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Abstract—Achieving the optimal desizn of power converters re-
quires a deep undersianding of the system’s dissipation elements
to meel the desired performance and safety standards. Once the
power converter is designed, it is of key importance to estimate
the aciual power losses in the real sefup, in order to redesign
the power converter or monitor and control the semiconduc-
tor power losses. With that purpose, calorimetric technigues
have outperformed electrical methods. However, they come with
mechanical limitations and depend on analytical electrothermal
equivalent circuits. These models are highly topology and tech-
nology dependent, often resuliing in simplistic representations
that underestimate thermal effects or complex sets of differential
equations. To overcome these challenges, we present a novel post-
design automatic method for characterizing semiconductor power
losses through its converter thermal dynamics. Our method is
rooled in an oplimization program that identifies the optimal
discrete-time linear model according to a sel of power vs.
temperature profiles. The proposed approach ensures accurate
identification and integration of desired modeling requirements.
The methodology is applicable to any power converter topology,
and the derived linear model enables the use of standard control
theory technigues for monitorization and control. Experiments
with a real power converler validate the proposal’s versatility
and accuracy.

Index Terms—Calorimetry, low voltage power semiconductors,
thermal models, transient calorimetric measurement methods,
semiconductor power losses, swilching loss measurements, system
identification.

[. INTRODUCTION

OWER converter design has received a significant boost

with the advent of recent technologies such as wide-band
gap (WBG) semiconductors or new substrate technologies.
WBG semiconductors are beneficial due to their small die
size, low conduction losses, and high-performance switching
conditions [1], [2]. Similarly, new substrate technologies allow
to improve the thermal dissipation of power devices [3], [4].
However, these advantages come with novel characterization
challenges. In particular, current measurement for power losses
calculation becomes unfeasible due 1o bandwidth limitations
and its invasivity, which perturbs the real signal by the
addition of parasitics from the measurement element [5], [6].
These issues have lead to the development of non-invasive
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Fig. 1. Example of a frame from a thermal infrared camera. The camera is
measuring the temperature of the power converter evaluated in Section Y with
semiconductors working in the linear region. Throughout the paper, we only
use frames from thermal infrared cameras for illustrative purposes.

thermal methods, mainly based on calorimeters [4]. However,
calorimeter techniques rely on a physical based electrothermal
equivalent circuil models, being necessary to thermally isolate
part of the converter for its identification. These limitations
do not allow for the estimation of power losses in applica-
tions where individual thermal isolation cannot be achieved
and the differential equations of the thermal system become
more complex. This is the case of modern indusirial power
converters, where the thermal coupling between components
demands an accurate thermal characterization [7], [8] to en-
surg that the design of the power converter meets all the
requirements in lerms of performance [9], [10], robusiness
[11] and security [8], [12], [13]. The inherent complexity of
the mew technologies typically leads to the following design
paths in a power converter: (1) use finite element methods
or simplified electrothermal equivalents to evaluate a priori
the power losses through simulations; (2) validate the design
with the real device; (3) characterize the miss-match between
the simulated power losses and the actual ones lo redesign
the power converter, monitor the power losses or control the
power-lemperature dynamics to achieve an optimal behavior.
To address the second and third step, existing methods wse
calorimeler analytically simplified models as equivalent resis-
tance and capacitors, underestimating more complex coupled
thermal effects; or build analytical models formed by complex
sets of differential equations that are not flexible to other
topologies nor even tractable.

To cope with these issues, in this paper we propose a novel
automatic thermal modeling technigue to identify and estimate
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the semiconducior total power losses that is accurate yet gen-
eral, systematizing the thermal characterization of any power
converter. Given a set of power-thermal trajectories recorded
from amy available measurement point, our solution obtains
the linear model that best fits the data. In addition, due to the
optimization formulation, we can add any desired restriction to
the model, thus allowing designers to encode prior knowledge
on the device. The methodology is based on the fact that the
dynamics that relate power sources and their temperature is the
same whether the system is excited in direct current (DC) or
in alternating current (AC). Therefore, through DC calibration,
our approach is able to characterize the semiconductor total
power losses along any power converter during switching
conditions from temperature measurements. Code and data is
available on a GilHub repository'.

Related work. Classical electrical characterization methods
such as the double pulse test [14] do not satisfy the new high-
speed switching conditions of devices, which require novel
multiple pulse technigues [ 15] for an accurate characterization
of power losses. These methods isolate the device from its
desired used topology, therefore neglecting the overall para-
sitics and thermal coupling of the final target power converter
[16], [17]. In this sense, thermal coupling, parasites, limited
probe bandwidth and calibration problems lead to robust lime-
frequency characterization techniques [18].

