding author: Youngjong Ko.)

Y. Ko, M. Andresen, and M. Liserre are with the Chair of Power Elec-
tronics, Christian-Albrechts-University of Kiel, Kiel 24143, Germany (e-mail:,
yoko@tf.uni-kiel.de; ma@tf.uni-kiel.de; ml@tf.uni-kiel.de).

G. Buticchi is with the University of Nottingham Ningbo China, Ningbo
315100, China (e-mail:,giampaolo.buticchi@nottingham.edu.cn).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2018.2819423

tion in other parts and enables an effective maintenance, it is
mandatory to interrupt the operation. As an alternative, several
fault tolerant algorithms have been proposed to guarantee the op-
eration for a certain time after failures with limited functionality,
e.g., with reduced power and impaired power quality [8]–[10].
However, these approaches are not addressing the root-cause
of failures, the thermal cycling, which is affecting the wear-out
caused failures.

The physical relationship between thermal cycles and life-
time, expressed with the number of cycles to failure, was first
demonstrated in [11] and has encouraged several post studies,
validating that the reliability of power modules is closely related
to the thermal stress [12]–[14]. Therefore, a possible solution to
improve the reliability can be to reduce the thermal stress, which
is targeted in the following by means of software, referred to
as active thermal control. For the application of active thermal
control, it has been proposed to control the switching frequency
for reducing the thermal stress [15], but this method causes a
variation of output current spectrum, which is undesirable in
most applications. To overcome this disadvantage, it was pro-
posed to utilize the modularity in modular power converters and
to route the power within the system and therefore redistribute
the thermal stress [16], [17]. This allows to increase the lifetime
of higher aged cells by applying less thermal stress to them.
Further, in [18], the reactive power circulation method was pro-
posed to compensate the thermal cycling in the paralleled con-
verters, but it prevents the junction temperature to cooling down
and is limited to the parallel configuration. As another poten-
tial solution, in [19], the discontinuous pulsewidth modulation
(DPWM) was employed in the series connected building blocks
to reduce the thermal stress by manipulating the clamping angle
in the single-phase cascaded H-bridge (CHB) converter. The
remaining useful lifetime of more aged cells was prolonged at
the expense of worse power quality.

In this paper, the active thermal control algorithm presented in
[19] is applied to three-phase converters connected to the same
point of common coupling (PCC) in order to achieve an increase
in the remaining useful lifetime, while maintaining good power
quality at the PCC without additional hardware. Therefore, the
configurations in Fig. 1(a) and (b) are considered. Fig. 1(a) is
widely adopted in high-power grid-connected applications [20],
[21]. Multiple galvanically isolated converters [see Fig. 1(b)]
are commonly applied in wind farms and solar parks, which are
fed by different sources. For addressing the reliability of these
converters, each converter connected to the PCC is expected to
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Fig. 1. Configurations of the paralleled converters connected to a same PCC. (a) With common dc-link. (b) With separated dc-link.

have a different useful remaining lifetime. This may be affected
by uneven stresses or earlier failures in one of them, e.g., the
replacement of a failed converter. In other words, if converters
have a shorter remaining useful lifetime than other converters,
their thermal stress will be reduced and therefore their lifetime
will be increased with the target to improve the reliability of the
overall system, whereas other converters with a longer lifetime
are operated to aim at improving the power quality of the PCC.

The impact of the thermal stress on the power module’s life-
time is discussed in Section II. Section III introduces the pro-
posed strategy to reduce the thermal stress and to reduce the
total harmonic distortion (THD) of the currents connected to
the same PCC. The strategy to reduce the magnitude of the
thermal cycles is proposed with the analysis of the loss distribu-
tion, taking into account the two-level voltage source converter
in Section IV. In Section V, the evaluation of the algorithm’s
potential and the lifetime are carried out. Finally, the proposed
method is experimentally demonstrated to verify the effective-
ness of the thermal stress reduction in Section VI before the
conclusion of this paper is drawn in Section VII.

