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Mitigation of Oscillations in Switching
Frequency-Based Active Thermal Control

Riccardo Sancio

Abstract—Power electronics modules are highly susceptible to
thermal cycling stress during operation, which can significantly
reduce their lifespan. Active thermal control (ATC) techniques
are deployed to mitigate this stress and enhance module longevity.
Among the various ATC strategies, switching frequency-based ac-
tive thermal control (SF-ATC) is the simplest and most commonly
used to suppress the junction temperature variation, reducing the
accumulated damage. However, this method can lead to oscillations
and instability in the switching frequency, which can negatively
impact both the power converter operation and the ATC perfor-
mance. While solutions to mitigate oscillations have been proposed,
the issue of instability has not been adequately addressed in the
literature. This study presents a comprehensive analytical and
Simulink-based simulation and investigation of the switching fre-
quency instability in SF-ATC. Furthermore, a modification of the
classic SF-ATC is proposed to mitigate oscillations and instability.
The proposed SF-ATC aims to enhance the overall ATC perfor-
mance in terms of thermal swing reduction and limit the impact on
the converter operation (e.g., power quality). The effectiveness of
the proposed method is then experimentally validated.

Index Terms—Active thermal control (ATC), instability, reliabi-
lity, switching frequency, thermal management.

1. INTRODUCTION

OWER semiconductor devices are susceptible to thermal
Pcycling stress over their lifetime. The different thermal
expansions of the packaging components (such as direct bond
copper substrates and wire bonds) may cause mechanical stress-
related problems due to the thermal cycling that the power
module undergoes during operation.
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As a solution, Murdock et al. [1] introduced the concept of
active thermal control (ATC), which aims to reduce damage by
mitigating the thermal swing (AT}) through the manipulation
of variables which have effect on the semiconductor power
dissipation (e.g., gate control modification strategies [2], [3],
modulation strategy [4], and switching frequency [5], [6]). As
a result, the topic of ATC is growing with the introduction
of various damage reduction strategies [7], [8]. Among the
possible control variables, the main advantages of using the
switching frequency-based active thermal control (SF-ATC) to
suppress the thermal swing are the ease of implementation on
commercially available microcontroller units, the absence of
hardware modification (low cost burden), and the limited impact
on the converter operating point. During SF-ATC application,
a variation of switching frequency of the power converter is
provided to temporarily boost the dies power losses and reduce
the thermal swing. The main limitation of switching frequency
manipulation for reducing converter damage is its impact on
power quality and EMI propagation. While higher switching
frequencies improve current waveform quality, they also lead
to EMI issues. To mitigate this, switching frequency variation
should be limited [6]. However, excessively narrow variations
render SF-ATC ineffective. Therefore, the switching frequency
range must balance SF-ATC performance with compliance to
EMI and power quality standards [9]. In the context of the control
strategy adopted for the SF-ATC, although the use of a reference
junction temperature trajectory can yield to achieve robust and
precise control of the junction temperature [10], [11], [12], [13],
[14], [15], [16], satisfactory thermal stress relief performance
is achievable with reference-free ATC solutions when working
within the device allowable power losses limitations [6], [17],
[18], [19]. In this case, the control input is represented by the
estimated semiconductor power losses variation (A Py )-based
on high-pass filtering. Subsequently, based on the control input,
an algorithm calculates the required control variable variation
(e.g., A fqw) to compensate the temperature change. In [17], [18],
and [19], the switching power losses (SLPF) are manipulated
by increasing the switching frequency during the decreasing
current phase of the load profile in order to level out the
junction temperature. Nevertheless, these solutions may present
fast oscillating switching frequency variations due to imperfect
averaging of power losses, noise affecting the current mea-
surement (required to estimate power losses) and high control
algorithms gains. These fast oscillations cause a decrease in
the overall system performance, increased EMI, higher noise
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propagation and audible noise. To cope with this problem, the
use of an hysteresis band-based algorithm to suppress the abrupt
switching frequency transitions has been proposed in [20], [21],
[22], [23], and [24]. In these works, the switching frequency
(output) and power losses (input) variation range is divided in
different thresholds and a change of the output is obtained only
if the input increases or decreases over or below one of these
set thresholds hence creating dead-band zones where no change
in switching frequency occurs. Another possible solution is to
embed an additional low-pass filter (LPF) unit in the switching
frequency modulation loop [13].

However, despite these solutions proved to be effective in
suppressing smaller switching frequency oscillations, they can
degrade the SF-ATC performance in terms of the thermal swing
suppression. Moreover, these solutions do not address the po-
tential issue of the switching frequency instability in SF-ATC
techniques.

This work is the first to propose a thorough mathematical
study of the switching frequency instability in SF-ATC strate-
gies. In addition, this work proposes to modify the classic
SF-ATC controller, presented in [17], [18], and [19], to achieve
the maximal ATC stress relief while suppressing fast switching
frequency oscillations. The experimental validation is carried
out to prove the effectiveness of the proposed method.