A different line of research is to consider non-invasive
methods based on indirect measurements. The most common
approach is to take the difference between the measured
input power and the ouiputi power [19]. However, this is
strongly dependent on the precision of the power meter and
the losses between the different components cannot be distin-
guished. Instead, calorimetric methods propose Lo estimate the
power losses through thermal measurements [20]. Calorimetric
methods have been applied not only to transistors [21], but
also to inductors [22], capacitors [23], or microelectronic
devices [24]). Despite the advantages in accuracy compared
to other methods [25], typical calorimetric methods must
enclose the device under test inside an insulated chamber,
which is not always feasible due to size restrictions [26].
On the other hand, calorimetric methods need an equivalent
analytcal thermal-electric model of the power converter Lo
relate the temperature and power losses [27], [28]. In the case
that only the steady-state behavior is desired, the analytical
models are based on equivalent thermal resistances [29]-[31].
If the dynamical model is desired, then thermal equivalent
capacitors are included [28], [32], [33] [34]. Nevertheless,
these models are highly dependent on the substrate [35] and
the technology of the devices, as the coupling effects vary
between the components, so these techniques are currently
only suilable for simple circuits [4]. When the complexity
of the circuit increases, the thermal model becomes more
challenging as more power and coupling sources arise [36],
[37].

Another alternative is to rely solely on a prior finite element
analysis [38], [39]. These methods exploil complex compuler
tools [40] that implement physical electrothermal interactions

Iy tipszfgthub.com/im-sanz/Awtomatic- Thermal-Modeling

[41] to model the effects of environmental temperature [42],
control [43], or packaging conductivity analysis [38]. Despite
its accuracy in single devices and potential model reduction
[44], the complex paramelerization hinders its flexible appli-
cability in real power converters, where it is usually easier (o
obtain experimental tlemperature-power profiles that capture all
thermal processes. Besides, specially in intricate topologies
such as multi-level power converters, it is rather possible
to forget to model coupling power-thermal factors, leading
to a miss-match between a priori simulaled power losses
and the actual ones. Therefore, a post-design approach lo
characlerize the actual power losses in the device from thermal
measurements is necessary for optimal power converter design.
As a target application case, with our a posteriori approach,
the designer can model, verify and monitor the relationship
between temperature and power losses from lemperature mea-
surements al key points of the converier.

In this context, we propose a novel non-invasive approach
to characterize thermal dynamics and semiconductor power
losses in power converters (Section 11). Inspired by the recent
emergence of automatic techniques for dynamics identification
[45]-[47] [48], we propose an optimization-based identifica-
tion method that obtains the best linear dynamical thermal-
power model from experimental lemperature-power profiles
(Section 1IT). In its simplest form, the solution can be recast
as a least-squares problem, leading to accurate and fast identi-
fication of the linear dynamics. Nevertheless, the formulation
allows one to include any desirable constraint and prior
knowledge, facilitaling the identification. Besides, the formu-
lation avoids, by design, typical ill-posedness from resistance-
capacitor identification. Experiments of the operaling power
converter (Section V) show the accurale performance of our
proposal, including a comparison with other state-ol-the-art
thermal physical thermal models. Besides, we propose a novel
method for studying the coupling between components on a
power converter that leverages sensilivily analysis. Overall, we
conclude thal our propose approach is general and fexible o
be applied to any power converter lopology (Section VI).

1. PROBLEM FORMULATION

The device under study is a general power converter formed
by dissipate power sources, like (ransistors, inductors, or
printed circuit board (PCB) tracks. The topology of the power
converter is not assumed a prior, so it can be a buck converter,
a full-bridge resonant converter, etc. The power dissipation
of the converter is characterized by temperature and power
measurements, which can be acquired by any available means.
For instance, in a transistor, the temperature might be mea-
sured from ils top capsule surface, using a thermocouple or
an infrared camera as in Fig. 1. On the other hand, the power
of the devices is measured in DC, e.g., using low continupus
current methods to decouple the effects of the tracks in the
power measurements. Section IV details how to measure the
power in the devices.