II. INFLUENCE OF THERMAL STRESS ON LIFETIME

The power semiconductors undergo thermal cycling and
power cycling, which are affected by the mission profile.
Thermal cycling is caused by ambient temperature variations,
whereas power cycling is caused by the power fluctuations of
the application and its resultant variation of the power converter
losses. Both power cycling and thermal cycling cause thermal
stress and result in the wear-out of the power semiconductors.
A well-known approach to estimate the module’s lifetime in de-
pendence of the thermal cycles is the Coffin–Manson–Arrhenius
model. The number of cycles to failure Nf is described as a func-
tion of the amplitude of thermal cycles ΔTj , and the average
temperature Tj,av . Other coefficients a1 , a2 , and n are extracted
from a dataset of multiple reliability experiments and they are
adjusted for best match to the module. It can be expressed as

Nf = a1 · (ΔTj )n · e
a2

T j , av . (1)

As it can be seen in the lifetime model, the equations only
indicate a single magnitude of thermal cycles ΔTj . In contrast
to this, the power semiconductors in operation undergo ther-
mal cycles, which are superimposing each other. The common
approach for taking this into account is to apply linear damage

accumulation with Miner’s rule. The Miner’s rule is written as

C =
inf∑

i=0

ni

Nf (i)
≤ 1. (2)

In the following, an active thermal control algorithm is pro-
posed for achieving a reduction of the thermal stress for the
power semiconductors and consequently increase their lifetime.
Without the application of active thermal control, the lifetime
is dependent on the system design, including the quality of the
components, and the mission profile. The thermal stress can
be influenced with the application of active thermal control,
whereby the algorithm and its limitations influence the poten-
tial increase of the lifetime.

III. ACTIVE THERMAL CONTROL OF PARALLELED

CONVERTERS CONNECTED TO THE SAME PCC

This section presents the active thermal control strategy based
on the discontinuous modulation in order to prolong power semi-
conductor’s remaining useful lifetime, considering paralleled
converters which shall inherently have different degradation due
to the aging process [16]. In the following, the principle of the
proposed method to reduce the thermal stress is theoretically
explained and afterward, the modulation strategy is described to
achieve both: reduced thermal stress and a good power quality
at the PCC.

A. Principle of Thermal Stress Reduction

For the thermal stress reduction, active thermal control is ap-
plied to reduce the number of thermal cycles and the amplitude
of the thermal cycles. The thermal stress is further related to
the cooling system performance, ambient condition, and power
losses generated in the semiconductor chips (IGBTs and diodes)
in power module. In order to address the root cause of the ther-
mal stress for the power semiconductors, the losses are highly
relevant. These losses can be divided into the conduction losses
and the switching losses.

The discontinuous modulation has been typically imple-
mented for reducing the switching losses, whose principle is
based on clamping the output voltage either at a positive or neg-
ative dc-link voltage. Therefore, during the clamping period
only conduction losses are affected in the clamped devices
[22]–[24]. This paper proposes to exploit the clamping angle
as the control variable for manipulating the switching losses.
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Consequently, the active thermal control algorithm reduces the
thermal stress. As presented before, the total losses Ploss,t are
calculated by a summation of the conduction losses Ploss,cd and
the switching losses Ploss,sw , which itself can be represented as
a function of the loaded power Pload and the clamping angle ϕ
for the proposed method is expressed as follows:

Ploss,t(Pload , ϕ) = Ploss,cd(Pload , ϕ) + Ploss,sw (Pload , ϕ).
(3)

As analyzed in [25], the modulation methods only marginally
affect the total conduction losses. Therefore, (3) can be ex-
pressed with the modified term for the conduction losses with
(4), which results in a straightforward relation between the total
losses and the clamping angle

Ptotal(Pload , ϕ)︸ ︷︷ ︸
ϕ−dependent

= Pcond(Pload) + Psw (Pload , ϕ)︸ ︷︷ ︸
ϕ−dependent

. (4)

The loading power is determined by the wind profile, meaning
that the power of the converter cannot be manipulated without
reducing the harvested power. However, the clamping angle
ϕ affects the switching losses and the total losses, which are
highlighted in (4). Therefore, it is interesting to characterize the
effectiveness of the clamping angle on the losses. For the sake
of simplicity, it is assumed that the power semiconductor has a
linear turn-on and -off characteristics and only the fundamental
component of the load current is considered (e.g., 50/60 Hz).
Hence, the average switching losses over the fundamental period
can be obtained with below equation [22]

Psw = fsw
Eon + Eoff

2π

Vdc

Vdc,ref

1
Iref

∫ π

0
fi(θ)dθ (5)

where Vdc is the dc-link voltage, Eon and Eoff are the turn-on
and -off energy for the reference dc-link voltage Vdc,ref , and the
reference load current, Iref , respectively, and fsw is the switch-
ing frequency. The load current function fi(θ) is expressed with
(6) according to the operating region. The region is either the
clamping or non-clamping region, assuming the steady-state
operating condition where the current is periodical sinusoidal

fi(θ) =

{
0 (for clamping region)