The rest of this article is organized as follows. In Section I1, the
basic principle of the SF-ATC is described, while the switching
frequency instability problem is introduced and analyzed. More-
over, the LPF action and hysteresis band method are applied to
evaluate their effectiveness in reducing the switching frequency
oscillations. The proposed method is presented in Section III,
while Section IV describes the adopted experimental setup and
investigates the switching frequency instability experimentally.
In addition, here, the experimental evaluations for each of the
solutions are provided for a comparison in terms of switching
frequency dynamics, thermal swing reduction, and accumulated
damage reduction. In Section V, a discussion on the main
work contribution, future research work and applicability of the
method is presented. Finally, Section VI concludes this article.

II. PROBLEM IDENTIFICATION AND ANALYSIS

In this section, the fundamental concept of the reference-free
SF-ATC is examined, and the issue of switching frequency
instability is presented. Furthermore, the application of tradi-
tional solutions for reducing switching frequency oscillations is
analyzed.

A. Switching Frequency-Based ATC
The SF-ATC working principle is briefly described as follows.
During operation, each IGBT die experiences conduction Pegng
and SLPF P,. The power losses estimation is obtained by
Peond = Vee (73’ Z'out) lour @ and
-Psw = fsw (Eon(ﬂaiouta‘/dc) +E0ff(T]!,7:out,Vvdc)) (1)

Eq
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Fig. 1. SLPF impact over the total power losses amount during a generic
load profile for (a) fsw = 4 kHz; (b) fow = 8 kHz; and (¢) fow = 12 kHz. (d)
Shows the percent SLPF participation factor SLPF for the different switching
frequencies.

where V. is the collector—emitter voltage drop during the ON-
state, « is the duty cycle, fi, the switching frequency, E,
and Ey the turn-ON and turn-OFFenergy losses, respectively,
Vic is the dc-link voltage, i,y is load current averaged on the
switching period of the die, and Tj is the die junction temper-
ature information, which can be either measured or estimated.
The energies as well as the collector—emitter voltage drop are
calculated by means of lookup tables (LUTs) based on the power
module datasheet information. If the total power losses P, are
described in normalized form, then the participation factor for
conduction power losses (CLPF) and the SLPF can be defined
as in

Pioss = Peona + Psw — 1 = CLPF + SLPF with
P, P,
—cond - SLPF = = 2)

loss loss

CLPF =

Fig. 1(a)—(c) demonstrates the contribution of an IGBT die
SLPF over the chip total power losses for a generic load pro-
file and different switching frequencies. As shown, the SLPF
increases as the switching frequency increases. This is further
confirmed in Fig. 1(d) where the same participation factor is
integrated over the entire load profile. The SF-ATC dynamically
adjusts the switching frequency to boost the switching power
dissipation, ensuring it reaches levels where the participation
factor SLPF is sufficiently high (SLPF > 50 %) to influence the
die temperature and mitigate thermal swings. Fig. 2 shows the
reference-free SF-ATC block diagram for a single die (IGBT)
device. As depicted, no junction temperature reference trajectory
is generated. The measured data from the power module (e.g.,
dc link voltage, duty cycle, phase currents, etc.) and the infor-
mation on the junction temperature 7; are used to calculate the
conduction and switching losses by interpolation of the power
module datasheet information.
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Fig. 2. General SF-ATC block diagram (for a single IGBT die).

The total power losses Py are then calculated and averaged
over a current fundamental period F,,. Subsequently, the SF-
ATC algorithm converts the power losses information into the
necessary switching frequency fs, value to reduce the thermal
swing. This is done by using an inverting high-pass filter (IHPF)
to compute the variation of the averaged power losses A P
and amplify it by using an ATC gain Karc. The switching
frequency is updated as the sum of the base value f, and the
computed variation A f,. The updated switching frequency fy,
is eventually sent to the SLPF computation block to update
the power losses value as well as to the pulsewidth modulation
register to be applied to the real physical dies (see Fig. 2).

The power losses averaging H (s) is deployed by a dynamical
moving average filter with

tavg(ﬂ)
ts(t)

where N; is the number of processed samples, ?,y is the variable
average time window which is, in turn, changing based on the
electric frequency wej, While g is the variable sampling period,
changing with the updated switching frequency foy.

In addition, the switching frequency is bounded by the lower
limit fqwmin to avoid excessive deterioration of power quality,
and by the upper limit f5y max set according to the studied power
module physical limitations.

It should be pointed out that the SF-ATC can have stress
relieving effects on both long-term (with a time range of hours)
and short-term (with a time range of minutes and seconds)
thermal cycles. As such, the choice between these two effects
will influence the IHPF time-constant ¢ apc tuning. However, in
the case where long-term thermal cycles are suppressed, the re-
lated dies power losses would be excessively increased, severely
compromising the efficiency. As such, the second thermal cycles
typology are usually addressed.

In the context of the design, the high nonlinearity of the
SF-ATC and the unpredictability of the converter load profile
represent the two main challenges. However, a preliminary
design can be performed on a representative load profile by a
systematic exploration of the parameters defined by the pairs
(K atc, tarc). For example, the load profile for which the power

Ni(t) = round ( 3)

losses in Fig. 1 were calculated was used to provide a preliminary
design of the SF-ATC main parameters. In the analysis, it is
assumed Vg = 400 V, nominal frequency f, = 50 Hz, max and
min switching frequencies f.x = 20 kHz and fi,;n = 5 kHz,
respectively. The model has been built in Simulink according to
the block diagram in Fig. 2 and the following assumptions:

1) The converter processes pure active power (unitary power
factor).