Formally, the power converter is characterized by a set of nn
power measurement points P = {1,...,i,...,n} and a set of
m lemperature measurement points T = {1,....7,....m}
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Fig. 2. Block diagram of the dynamics of a transistor. The dynamics can
be decoupled in two terms, (i) 8 non-linear term that models the relationship
between current, voltage and power. and (0} a linear term that models the
relationship between power and temperature. In this work we are interested
n the latier.

We denote by P* € P and T7 & T the power at measurement
point i and the temperature at measurement point j respec-
tively.

Given all these measurable quantities, we aim to identify
the relationship between power and temperature in the power
device as a linear discrete-time dynamical system. To do so,
we define the state and input of the thermal dynamics of the
POWET CONverter as

kS )

OO i PR SO, 1o

where T denotes the transpose operator. The ordering of the
guantities in x and w is arbitrary and does not affect the
automatic modeling process. Then, the linear discrete-time
power-temperature dynamics is defined as

x(k+ 1) = Ax(k) + Bu(k). (2)
In Eq. (2), A and B are unknown matrices, whereas k. M
denotes the discrete instants when the system is sampled, with
At = 0 the sample time. This model can be considered as
the Generalized Average Model [49]. [50] of the relationship
between the power and temperature in the converter elements
in discrete time. The linear assumption is also supported by
the fact that the relationship between temperature and power
in a semiconductor device is dominated by linear dynamics,
whereas the relationship between current, voltage and power
is mon-linear, as it is observed in Fg. 2. In this work we are
interested in the power-temperature dynamics. Note that there
is no assumplion regarding the underlying structure of both
malrices, in contrast to classical power losses identification
tlechnigues where the elements of these malrices are parame-
terized by equivalent resistance and capacitor parameters.
Mow, assume that the quantities in x and u can be measured
and recorded during K = 0 instants of time. We can build
a sel of data D = {x(k),u{k)}£_,. Given a collection of
measurements T, the goal of this paper is to identify the
dynamics in (2) characierized by A and B, such that the model
is as accurale as possible in eslimating the power losses and
it fulfils any a priori consiraint of the power converter. The
a priori constraints can be, e.g., the sign of an element of
matrix B or a rank condition over matrix A to ensure a well-

conditioned identification. Formally, the problem to solve is
the following:

I L(D) (3a)
st x(k+ 1) = Ax(k) + Bu(k), (3b)
ga(A) <0, ha(A) =0, (3c)
ge(B) <0, hg(B) = 0. 3d)

In problem (3), £{T") i an objective function thal measures the
quality of the estimation accuracy of the identified model given
by A and B. Meanwhile, g4 (A), ha(A), gu(B) and hg(B)
are functions that model any constraint on A and B. The next
seclion proposes a general approach to solve problem (3), so
that it automatically provides the best estimator to estimate
the power losses of a power converter.

III. OPTIMIZATION-BASED IDENTIFICATION

To find the solution for problem (3) we need. first, to gener-
ate the dataset T*. Ideally, a temperature input w(k) would be
applied to the power converter, measuring the evolution of the
power x(k). However, in practice, this not practical because
the temperature in the devices is a consequence of the power
losses during the operation of the power converter. Thus, in
real power converters, the power losses are generated from an
electrical excitation and the temperature is allowed o evolve
freely. More information is provided in Section IV. For now,
the consequence is that problem (3) cannot directly be solved
nor A and B identified from T and through A and B. so an
alternative method must be developed (o estimate the power
losses given the temperature of the power converler.

To do so, the first step is to identify the complementary
dynamic temperature-power model. This is described by the
following discrete-time linear dynamics:

u(k + 1) = Au(k) + Bx(k). (EN]
This model is directly related to the collection of the dataset
D, where the power converter is excited with electrical signals
such thal power losses appear in the different components of
the converter and the temperature evolves accordingly.

The next step is to identify A and B such that they
can be used later to esimate power losses from temperature
measurements, and the requirements in terms of accuracy and
restrictions in problem (3) are accomplished. Let reformulate
Eqg. (4) as:

u(k+1)= (A B) (zgﬂ) — Wal(k). (5)
The idea of this reformulation is to allow lo frame the
identification problem as a leasl-squares minimization. For
that reason, we define w = (A ]_32, as the estimated
temperature-power model, and we define the error (also called
residual) between predicted and actual temperature as

e(k) = ulk) — Wa(k — 1) (6)
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Then, to identify the most accurate model in terms of Mean
Square Error (MSE), we have to minimize the sum of the norm
of all the ermors, leading to

K

(A* B*)=argmin}" lle(k)[5, M
AB | »n

where || e ||z is the L.2-norm. Under the assumption that no

further requiremenits are needed, the solution of (7) is given

by

(A B°)-@'z)'z'U-Z'U (®)
Matrix & = |[z(1),z(2),...,=(K — 1)] and matrix
U = [u(2),u(3), .., u(K)] stack lhc z(k) and u(k) elements

of the dataset T to form the inpul and outpul data matrices
respectively. Meanwhile, ZF — (Z'Z)"'Z" is the Moore-
Penrose inverse of Z.