Imax · sin(θ) (for non-clamping region)
(6)

where Imax is the amplitude and θ is the angle of the load current.
Consequently, the effects of the clamping angle on the switching
losses can be validated with SLF as (7), which normalizes the
value of the switching losses by that of the continuous modula-
tion. Furthermore, it should be noted that unity power factor is
considered in the following analysis:

SLF =
Ploss,sw [0; π−ϕ

2 ] + Ploss,sw [π+ϕ
2 ;π]

Ploss,sw [0;π]
=

Ploss,sw ,dm

Ploss,sw ,cm
(7)

where Ploss,sw ,cm and Ploss,sw ,dm are the switching losses with
the continuous and the discontinuous modulation, respectively.
The SLF as a function of the clamping angle is shown in Fig. 2
and it is shown that the clamping angle highly contributes to the
switching loss reduction. Remarkably, for a clamping angle of
60◦, the maximum switching loss reduction is 50%.

Fig. 2. Switching loss function (SLF) as a function of the clamping angle.

Fig. 3. Example of the loss distribution. (a) With the conventional continuous
modulation. (b) With the proposed active thermal control strategy to compensate
the thermal cycling of more aged converters by equalizing the total losses for a
certain power range (Pa − Pnorm inal as a case study).

Fig. 3(a) visualizes the dependence of the losses on the power.
Consequently, it can be expected that thermal cycling will be
caused by power variations during system operation. The pro-
posed method of using the clamping angle, as expressed in (4),
targets to equalize the total losses for a specific power range as
shown in Fig. 3(b), where the clamping angle varies from 0◦ to
60◦. This so-called active clamping angle allows constant losses
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Fig. 4. Schematic junction temperature variation (bottom) under a fluctuating
power profile (top) with (a) conventional continuous modulation and (b) pro-
posed active thermal control considering the loss distribution in Fig. 3 as a case
study.

in the specific power range (Pa ≤ Pload ≤ Pnominal), whereas
the continuous modulation (ϕ = 0◦) is adopted out of the active
thermal control region (0 ≤ Pload ≤ Pa ). Moreover, the pro-
posed method features the reduced losses in the active thermal
control region (heavy load) while keeping the same loss distri-
bution in a light load region, which is an inherited advantage for
the target to reduce the thermal stress. Additionally, the domi-
nance of the switching losses is shown in order to demonstrate
the capability of the proposed method for controlling the total
losses.

For better understanding the effect of the proposed method on
the thermal cycling reduction, Fig. 4 shows the junction temper-
ature of power semiconductors in a module with the loss charac-
teristic in Fig. 3 under a power profile. As it can be expected, the
junction temperature fluctuations are dependent on the power
profile without the active thermal control [see Fig. 4(a)], whereas
the thermal cycling can be reduced in the effective power range
(Pa < Pload < Pnominal in Fig. 3) as shown in Fig. 4(b).

B. Modulation for Power Quality Improvement

The THD is an important benchmark to evaluate the power
quality of voltage source converters. For the proposed thermal
controller, the effect of the clamping angle on the THD is in-

Fig. 5. Proposed modulation signal having two variants. (a) vref ,ATC for
the active thermal control for more aged converter. (b) vref ,THD for another
converter to improve the power quality.

Fig. 6. Simulated current waveform in case (a) both converters are modulated
by vref ,ATC and (b) the more aged converter is modulated with vref ,ATC and
the less aged converter is modulated by vref ,THD .

vestigated. The modulation strategy consisting of two different
modulation signals is proposed as shown in Fig. 5. The modu-
lation signal for the thermal cycling compensation is shown in
Fig. 5(a) and named as vref ,ACT , while Fig. 5(b) is the modula-
tion signal (vref ,THD ) for improving the current quality. There-
fore, these modulation signals are injected depending on their
lifetime, e.g., the converter with the lower remaining useful
lifetime is modulated by vref ,ACT , whereas a converter with a
higher remaining useful lifetime is modulated with vref ,THD . It
is worth to mention that the power losses for the converter mod-
ulated by vref ,THD is comparable to the case of the continuous
modulation, meaning that its lifetime is not affected.

Fig. 6 shows the total currents simulated for two cases, as-
suming that the modulating carrier signals for each converter
are synchronized: the first case uses only the signal vref ,ATC for
both converters, while the second case modulates one converter
with vref ,ATC and the other one with vref ,THD , respectively. As
it can be seen in the results, the ripple current is around 3 A for
the first case and the current is distorted by the discontinuous
behavior as shown in Fig. 6(a). However, the distortion is re-
duced with the proposed modulation signal as well as the ripple
current is reduced to 1.7 A as shown in Fig. 6(b).
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Fig. 7. THD of the grid-side currents when (a) both converters are operated
with vref ,ATC and (b) each converter is modulated by vref ,ATC and vref ,THD ,
respectively.