The aging impact on the power losses and thermal model
parameters is not taken into account in the analysis.

The used thermal model for a single IGBT die is retrieved
by Andresen et al. [25] for the same power module under
study (FP25R12KE3 from Infineon).

Thermal cross-coupling effects between the dies are ne-
glected.

Only fast thermal cycles (in the range of few seconds to
one minute) are addressed, considering a load profile based
on a modified version of the worldwide harmonized light
vehicles test cycle (WLTC) profile.

As the thermal cycles duration of interest are far below the
thermal constant of a realistic heatsink, the case tempera-
ture is assumed to be constant (20°C).

The computation of ON-state voltage drop V.. and switch-
ing energies Ej, for the power losses estimation is ob-
tained by quadratic interpolation, based on the datasheet
information, of the die junction temperature 7}, dc-link
voltage Vy., and load current 7qy;.

An indication of the SF-ATC performance for a single IGBT
die is depicted in Figs. 3 and 4. In particular, Fig. 3 presents the
SF-ATC thermal swing reduction capability. As performance
index the normalized sum of the junction temperature swing
over all the cycles is selected assuming as base the case without
ATC (XAT}; =1 p.u.). Whereas, Fig. 4 illustrates the impact
of the ATC on the chip power losses. The findings allow for a
preliminary design of the SF-ATC algorithm. In fact, the user
can select the parameters based on the desired tradeoff between
efficiency and thermal swing reduction.

However, it should be observed that, the selection of an high
K xrc may be the preferred option in scenarios where the power
module is close to its end-of-life or when there is interest in an

2)

3)

4)

5)

0)

7
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Fig. 3. Example of SF-ATC tuning for maximal thermal cycling reduction in
a single die application.
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Fig. 4. Impact on a single IGBT die power losses for different values of
(K arc, tarc) explored space.

intensive delay of the maintenance for the used power module
(e.g., installments in remote and hard to reach locations, such as
offshore wind power converters [8]).

For the presented example, the set of parameters that al-
low for the maximal reduction of thermal stress are Karc =
0.5 kHz/W and tarc = 10's. As reported in Figs. 3 and 4,
these lead to a reduction of temperature cycles as high as
30% and to an increase of the single chip power losses higher
than 20%.

The peak in the increase of power losses (red region in Fig. 4)
is due to the fact that for parameters in the ranges tarc € [5, 20]
s and Karc € [0.4,0.5] kHz/W, the switching frequency in-
stability phenomenon arises, impacting the power losses and
the ATC performance, as further confirmed by the simulated
evaluation of a portion of the used profile with tarc = 5 s and
Karc = 0.1-0.5 kHz/W in Fig. 5. As depicted, the increase in
ATC gain reflects a boost in the thermal swing suppression, but
introduces high oscillations in the switching frequency, further
increasing the die power losses. This may lead the designer to opt
for higher IHPF time constants. However, this would severely
degrade the efficiency since, in this case, also thermal cycles with
longer periods would interact with the controller (it is worth to
remind that only fast cycles are included in the profile used for
simulation).
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modulation scheme for a three-phase converter application. (b) Each switching
energy is assumed as a variable gain based on the interpolation of the DC-link
voltage, ith-die junction temperature and load current.

B. Switching Frequency Instability

As the practical application of the SF-ATC is obtained in
digital systems and to provide a more detailed analysis of the
instability phenomenon, the frequency modulation scheme is
represented in the Z-domain transform [see Fig. 6(a)].

From Fig. 2, it can be observed that the calculation of the
switching energy losses of the single chips is carried out regard-
less of the switching frequency. As such, it can be assumed that
each die switching energy behaves as a variable gain which value
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is obtained from the LUTs based on current, dc-link voltage and
junction temperature information [see Fig. 6(b)] Fgwi = Kei
with ¢ = 1,...N where N stands for the total number of chips
under investigation.

From Fig. 6, the switching frequency output is described by

fsw(z) :fn+Afsw :fn"l‘Rot(z) F(Z) 4)

where A f;,, is the enabled switching frequency variation pro-
vided by the SF-ATC, P, is the sum of the averaged power
losses, f, represents the switching frequency base value and
F'(z) is the power losses processing transfer function, involving
the inverting high-pass filtering IHPF(z), the ATC gain Karc,
and a single-step delay 2!, added to prevent the algebraic loop.
Finally, the switching frequency information is used to reupdate
the SLPF value by the product of the single chips switching
energy and the modulated switching frequency (feedback of the
SLPF).
As such, the update of the switching frequency is obtained by
fow(2) = fa + Karc IHPF(2) 27" Pi(2). ()
The Z-domain transfer function of the IHPF is expressed by
THPF(2) — —larc Z + tarc ©)
(tarc +ts) 2 + (ts — tarc)

being, as mentioned, ¢arc the selected ATC filter time constant
and ¢, the sampling time. Involving the single chips power losses
computation, it results

N N
-Ptot(z) - H(Z) (Z Pcond,i(z) + fsw(z) Z Ke,i) (7)

i=1

where the total switching energy gain is K. oy = Zf\r: 1 K, the
global conduction losses are gathered in d(z) = vazl Prondii
and H (z) being the average block transfer function, expressed
in the Z-domain.