Given the oplimal ﬁl‘ B* in the MSE sense, the power
losses can be estimated from lemperature measurements using
the identified dynamics from Eq. (4). The lemperature-power
dynamics leads to:

x(k) = ((B%) TB*) (B (u(k + 1) — Aru(k)) =
x(k — 1) = ((B*)TB*) " (B*) T (u(k) — A*u(k - 1))

Equation (%) defines an estimator for the power losses given
the temperature at the power converter.

Al this point, a few considerations are in order. First, accord-
ing 1o Eq. (9). the estimator has a delay of one discrete step.
This is not a problem because matrices (B*)TB*)"1(B*)"
and A* can be pre-computed from the calibration data in D,
and a sufficiently small At can be chosen to fit the application
requirements. Second. Egs. (8) and (9) include the Moore-
Penrose inverse of the matrices Z and B*. The Moore-Penrose
inverse of any real n x mm matrix K exists if and only if the
rank of K is maximum, that is, if rank(K) = min(rn, m). For
Eq. (8), this means that there are as many linearly independent
measurements =(k) as the number of temperature and power
test points, which is easy to accomplish since, typically,
K == (n + m). Another option is to use a regularizer that
avoids ill-conditioned identification, so (Z"Z)~! in Eq. (8) is
replaced by (Z'"Z + =I)~!, where = = 0 is a small constant
designed by the practitioner and 1 is the identity matrix. This
regularizer penalizes large values of A*, B* and, therefore,
provides robusiness against the noise or possible ouiliers in
the measurements wsgd for the identification. On the other
hand, to ensure that B* in Eg. (8) has full rank, a constraint
can be used, leading to the following reformulation of the
optimization problem:

(A‘ B‘)— 'ngmmZIIﬂ iz

(%)

(10a)

X mnk{Bj =n+m, (10b)

Finally, we can include additional constraints to (10} from,
eg.. a priori knowledge on the properties of the power
converter. For instance, the element (i, j) of B* is necessarily
positive if we know that the power losses of the measurement
point i of vector x always increase the lemperature at the

measurement point j of vector w. Thus, with the additional
constraints, problem (10) tums to be

K

(A* B°) = argmin " (k)3 (112)
= k=3

sl mnk{ﬁ] =0+ m, (11

ga(A) <0, ha(R)=0, (10

gs(B) <0, hg(B)=0.  (11d)

The optimization problem in (11} is non-convex due io
constraint (11b). Nevertheless, there exist many solvers and
optimization methods that find the localiglobal minima of (11)
with guarantees of convergence to a local minima, including
those based on convex relaxations [51], [52] or proximal-
eradient-based methods [53].

Overall, our proposed approach solves the problem of
estimating the total power losses of a power converter and
its power semiconductors from calibration measurements by
the automatic identification of the Hnear temperature-power
discrete-ime dynamics. MNotice the similarity between the
problem (3) and (11). Thanks to our proposed approach,
the identification of A and B is bypassed, respecling the
conditions of the calibration and collection of data in a power
converter, where it is only possible to electrically excite the
power losses and record the evolution of the temperature and
not vice versa.

IV. CHARACTERIZATION METHODOLOGY

After providing the theoretical foundation of the paper,
in this section we illustrate the experimental procedure lo
characterize the thermal properties of a power converter. We
recall that our goal is, given an already designed power
converter, identify its actual power-thermal dynamics, with the
main target on the semiconductor power losses estimation.