Fig. 7 identifies the THD performance with two cases as a
function of the clamping angle and the loading power. As shown
in Fig. 7(a), the modulation signal vref ,ATC negatively affects
the THD performance. An increasing clamping angle impairs
the performance. The THD of the output current is decreased
by 43% in case of 100% power and by 46.8% (from 3.61 to
5.3), when the power is 50%. Since this might be undesired in
grid-connected applications and requires a bigger filter in order
to fulfill the grid-code, the less aged converters are proposed to
be operated with another modulation signal in order to improve
the THD of the total current at the PCC. The effect of the second
case on the THD is evaluated in Fig. 7(b). The performance is
significantly improved in comparison with Fig. 7(a), because
the amplitude of the ripple current is reduced [see Fig. 6].

IV. DEMONSTRATION OF THE PROPOSED ACTIVE

THERMAL CONTROL

As a case study, the potential of the proposed method is vali-
dated with the loss distribution simulated by MATLAB/PLECS,
considering the well-established two-level converter for the
grid-connected application. For this simulation, the switching
frequency is set to 5 kHz, the dc-link voltage to 650 V and
the power module DP25H1200T101667 (1200 V/25 A) is cho-
sen. The losses are determined with a look-up table, which was
populated using the experimental results obtained in [26]. It is
assumed that the power flows from the dc-link to the electric
grid with the unity power factor.

First, the influence of the clamping angle on the losses is
demonstrated in Fig. 8, where the losses are normalized on the

Fig. 8. Simulated loss distribution of the two-level converter with different
clamping angles at nominal power.

TABLE I
COMPARISON OF THEORETICAL AND SIMULATED ANALYSIS FOR THE

SWITCHING LOSSES REDUCTION AS A FUNCTION OF THE CLAMPING ANGLE

Fig. 9. Simulated loss distribution as a function of the clamping angle and the
loaded power.

total losses with the continuous modulation (ϕ = 0◦). The total
losses with the continuous modulation are composed of 57.2%
switching losses and 42.8% conduction losses. It can be seen
that the total losses are decreased with wider clamping angle
by reducing the switching losses. The simulated results in terms
of the reduction of the switching losses in Fig. 8 match well
with the theoretical analysis in Fig. 2, which is summarized in
Table I. On the other hand, focusing on the total losses that needs
to actively control to be equalized, it is reduced to 71% with the
clamping angle of 60◦ at the nominal power.

To address the proposed strategy [in above (4) and Fig. 3(b)],
the loss distribution as a function of the clamping angle and the
loaded power is shown in Fig. 9, where the losses are normalized
by the nominal power with the clamping angle of 0◦. As it is
expected, the losses are affected by the processed power and
the clamping angle. This gives the opportunity to equalize the
generated losses regardless of the processed power, namely the
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Fig. 10. Proposed active thermal control strategy to equalize the total losses
in the high power range for the two-level converter as a case study.

proposed active thermal control strategy to reduce the thermal
cycling caused by a power profile.

The proposed strategy is developed in Fig. 10, based on the
loss distribution in Fig. 9. The difference between the loss dis-
tribution with 0◦ and 60◦ clamping angle implies that the losses
can be equalized within these boundaries with the active clamp-
ing angle. (The points obtained by simulation are indicated with
dots and the curve fitting is shown as a solid line). In this frame-
work, the active thermal control region is set between 75.8% and
the nominal power, but it can also be set between 40% and 54%
depending on frequent fluctuating power range in a considered
power profile.

Finally, it is worth noting that the proposed strategy is capable
to be applied for other topologies, such as the neutral point
clamping, CHB, etc.

V. ANALYSIS OF THE PROPOSED METHOD

A. Potential of the Active Thermal Control

The switching losses, which are utilized for the active ther-
mal control, depend on the switching frequency and the dc-link
voltage. Both parameters are defined in the system design and
determine the potential of the active thermal control algorithm.