For sake of simplicity, in the following analysis it will be
assumed that the averaging is processed with a constant number
of samples N which transfer function is

Ns  Ng—i

H(z) = 7%=121’va1 . @®)

It can be now observed that the system represented in Fig. 6

is linear thus the superposition principle can be used to derive

the desired output fyy(2). As the main instability phenomenon

is related to the SLPF computation loop, the contribution of

conduction losses may be neglected (d(z) = 0). If (7) is substi-

tuted into (5) then solving with respect to the output switching

frequency leads to the overall input—output transfer function
Gu(2)

fsw(z) = Gu(z)fn =

" 1= Karc 2z L IHPF(z) H(z) Kegor

Ja-

€))

Considering that the thermal transients are much slower than

the sampling process (tarc >> 1) and that the switching fre-

quency oscillations occur in high frequency ranges, the effect of

the IHPF transfer function is negligible in the frequency range
of the instability [i.e., [HPF(z) ~ —1].
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TABLE 1
SIMULATION PARAMETERS
Parameter and measure unit Value

Karc, ATC slope gain (kHz/W) 0.5
N, number of samples 10

tarc, HPF time constant (s) 10
Vie, de-link voltage (V) 400
fsw.max, max. switching frequency (kHz) 30
fsw.min, min. switching frequency (kHz) 4
Nhysi, number of hysteresis steps 5

K jot1im, limit global energy gain (mlJ) 20

By defining the global loop gain Ky = %, (9) can be
rewritten as

z N

Ng i
2N5+Ktot Z 1ZNS ¢

1=

Gu(z) =

(10)

If K exceeds unity the system becomes unstable, with the
poles of (10) migrating outside the stability circle (see Fig. 7,
based on data from Table I).Starting by the stability limit condi-
tion (K = 1), the related energy threshold that guarantees the
SF-ATC stability is computed as

N
Karc'

(In

K etot lim =

Using the parameters provided in Table I, the simulation
conducted in the Simulink environment is carried out based on
the model reported in Fig. 6 when considering the case Ny = 10.
As reported, the stability threshold is calculated to be 20 mJ. The
instability of the switching frequency occurs when the global en-
ergy value K. is higher than the computed threshold K (ot im-
Although the switching frequency is expected to diverge, the
saturation block maintains the oscillation within the two bounds,
while the stable switching frequency states are reached as the
total energy falls below K tof 1im. It is worth mentioning that, in
this example, mission profiles and parameter values are chosen
to provide the best observation of the transition between stable
and unstable switching frequency behavior. Assuming a constant
current injection of 106 A, the effect of instability on the load
phase current due to the introduced fast frequency oscillation
is reported in Fig. 8(a), while the same current without the
switching frequency oscillations is shown in Fig. 8(b). The fast
Fourier transform is applied to the current period and the result is
shown in Fig. 9. The instability introduces spectral components
in the ATC selected switching frequency range, having negative
impact on the power quality. As a consequence, the overall
system efficiency is decreased due to higher load losses and
additional EMI issues are introduced.

C. LPF and Hysteresis Band Methods

To evaluate the hysteresis bands impact on the switching
frequency oscillations, the simulation conducted based on the
model of Fig. 6 has been repeated in the case of an hysteresis
band block with Npyg = 5 in the modality illustrated in Fig. 2
(with open bypass switch in the ATC section). During stable
conditions, the use of hysteresis bands eliminates the switching
frequency oscillations, as shown in Fig. 7(a) (center). However,
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Fig. 7. Simulation evaluation of the switching frequency instability phenomena. (a) Dynamics evaluated during the application of a generic mission profile in
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Pole-zero map showing how the poles of (10) tend to exit the stability circle for global system gains over unity.

it is not effective in suppressing the oscillations in the case of
switching frequency instability.

On the other hand, Fig. 10 illustrates the two possible options
for using an LPF to eliminate switching frequency oscillations.
The first option is to embed an LPF into the switching frequency
loop, while the second option is to use an external LPF action.
The use of an external LPF action is not convenient as, in this
case, the filtered switching frequency signal is not used to update
the power losses value, resulting in a larger error between the
estimated and actual junction temperature when estimators are
used.

While, despite the use of an internal LPF action in the
switching frequency modulation loop [option (a)] can smooth
the switching frequency behavior, this comes at the expense
of a reduced ATC effectiveness, depending on the amplitude
and slope of the load current. Thus, when considering the
LPF action, it is important to note that its ability to suppress
switching frequency instability is limited by its dependence on
the nature of load profile. For clarity, the LPF dynamics in the
discrete-frequency domain is reported in (12), where 73 is the
chosen LPF time constant

ts

LPF(z) = ——

. 12
= (12)

The sampling time tg, is updated according to the switching
frequency 1/ fswmin < ts < 1/ fswmax- AS such, to see potential
effects on the switching frequency oscillations, the LPF time
constant should be several orders of magnitude higher than
ts, as indicated in Fig. 11 where a Simulink-based simulation
has been carried out with indicative time-constant values 7 =
0.25 ms [see Fig. 11(a)] and 7+ = 0.3 s [see Fig. 11(b)] respec-
tively by introducing, in the model of Fig. 6, an LPF action.
However, as shown, the frequency change is reduced and thus
the related ATC performance is degraded. Despite an increase
in ATC gain Kapc may boost the frequency peak value, it will
reintroduce undesired instability oscillations.