Firsl, for a consistent characterization of a linear system,
all the power sources are exciled independently. In addition,
all the components must remain connected and the different
power sources cannot be removed for an independent char-
aclerization, because any change in the physical connection
of the devices can modilfy the thermal behavior. Second, the
complexity of the coupling thermal dynamics depends on the
physical design of the converter. Typically, high-frequency
low-power converlers tend to have a more compact design,
leading to greater couplings between components, whereas the
design of the modules in high-power converters tends to be
thermally isolated. In this sense, not all power sources have the
same level of interest. Therefore, for every power converier, a
study of the influence of the surrounding components on the
semiconductors must be performed for a higher accuracy of the
power estimation. As most power converters have transistors,
PCB tracks, drivers and inductors, these are the larget power
sources in this work. To measure temperature with a low
level of noise, a general rule is lo choose representative
points in terms of power loss sensilivity. For instance, the
most representative point in a semiconductor is the junction;
however, since the junction is usually inaccessible, a closed
enough location can be used. Another example is the inductor:

This work is icensed under a Creative Commons Atlrbution 4.0 License. For more nformation, see htpscicreativecommons.orplicen sesby 4.0/



Thi=z article has been accepied for publication in IEEE Tran=aclions on Power Elecironics. This is the suthor's version which has not been Tully ediled and

content may change prior o final publication. Citation information: DOI 1001 10%TPEL. 2024, 34 12009

Inductor

Chrtput Capacitors i fEas=amety

(@)

High Side MOSFET
AMMCH Connectors
_ High Side Drivar

- }Tlh. Comnector
T }SE’EG&E Commector

} ND Comnactor

Bottom Side Drrver

R“ i Low Sida MOSFET
HE Daughter Board

i: (B Distinguishable Source
e PCE Connactor
+ hieasured Voltaze

Fig. 3. Hardware design of the synchronous buck comverter under study. (a) DNustration of the entire power converter, along with its main parts. {b) Half-bridge
board, along with its main components. (c) Schematic circuit of the synchronous buck converter, highlighting the main thermal sources and connections.

depending on its geometry, different measurement points can
be placed on the copper or the core.

We study a synchropous buck power converter to illusirate
the approach proposed in the paper. The setup is shown in
Fig. 3. To generate D, thermocouples capture the thermal
measurements, with a sampling rate of 1s. In this section,
we use thermal frames from an infrared camera for visually
understanding the characterization process, they are not used
as inputs of the model. It is noteworthy the importance
of a proper atlachment of the thermocouples lo ensure the
repeatability of the tests. In addition, the thermocouples may
suffer from pickup noise in switching conditions. This depends
on the specific power converler design; il necessary, screened
extension cables, shielded thermocouples or other thermal
measurements methods as infrared thermal cameras or oplical
fiber can be used.

On the other hand, the microcontroller's ADCs caplure
the electrical measurements with a sampling rate of 100 ms.
Nonetheless, any other measurement means is valid. The
DUTs are 100V@ 3mfl Infineon OpliMOS™ 6 silicon
transistors [54]. Fig. 3c presents the circuit diagram of the
lopology along with its PCB tracks and the available vollage
measurement points. The different heat sources are highlighted
in red. Ground PCB tracks are overlooked because they are
designed as large copper planes, so they can be considered as
an equipotential surface.

After describing the general practical background and the
power converter under study, in the following subsections we
detail how to calibrate each component.

A. Transistors Calibration

In all power converters there exists a high thermal coupling
between the transistors and the PCB tracks, which is crucial to

characterized for an accurate thermal modeling. Typically, to
calibrate the transistors, high currents are needed to generate
large losses on the semiconductors since this calibration slage
is done in DC. Instead, to isolaie switching and DC losses
from each other, the transistor gate voltage shall not be fully
activated, forcing its operation in the saturation region. In this
region, a low D}C current is enough for bringing the transistor
to its thermal limit without heating up the tracks. This method
is universal as it is valid for any transistor technology [35]. On
the other hand. the gate voltage shall be below the temperature
compensation point Lo ensure that the temperature coefficient
of the current, o — %, is always positive. To avoid thermal
instability, the transistor current must be limiled.

The circuit diagram to calibrate the devices is shown in Fig.
4a, where the inpul power supply is used in current mode (1 A
for the target converter). The probe test points (MMCX) in
Fig. 3b are used as connectors for an external voltage supply.
Due to transconductance effects, it is desirable to use a linear
power supply such that ripples in the gate vollage do nol
provoke ripples in the power. On the other hand, a resistor
Hey is placed externally to the PCB, in series between the
gale and the power supply, 10 miligale polential oscillations
between the power supply and the parasitic capacilances of
the MOSFET. The existing surface-mount gate resistors are
removed to avoid undesirable current flows between driver
and transistors. Furthermore, the converter load is removed
to allow free DC current flow when ils impedance is similar
to @, in the saturation region. This external supply injects gate
vollages slightly above the threshold voltage of the device. For
illustration purposes, Fig. 4a. shows thermal images of the low
side transistor, @, and the high side transistor, y, when they
are electrically excited independently. Tracks are heated up as
a consequence of the transistors’ thermal load and not because
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Fig. 4. Calibration circuit diagrams and associated calonmetric measurements. (a) Transistors (saturation configuration) and power loop tracks (linear
configuration). (b} Driver (driver configuration). (c) Inductor and cutput tracks (inductor configuration). “The infrared camera frames illustrate the main sournces

of thermal dissipation for each calibrabion circuil.

of their self-heating effect.