The relation between the range for potentially constant losses
and the switching frequency is shown in Fig. 11(a), where the
horizontal axis is the switching frequency and the vertical axis
is the range for constant losses. The region is normalized on the
switching frequency of 5 kHz. For switching frequencies above
5 kHz, the area becomes larger and for a switching frequency
higher than 25 kHz, the potential active thermal control region
is almost twice than that of 5 kHz. Fig. 11(b) shows the dc-link
voltage’s influence, where the vertical axis is normalized on the
value, where the ratio between the grid voltage and the dc-link
voltage is Vgrid/Vdc = 0.87. The variation is 6.2% (from 103.8
to 97.6%) for an increase from 0.7 to 0.95, which makes the
influence of this parameter relatively low.

From the above analysis, it can be concluded that the higher
switching frequency and the higher dc-link voltage allow the
active thermal control region to be larger, but these design pa-
rameters should be carefully determined as the higher design

Fig. 11. Influence of (a) switching frequency and (b) dc-link voltage on the
available active thermal control area.

Fig. 12. RC-Foster thermal network for junction temperature of power semi-
conductors.

Fig. 13. Simplified power profile with different active thermal control regions
to identify its impact on the lifetime.
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Fig. 14. Expected junction temperature depending on different active thermal control regions. (a) Case 1. (b) Case 2. (c) Case 3.

TABLE II
THERMAL PARAMETERS FOR THE RC-FOSTER NETWORK

values generate more losses leading to a higher mean junction
temperature. Therefore, it is recommended to design the system
for having a proper active thermal control region. This impact
of the active thermal control region on the lifetime will be iden-
tified through the simulation in the following.

B. Impact of the Active Thermal Control on Lifetime

The thermal stress is assumed to be the reason for the
failure of the power semiconductors. As a consequence, for the
analysis of the lifetime, the mission profile needs to be known
to perform thermal stress analysis. Moreover, to determine how
the application of active thermal control is affecting the lifetime
consumption of the power semiconductors in an application,
a suitable control law needs to be defined for the tuning of
the controller. Since the mission profile of the wind turbines is
dependent on the weather conditions, this mission profile cannot
be known in advance. Apart from the mission profile, the cool-
ing determines the relevant for the thermal stress of the power
semiconductors. The thermal network of power semiconductor
is shown in Fig. 12, which is modeled as the four layers Foster
RC network. Here, Tj and Tc are the junction temperature and
the case temperature, respectively, Rth is the thermal resistance
and τ presents the thermal time constant. The Rth determines
the steady-state average value of the junction temperature
and the τ decides the temperature fluctuation. The thermal
network parameters of Fig. 12 are defined in [26] and shown
in Table II.

To analyze the influence of the clamping angle region on the
accumulated damage of the power semiconductors, a variation
of the clamping angle region is performed to control the losses
to be constant for a specific power range and the damage is
derived for a predefined profile as shown in Fig. 13.

The clamping region of the active thermal controller is set
to 20% of the output power and the region is tested from (50,
70)% to (80, 100)% of the output power with a step of 2.5%.
This enables to test the effect of the controller region on three
representative cases which are defined as follows:

Fig. 15. Accumulated relative damage for the different clamping regions (see
Figs. 13 and 14).

Case 1: No active thermal control: (80, 100)%.
Case 2: The clamping region covers the profile by reaching

the top of the profile or partly covers the top of the
profile: (77.5, 97.5)–(60, 80)%.

Case 3: The clamping region completely covers the pro-
file but does not reach the top of the profile:
(50, 70)–(57.5, 77.5)%.

These three cases are visualized in Fig. 14 with the clamping
region and the according junction temperature variation. Addi-
tionally, Fig. 15 shows the accumulated damage derived with
(1) and (2) for the power semiconductors in the different cases.
The first case shown in Fig. 14(a) is without the active thermal
control and its damage is defined as 100%. The second case is
shown in Fig. 14(b), the top of the profile is covered and the
thermal swing is partially compensated and the highest reduc-
tion of the accumulated damage is observed. Instead, in the third
case [shown in Fig. 14(c)], the damage is reduced because of a
smaller thermal swing compared with the first case but the dam-
age increases compared with the second case. As a conclusion,
the clamping region of the proposed active thermal algorithm
should be located in the area covering the peak of the power
profile to effectively improve the lifetime.

For a demonstration of the active thermal controller in a mis-
sion profile with highly fluctuation power, the effect of the ther-
mal stress reduction is tested. The mission profile is shown in
Fig. 16 and the junction temperature without the proposed al-
gorithm and with the application of active thermal control is
simulated. For the application of active thermal control, the
clamping region is set to cover the peak power (76% to 96%).
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Fig. 16. Comparison of accumulated damage and losses for an arbitrary mission profile.