III. PROPOSED MODIFIED SF-ATC ALGORITHM

From the analysis conducted in Section II it is possible to
conclude that, to avoid oscillating switching frequency behavior
and instability, two possible solutions are to reduce the ATC gain
K arc or implement an LPF based on option (a) in Fig. 10. How-
ever, in this case, the ATC performances in terms of temperature
swing reduction are degraded since lower switching frequency
variation will be achieved. As such, a possible solution to ensure
high ATC effectiveness without abrupt switching frequency
oscillations (low Kapc) could be to modify the base active
thermal controller in a way to provide stable switching frequency
behavior and an amplification of the ATC performance. For this
purpose, this work proposes the implementation illustrated in
Fig. 12. As shown, in the proposed method the overall variation
in the switching frequency f’ is obtained based on a modified
version of the power losses processing transfer function F'(z).
The proposed modified ATC strategy operates considering the
adoption of a lead-lag network (LLN(z)) in the switching fre-
quency modulation loop. The fundamental idea is to provide a
lead action to ensure higher amplification for those load profile
cycles with frequency in the region of interests (e.g., for cycles
withrange from 5 s to c.a. 8 min. duration, 2mHz < f < 0.2Hz)
while providing limited effects for higher frequency signals.
As such, by introduction of the proposed method, the available
switching frequency variation becomes

Afi(2) = F'(2) Py (2) with
F'(z) = Karc IHPF(z) 27! LLN(z) (13)

where the introduced lead-lag network LLN( z) transfer function
is expressed as

7 2+ (ts(1 + ko) — 7)
Tz + (ts — 7f)
Here, the gain kg, has impact on the offered amplification in

the targeted frequency region while TJQ gives information on the
lag action cutoff frequency which will provide the compensation

LLN(z) =

(14)
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of the lead action for the frequencies outside the region of inter-
est. From the stability point of view, the updated input—output
transfer function is reported in

1
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Fig. 10.  Switching frequency filtering by means of LPF. In option (a) the LPF

is embedded into the modulation loop, whereas in option (b) an external filter is
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instability in simulation. (a) LPF performance when its time-constant is of the
same order of the sampling frequency, and (b) for higher time-constant values.

Power losses processing

Fig. 12.  Proposed LLN-based modification for SF-ATC (single IGBT die).

In a similar way to what has been discussed for the IHPF, the
impact of the LLN on the stability of the switching frequency
modulation loop can be considered negligible (LLN(z) = 1)
in the context of the fast dynamics related to the instability
phenomenon since 77 >> t;. As a consequence, the gain gy
selection shall be carried out in such a way that the condition
ts(1 + kew) << 7{ is satisfied.

In order to analyze the effect of LLN(z) introduction on
the system performance, the frequency responses of F'(z) and
F'(z) are analyzed in Fig. 13. Here, assuming kg, = 0.7 and
7'} = 0.3 s, different SF-ATC gain values Karc are selected
and the delay action is neglected due to its only effect on
the phase shift. As shown, the proposed method provides an
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amplification that changes based on the cycles frequency of
interest (dashed yellow line). When higher gain Karc is se-
lected, an up-shift is introduced in the F'(z) frequency response
thus causing a boosted amplification also for not targeted fre-
quency regions (orange line), leading to high sensitivity to noisy
signals.

In contrast, the proposed modified SF-ATC limits the amplifi-
cation in higher frequency ranges, improving the signal-to-noise
ratio of the algorithm. As such, the selection of low K arc will
ensure a stable switching frequency behavior while a proper gain
kg selection will allow to maximize the ATC stress relieving
performances.

However, the user should consider that as kg, grows, the
boost of amplification in the frequency range of interest
tends to reduce (see Fig. 14). Furthermore, using high kg,
may increase the amplification, also for cycles outside of
the region of interest, further degrading the efficiency. The
Simulink-based simulation of the switching frequency dynam-
ics, during the proposed method application, is depicted in
Fig. 15.

Here, to ensure a good balance between boost in ATC
performance and effective low noise operation, a gain kg, =
0.7 and lag-action time-constant 7, = 0.3 s have been se-
lected. As demonstrated, the proposed algorithm enables an
amplification of the switching frequency variation during
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each thermal cycle without the occurrence of any abrupt
oscillation.

IV. EXPERIMENTAL RESULTS
A. Experimental Test Rig Description

The results presented in this article have been evaluated
using a three-phase test rig, the block diagram of which is
shown in Fig. 16. The device under test is represented by an
Si-IGBT-based two-level voltage source inverter (VSI) with
a EconoPIM™2 -power module of 1200 V/25 A (at Tiue =
85°C)(FP25R12KE3 from Infineon). As in practical imple-
mentations, the VSI thermal management is supported by an
additional cooling system, an heatsink has been mounted via
thermal grease [see Fig. 17(a)] which thermal parameters have
been reported in Table II.