B. Power Loop Tracks Calibration

Once the transistors are calibrated, it is possible lo force
large currents through them (up to 25 A for the larget con-
verter) 1o excile PCB power loop tracks, characlerizing the
thermal properties of the PCBE by using the same setup of
Fig. 4a, but with the gate voltage recommended by the man-
ufacturer for swilching in the linear region of the MOSFET
{(10V). Since the calibration data already includes the indi-
vidual excitation of the transistors, the temperature increase
can only be due to the power loop tracks. These are Rpray
and Hprez, which have been grouped into a single power
source { Hpregepeez) as shown in Fig. 3c. For simplicity and
without loss of generality, power losses that depend on the
frequency, such as the skin effect, are overlooked, but could
be included as a perturbation in the system dynamics. For
illustration, Fig. | shows a thermal image where, compared Lo
the previous transistor calibration, both transistors are heated
simultaneously along with the power loop tracks.

C. Driver Calibration

Simulianeous high switching speed and large semicon-
ductors’ gate current produce a self-healing effect on the
driver output stage. To minimize the gate loop inductance, the
distance between the drivers and the semiconductors is usually
reduced as much as possible. Therefore, they are considered
an additional power source that needs to be calibrated.

The mounted driver is the Infineon dual-channel isolated
MOSFET gate-driver 2EDF7275K [56]. It is oplimized for
the driving of OptiMOS™ devices, being able to provide a
4 A /R A sourcefsink from ils outpul stage. This is possible
thanks o two rail-lo-rail outpul stages, built from complemen-
tary pairs of PMOS and NMOS transistors for the high side
{Drvy) and low side (Drv,) inside the same package. When
both @y and Qy, swilches operate in the same regime, the
shape of their current evolution is similar, and therefore it is

hard to disambiguate their thermal behavior. In contrast, when
they are in different operating conditions, the devices present
differences in their thermal curves. Thus, it is recommended
to consider them as independent power sources for a greater
accuracy of the calibration stage.

A power supply can be used to limit the DC current and
sweep it through each of the outpuls pairs (up to 300mA
for the target converter). The output NMOS transistor is sell-
polarized due to the drain-source resistor and has the effect of
thermal load, so there is no need of fixing the gate vollage as
in the transistor calibration stage. This way, it is possible to
generate the corresponding dataset of power and temperature
for both output ports. To do so, we re-solder the Hgp and
H) gate resistors with a value of 012 and use the MMCX
connector of Vi;5 for the current source connection, as shown
in Fig. 4b. Current only flows in the direction of the driver
due to the high input impedance of DUT MOSFETs. Fig. 4b
also depicts the associated thermal images of this process. On
the left, only the high side (Drvy) is excited, whereas on the
right only the low side (Drv;) is excited.

. Inductor and Outpur Tracks Calibration

The ideal converter modeling entails the individual calibra-
tion of every power source. However, due to the importance
of minimizing changes Lo the mechanical system, it is nol
possible to attach wires to the inductor [57] connectors, as
this could introduce additional power sources or act as a
heat sink. In addition, since our main goal is to estimate the
semiconductor power losses, and the current that flows through
the inductor also flows through its surrounding PCB tracks,
then Hprws, Hpess and Bpess are grouped into an individual
pOWer source { RprBsapcsac pees) as high]ighted in Fig. 3c.
For its calibraion, we use the configuration illustrated in Fg.
dc, where a power supply is used in current mode and forced to
circulate through the high side MOSFET (up to 15 A because
of inductor thermal limitations). The effects of power loop
tracks Rprwg, Hpess, and Qy have already been independently
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Fig. 5. Collected dataset to evaluate the synchronous buck converter under study. The four calibration steps are separated by dashed hnes.

characterized in previous tests, so addidonal heat on the system
is due to this new power source. Thermal images of Fig.
4c show the healing on the high side device (Qy) while the
resistance Rpepy 15 also heated wp. The image on the right
shows the heated inductor.