Fig. 17. Demonstrator with open power semiconductor module and thermal monitoring systems.

For the two junction temperature profiles, Rainflow counting
is applied and the accumulated damage is derived. In compar-
ison to the case without active thermal control, the damage is
reduced to 21% by the proposed method and this results in a
lifetime enhancement of 476%. Before finalizing this section, it
would be worth to mention that the proposed method does not
have a large effect on the efficiency as the conventional discon-
tinuous method since the proposed strategy performs the dis-
continuous modulation within an active thermal control region
only. However, the proposed method still enables lower losses
than the continuous modulation and it is confirmed by compar-
ing an accumulated losses for the considered mission profile in
Fig. 16. Furthermore, it should be mentioned that the results in
Fig. 16 is not an intrinsic attribute, namely the reduction of the
accumulated damage would be different under different power
profiles.

Through this analysis, it can be concluded that the proposed
method shows the most effective performance with an active
thermal control region, when the high power region is covered.
Remarkably, with the proposed algorithm, the losses are also
reduced by 4.3%.

VI. EXPERIMENTAL RESULTS

The proposed method is demonstrated for two-level con-
verter with an open power module (DP25H1200T101667,
1200 V/25 A) as shown in Fig. 17. The setup includes the
thermal monitoring system with the thermal camera (ImageIR
8300) and the fiber optic sensors (OTG-F) to measure directly
the junction temperature.

The impact of the clamping angle on the thermal stress is
shown in Fig. 18 with thermal images, showing the thermal

distribution in the entire region of the power module, where the
loaded power is fixed at the nominal power. The temperature of
the IGBT is much higher than that of the diode due to higher
losses, which were discussed in Section III. Additionally, it
can be observed that the maximum temperature is gradually
decreasing for a wider clamping angle, in case of the IGBT
from 97.4 to 92.3 ◦C and for the diode from 86.4 to 83.6 ◦C.

The dynamics of junction temperature affected by the chang-
ing clamping angle is shown in Fig. 19 with the fixed loaded
power at the nominal power, measuring the temperature at spe-
cific points with the fiber optic sensors. The junction temperature
is immediately reduced with the wide clamping angle as a result
of Fig. 18.

Finally, the proposed concept of compensating the ther-
mal cycles is implemented under a power profile. Fig. 20(a)
shows the thermal cycling affected by the power variation
from 75.8% → 100% → 60% → 75.8% → 100% without the
active thermal control. Accordingly, the deviation of the junction
temperature in the IGBT is 3.9, 6.4, 2.1, and 4.1 ◦C. For the val-
idation of the effect of the clamping angle, Fig. 20(b) shows the
junction temperature measurement for the implemented active
thermal controller, whereby the region is defined from 75.8% to
100% [see Fig. 10]. The temperature variation within the active
thermal control region (©1 → ©2 and ©4 → ©5 ) is almost com-
pletely compensated whereas the variation outside the region is
3.5 ◦C (©2 →©3 ) and for 2.2 ◦C for the variation from (©3 →©4 ).
Furthermore, the mean junction temperature within the active
thermal control area is kept constant as it was targeted. In the
same way, the thermal cycling in the diode is compensated by
the active thermal controller. It should be noted that the thermal
coupling between the diodes and IGBTs in the diodes thermal
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Fig. 18. Thermal image of the open module at the nominal power with (a) ϕ = 0◦, (b) ϕ = 30◦, and (c) ϕ = 60◦.

Fig. 19. Validation of the impact of the clamping angle on the junction tem-
perature at the nominal power.

Fig. 20. Measurement of the junction temperature under varying power.
(a) Without applying active thermal control (with continuous modulation). (b)
With the proposed active thermal control algorithm.

cycling to be compensated by the strategy for the IGBTs, even
though the impact of the clamping angle on the diodes’ losses
is lower than that of IGBTs.

VII. CONCLUSION

This paper has proposed an active thermal control algorithm
for reducing the thermal stress of power semiconductors in
power modules for power converters connected to the same
PCC. By employing the DPWM-based active clamping angle,
the total losses are demonstrated to be kept constant for a specific
power range, resulting in reduced thermal stress for the power
semiconductors. Furthermore, the capability of the active ther-
mal control region depending on the switching frequency and
the dc-link voltage was discussed, and the strategy to improve
the power quality considering parallel connections to the same
PCC was proposed. Finally, the capability of the algorithm to
reduce the thermal cycles of an converter was validated exper-
imentally in a proof-of-concept study on a two-level voltage
source converter.
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