The VSI is connected to a three-phase RL load with L =
0.8 mH R = 8.5 () while the dc link voltage is set to Vg, = 450
V while, as depicted in Fig. 16, the control of the device under
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(@

Typhoon HIL

Fig. 17. Three phase test-rig with (a) device under test, HIL interface, and
heatsink. (b) Power module under study.

TABLE II
DUT AND EXPERIMENT CONDITIONS DATA

Parameter and measure unit Value
Vie, de-link voltage (V) 450
Imax, max. processed current peak (A) 30
T;.max» maximal junction temperature (°C) 150
fswmax, max. switching frequency (kHz) 20
fsw.min, min. switching frequency (kHz) 5
Nhysi» number of hysteresis steps 5
7¢, additional LPF time-constant (s) 0.3
ksw, selected modified SF-ATC gain 0.7
R, L, load resistance (€2) and inductance (mH) value || 8.5,0.8
tarc, ATC THPF time-constant (s) 10
Rhpsk, heatsink therm. resistance (°C/W) 15
Chsk, heatsink therm. capacitance (J/°C) 227

study is obtained by the interface with Typhoon HIL system [see
Fig. 17(a)]. In this way, the power flowing from the converter to
the load can be varied through its current closed-loop control.
In parallel, the modulation depth information m as well as
the load currents i and die junction temperatures T'j are used
in the ATC algorithm. Fig. 17(b) shows the power module
under study with its dies allocation. For the purpose of ATC
algorithm implementation, the junction temperature of the IGBT
dies under investigation are measured using a contact sensor
from OpSens solutions (accuracy 4+0.3°C and response time
of 0.5 s).

B. Experimental Testing Conditions

As mentioned in Section I, not to excessively degrade the
converter efficiency, only short-term thermal cycles will be

17033

60

Zoom

40 _seclgion L ] i

. Tpeak irms
20F /i u
N
n"

20 ‘ .

jE /\\X/\\X/\\X/ Zoomed view i

Current (A)

40F M

-60

1 — T3 —Tiss

Junc. Temperature (°C)

20

148 315 482 649 816 9.83 115 132 149 16.6 183 20
Time (min.)

Fig. 18. Applied experimental profile for SF-ATC investigation (Vg =
450 V). Three phase current profile (top) and the dies S1, S3, and S5 thermal
dynamics (bottom).

addressed in this analysis. To validate the ATC algorithm effec-
tiveness, a 20-min long modified version of the WLTC profile
has been used with Tj-cycling period in the range of minutes.

The analyzed load profile has been implemented based on a
repeating sequence of a 6-min long base trajectory which three-
phase current 7,1, as well as its peak and rms value are shown
in Fig. 18. Furthermore, the three phase VSI is assumed to work
with Vg, = 450V, while supplying pure active power (unitary
power factor) to the load with nominal frequency f, = 50 Hz.
Asreported in Fig. 18, dies S1 and S3 present the highest thermal
swing as well as instantaneous junction temperature.

In the following, the ATC impact of the cases presented in
Sections II and III is evaluated for the chip S3. The impact of
potential switching frequency instability on power quality and
the ATC performance is presented. Furthermore, a comprehen-
sive analysis of the thermal swing reduction enabled by the use
of the proposed method is performed. All the following evalu-
ation have been carried out based on the experimental data in
Table II.

C. Base SF-ATC Case

As presented in Section II, the selection of the proper IHPF
time constant tapc and ATC gain Karc has strong influence on
the thermal swing suppression capability of the SF-ATC. This
is confirmed in Fig. 19, where the impact of SF-ATC on the
die-S3 junction temperature swing for different Kapc values is
depicted. In the following, it is assumed to prioritize the damage
reduction and the ATC parameters are setto Karc = 0.5 kHz/W
and tarc = 10 s as that is combination for achieving the best
thermal cycling reduction (see Fig. 3).

Fig. 20 displays the SF-ATC experimental evaluation based
on the selected load profile in terms of switching frequency
dynamics, averaged S3-die power losses (over one fundamental
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period) and thermal cycling reduction. In particular, Fig. 20(a)
presents the thermal cycling reduction obtained when the base
SF-ATC is applied. As shown, each thermal swing is suppressed
during the ATC operation due to the achieved variation in switch-
ing frequency. However, although high reduction is obtainable,
the switching frequency exhibits unstable behavior oscillating
abruptly between the two selected saturation values. This will
negatively impact the stress-relieving operation of the base
SF-ATC algorithm due to the introduction of additional peaks
in the junction temperature of the die under investigation. The
amplitude of these additional peaks reaches up to few degrees for
the analyzed case leading to higher damage. In addition, the ther-
mal excursion may enlarge when larger frequency variations are
selected. As such, depending on the selected maximal switching
frequency for a given application, the instability might reduce
ATC effect on thermal swing due to the abrupt increase of the
SLPE.