V. AUTOMATIC THERMAL MODELING RESULTS

In this section, we evaluale the automatic approach proposed
in Section IIT with the synchronous buck converter described
in Section IV. Fig. 5 represenis the collected data that builds
the dataset . The temperature measurements are oversampled
{x10) to match the available power data and represented as
relative quantities with respect to measured ambient tempera-
ture. To generate the dataset, we sequentially conduct all the
calibration steps detailed in Section 1V, as depicted in Fig. 5.
To ensure well-posedness in the generation of the datasel, we
leave enough time between calibration steps to ensure that the
boundary conditions are respected and steady-state is reached.
In this sense, for each power converter configuration, we wail
until the steady-state is also reached (= 2h for the power
converler under study).

Regarding the vollage measurements, in constant current
conditions, we remark that its dynamics behavior changes
along with the sign of o (value of Vis) [55], which can be
seen at the beginning of the transient interval in Fig. 5. Thus,
in the saturation regime, the temperature in Qy, increases while
the power decreases. On the other hand, in the linear regime,
the temperature in @y, increases when the power increases.
This nonlinear behavior in the electrical data does not affect
the linear relationship belween lemperature and power as
illustrated in Fig. 2. The experiments also prove the importance
of calibrating the PCB tracks: in the linear regime, the power
losses are similar to those in the transistors, despite reaching
different temperature values.

To evaluate the proposed approach, we split the dataset T
in two different sets. The first set, T, gathers most of D
and is used for identifying the temperature-power dynamics
of the power converter. The second dataset, D2, composed by
the rest of D, is wsed for evaluation. In particular, this splil
is conducted for each calibration step independently, so we
ensure that both the identification and evaluation stages have
data from all the calibration steps.

A Automatic identification of power-temperature dynamics

The results of the identification are shown in Fig. 6. To
assess the model, we initialize the stale and input veclors of
the identified dynamics with the initial configuration of the test
dataset Ds. After thal, we conduct two Lypes of open-loop sim-
ulations. The first one assesses the accuracy of the identified
A and B. Using as input the sequence of power measurements
x € D5, we leave the lemperature 1 evolve freely, comparing
the obtained estimates with the associated real temperature
measurements u € Ta. However, the main goal of this work
is to estimate power losses from lemperalure measurements.
Therefore, the second type of open-loop simulations assesses
the estimator proposed in Eq. (9). Using as inpul the sequence
of temperature measurements u & Th, we leave the power
losses 3 evolve freely, comparing the obtained estimates with
the associated real power losses x € Ds. In Fig. 6, the real
measurements are depicted in dashed lines while the estimates
are represented with bold lines with less color opacity. Besides,
for quantitative analysis, we compute the mean, the standard
deviation and the normalized mean of the Root Mean Sgquare
Error (RMSE) across power losses as

HRMSE—
T HREMSE

S la-xlb \fﬁ:’ﬁf — i)
1 ekl
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Fig. 6. Quantitative results. The figure shows, for the four different configurations, the following dynamic information, where dashed lines represent the
mezsurement and bold lines the estimations: (first row) temperature estimation from the identified A and B, obtained from the solution of (10); (second row)
power losses estimation results from the estimator developed in Eq. (90, where each column depicts the relevant heating elements; (third row) evolution of
the mean ppssi and confidence interval between real and estimated power with tme; (fourth row) evolution of the normalized mean GemsE between real
and estimated power with ime. [t is seen that, for all the regimes, both temperature and the power losses are accurately cstimated.

and

i o oF
L B
HRMEE E

£ g
< (k) — s Er:m s E_
HEMSE = Bk

=
=

AT 0

The standard deviation is used to depict the 95 % confidence
interval of the estimation (pgmsg + 2ormse)-