D. Hysteresis and LPF Cases of Study

In Fig. 20(b), the SF-ATC operation is supported by the hys-
teresis bands application. For the present case of study, a steps
number of Npyy = 5 is selected in order to provide sufficient
noise attenuation. As depicted, the hysteresis band method is not
effective in addressing the instability phenomenon and tends to
keep an oscillating behavior of the switching frequency hence
reducing its effect on 7j-cycling. Similarly, when an internal
LPF action is applied in the frequency loop [see Fig. 10, option
(a)], the resulting dynamics is shown in Fig. 20(c). An LPF time-
constant of 77 = 0.3 s is chosen to ensure a proper filter action.
However, as shown, the filter reduces the switching frequency
peak for each thermal cycle which reduces the effectiveness of
the ATC algorithm.

E. Proposed Method Validation

In Fig. 20(d), the converter operation is supported by the
proposed SF-ATC solution. First, the ATC gain has been reduced
to Karc = 0.1 kHz/W, guaranteeing the global loop gain to
be sufficiently far from the stability limit. Subsequently, the
proposed modification is introduced to increase the SF-ATC
effectiveness. As reported, in this case, the provided switching
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frequency signal f’ is obtained based on the selected LLN gain
ksw = 0.7 and lag-action time-constant T} =0.3 5. The proposed
method provides the maximal available switching frequency
variation for all the cycles without abrupt oscillations. Further-
more, in contrast to the case of the hysteresis band method, it
allows for a fine compensation of the temperature swing thereby
optimizing the damage reduction process (no additional thermal
swings are introduced because of the absence of abrupt power
loss variation).

F. Impact on the Converter Operation

The experimental evaluation of the impact of the analyzed
SF-ATC algorithms and the switching frequency instability on
the system power quality can be observed in Fig. 21, that depicts
a portion of the three-phase current profile during its descend-
ing phase. As illustrated, in the case of the classic high-gain
SF-ATC [see Fig. 21(a)] and the SF-ATC with hysteresis band
[see Fig. 21(b)], a strong ripple is introduced due to the fast
switching frequency oscillations. As a consequence, induced
harmonic content (which, in the case of the test-rig under study,
has amplitude over 30% of the fundamental component) will
be present in the current frequency spectrum during the insta-
bility phase (see Fig. 22). However, a power quality improve-
ment is possible if the SF-ATC with an additional LPF [see
Fig. 21(c)] or the proposed modified SF-ATC [see Fig. 21(d)]
are used as further confirmed by the harmonic analysis
in Fig. 22.

G. Evaluation of the Total Damage Reduction and Average
Single IGBT Die Power Losses

In this section, the findings of the presented experimental
evaluation are discussed in terms of achieved thermal swing and
accumulated damage reduction. Fig. 23 presents the junction
temperature variation distribution over the selected load profile
for the case of no SF-ATC application, the case of classic
SF-ATC and the proposed modified controller. Furthermore,
to provide metric parameters for the performance comparison,
the average thermal swing (3 AT)j .y experienced on the entire
profile is evaluated as

N,
e AT
(EAT)j,an _ Ez:]if Js

where N, stands for the number of half-cycles experienced by
the heating-up and cooling down process of the die under study.
As depicted, the proposed modified controller is able to provide
higher thermal swing reduction with respect to the classic SF-
ATC with high gain. Furthermore, the proposed method provides
(XAT)jave = 6.9°C (44% reduction with respect to the case
where no SF-ATC is applied). The total accumulated damage
is calculated using the well-established rainflow counting and
Coffin—Mason model [26]. The accumulated damage for all
the ATCs cases is normalized to the no ATC-case accumulated
damage and presented in Fig. 24. The results demonstrate that
the proposed method achieves the best thermal stress reduction
(by approximately 34%) thanks to the elimination of the ad-
ditional peaks. Remarkably, despite both the classic SF-ATC

(16)
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Fig. 20.

Experimental evaluation for a single IGBT die operation. (a) Case of the base SF-AT controller with high gain Karc. (b) Case of the use of an hysteresis

band to suppress abrupt f,, oscillations. (c) Case of the use of an additional LPF in the main frequency-modulation loop; and (d) proposed modified SF-AT
controller (single IGBT die). (a) SF-ATC (high gain). (b) SF-ATC (hysteresis). (¢c) SF-ATC (low-pass filter). (d) SF-ATC (proposed strategy).

and the case with hysteresis allow for the maximum switching
frequency variation, they will present a damage reduction that is
comparable with the one provided by the case of SF-ATC with
LPF action. A reason for this is the presence of the additional
peaks due to the abrupt change in power losses in the case
of the classic SF-ATC and the completely unstable switching
frequency variation, in the case of the hysteresis band method

application, thus not giving the possibility to effectively reduce
the thermal swing.

On the other hand, Fig. 25 shows the impact of the selected
SF-ATC strategies on the S3-IGBT die total power losses. For
this purpose, the power losses have been integrated over the
entire profile duration and have been normalized with respect
to the power losses experienced by the IGBT when no ATC is
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Impact of switching frequency instability on the phase currents

deployed. Interestingly, despite the proposed method presents
a notable damage reduction, its impact on the power losses
is approximately equal to the one of the SF-ATC with
high gain (base SF-ATC). The reason for this is the ab-
sence of the additional peaks generated during abrupt varia-
tion of the switching frequency during the instability phase
during heating-up and cooling-down process of the die.
Whereas, as expected, the lowest power losses increase is
experienced for the case of the SF-ATC with LPF (c.a.
22 %).

A summary of the experimentally analyzed cases is reported
in Fig. 26, confirming that the proposed modification of the SF-
ATC provides fine control of the switching frequency without
abrupt oscillations and the highest damage reduction at expense
of an increase in the die power losses similar to the one for the
case of SF-ATC with high gain.

V. DISCUSSION AND FUTURE RESEARCH WORK

The present study investigated the origin, impact and
mitigation technique of the switching frequency instability on a
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Experimental evaluation of the impact of the SF-ATC algorithms on the current power quality with zoomed view. (a) SF-ATC (high-gain). (b) SF-ATC

three-phase VSI operation. To cope with the problem, a solution
based on a modification of the already established SF-ATC was
proposed. In general, as highlighted in Section II, the genera-
tion of switching frequency instability is experienced when the
global loop gain K, grows over unity. As such, the ATC gain
Karc should be selected to avoid that the overall gain exceeds
unity. Then, based on the desired tradeoff between damage
reduction and efficiency, the user might adopt the proposed
modification or utilize the standard SF-ATC implementation
(see Fig. 2).

However, multiple aspects, related to this study, should be
further investigated in the future research work such as the
following:

o Sensitivity analysis to model parameters variations: For
the purpose, accelerated cycling aging tests should be
carried out on power module under investigation. Subse-
quently, the effects of the aging on the converter power
losses as well as ATC performance should be stud-
ied. Furthermore, the statistical relevance of the aging
analysis should be increased by testing different power
modules.

® Proposed method impact on EMI: Additional analysis
should be carried out to evaluate the impact of the
proposed method on the EMI propagation in practical
applications.

It should be further stressed that, as pointed out in differ-
ent works in the recent research [7], [8], the use of switch-
ing frequency to delay the aging of power converters is
not suitable for all applications. The applicability of SF-
ATC depends on multiple factors such as the following for
instance:

1) Efficiency requirements: Although a tradeoff between effi-

ciency and SF-ATC effectiveness can be found (see Figs. 3
and 4), there might be applications where the efficiency



SANCIO et al.: MITIGATION OF OSCILLATIONS IN SWITCHING FREQUENCY-BASED ACTIVE THERMAL CONTROL 17037

25
20 [

st

&

Nl
5 I I I
I I l

2 4 6
Fig. 23.
1.2 T T T T T
I R e R e EEE
0,

5 21% [14% a1
3 ogh 33.8%
=
E
5 06f 1
g
=l
(53
8 o4t 1
<
E
=]
Z 0.2f .

I No SF-ATC (SAT)javg = 12.3°C N Base SF-ATC (SAT)j avg = 8.5°C Proposed SF-ATC (SAT); avg = 6.9°C

ATC ATC ATC ATC
(High gain) (Hyst.) (LPF) (Proposed)

No ATC

Fig. 24.  Accumulated damage comparison among the different analyzed

strategies.
1.4 T T T T T
1.2 4
+32%
e _
B
2 08f .
g
% 0.6f T
g
o
0.41 7
0.2 7
0 ATC ATC ATC ATC
NoATC (High gain)  (Hyst.) (LPF)  (Proposed)
Fig.25. Impactonasingle IGBT die power losses for different ATC strategies.

2)

3)

represents the highest priority. In this case, the use SF-ATC
might not be the suitable solution [7], [8].

Selected semiconductor technology: The type of the se-
lected semiconductor technology can impact the switching
losses participation factor that has to be SLPF > 50 %
for being able to influence the temperature dynamics via
switching frequency variation.

EMI/power quality: The SF-ATC designer needs to guar-
antee the compliance to the standard requirements for
EMI/power quality when working with large switching
frequency variations [9].
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VI. CONCLUSION

This study examines switching frequency instability in
reference-free SF-ATC strategies and its impact on system per-
formance. The studied instability increases current ripple, noise,
and may weaken ATC’s thermal stress mitigation. Simulink-
based simulations and experiments show that conventional
methods, such as hysteresis control and deployment of addi-
tional LPF in the switching frequency modulation loop, fail to
suppress switching frequency instability oscillations and may
reduce ATC’s effectiveness. As such, the present work pro-
posed a modified SF-ATC that is obtained by replacing the
LPF with an LLN in the switching frequency modulation loop.
The LLN selectively amplifies the SF-ATC effect in the relevant
thermal cycle frequency range without causing instability. The
experimental results, conducted on the converter under test,
confirm that this approach eliminates the switching frequency
oscillations, triggered by the instability. Furthermore, for the
tested converter, adopted load profile and testing conditions, the
proposed method leads to an accumulated damage reduction by
over 30% as well as an average thermal swing reduction of c.a.
44% compared to the case where no ATC is adopted. However,
for the studied case, the SF-ATC thermal swing reduction is
obtained at the expenses of an increase of c.a. 32% for the die
power losses.
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