Success in power and temperature estimation can be verified
from the dynamic resulls of Fig. 6 where, for the four
confizgurations, low estimalion error is achieved. For the case
of temperature estimation, the model is able to accurately
follow the real system dynamics for all situations. Slightly
larger errors are found in the inductor configuration. This could
be due to the reduced number of temperature measurement
points in this area. On the other hand, to reduce the impact
of noise measurement in the data, a moving average of 5s  Fg 7. Representation of the sicady-state sensitivity matrix 8 of the identified
was used. This filtering enhanced the estimation, but it can  ™odel for the power converier.
increase the instantaneous error in the transient due to the
time delay inherent Lo the noise filtering. This effect seems Lo
be more predominant in the semiconductors. To compensate Importantly, thanks to identifying the oplimal Hnear
these errors, it is enough to wait the delay time. Higher order  discrete-lime dynamic system in terms of the acquired data,
filters can be applied to the measurements if larger noise is  systems theory tools can be used to analyze the behavior of the
found. real power converter. Fig. 7 represents the sensitivily matrix
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Fig. 8. Circut diagram of each of the configurations needed to validate the power semiconductor losses i the (a) low side and (b} high side semiconductons.
The figure displays power estimations and measured values for two different test operating points, along with an oscilloscope capture.

in steady-state given by
S — (I— A*)'B*

after identification. The element (i, 7) of matrix 5 expresses
how sensitive is the power al measurement point ¢ to changes
in the temperature al measurement point j

APF

ATi’

where AP* and AT? denote an infinitesimal increment in P*
and 77 respectively. From matrix S, as an example, we can
see that 1'W of power dissipalion on Q produce a 13.5°C
increment on its own temperature and only 0.5°C on the
inductor. Due to their small size, the drivers of the high and
low sides are the two main sources of sensilivity o changes
in power. On the other hand, it can be observed that the
transistors and the PCB tracks are highly coupled to the other
parts of the converters, proving that the coupling effects have
a major impact in their power losses. It is also seen that the
inductor is the most isolated part of the power converter. Qur
proposed approach can be directly used to conduct this kind of
analyses without the need of complex analytical formulations,
applicable to any power converter topology and configuration.
By identifying a linear discrete-time dynamical system, our
approach cannot only be used to apalyze the sensitivity of
the power converier, bul also leverage other control theory
tools to analyze the controllability and stability of the power-
temperature dynamics. None of this is possible with a black-
box model.

Slis =

B. Validation through direct measurements
The previous seclion has validated the performance in the

estimalion of semiconductor power losses through the novel
automatic thermal modeling technique in static conditions.

However, a validation in swilching operating conditions is
required to show the potential of the techmique. Limitations
on actual state-of-the-art methods for the switching losses
measurements, as calorimetric or invasive current measure-
ments, lead to a lack of a ground-truth model. Therefore, we
validate the model with a switching power converter where
almost all semiconductor dissipation is due to conduction
losses and therefore easy to measure with conventional voltage
and current probes. The converter swilches at | kHx with a
bus voltage from LV to 1.5V, so large power losses on the
components are produced. Despite having high speed tum
ON and OFF on the semiconductors (7ns), the absence of
high frequency switching and reduced bus voltage eliminates
measurements complexities, such as possible switching effects
from the oulput capacitance .. To do so, we enforce all
losses to occur in the internal body diode of the MOSFET, as
shown in Fig. 8.

The topology uses the inlernal DC resistance of the inductor
(DCR, 21.5mi)) and shorts the output to produce a large
current bias while keeping one of the semiconductors with
zero gate voltage input. Fig. 8a shows the configuration where
Qy, switches and @, is used as a diode. As it can be observed
from the oscilloscope caplure, when Q, turns OFF, the current
slope becomes negative along with a 12 A bias and the internal
(), diode starts its conduction with forward voltage drop of
around 0.65 V. This operating point produces large losses that
are only a consequence of conduction effects. Due to the large
bias current, the inductor is also heated up so the model is fully
validated as in a higher frequency point. Voltage variations on
the ON state are provoked by a lack of decoupling capacitance;
hence, for this low frequency operating point, an external
75 mF capacilance was included. The outpul capacitors are not
relevant as most of the energy on the circuit is DC and not AC.
Henceforth, the miss-match between the actual power losses

This work is icensed under a Creative Commons Atlrbution 4.0 License. For more nformation, see htpscicreativecommons.orplicen sesby 4.0/



Thi=z article has been accepied for publication in IEEE Tran=aclions on Power Elecironics. This is the suthor's version which has not been Tully ediled and
content may change prior o final publication. Citation information: DOI 1001 10%TPEL. 2024, 34 12009

in the device and the ones predictable from the manufacturer
data sheets is directly proportional to the forward voltage
drop. We measured a forward voltage drop of 0.65 V., whereas
the manufacturer provides a value at mom temperature of
0.82 V. This non-linear variability in production stands out
the meed for experimental methods for power semiconductor
losses estimation, because if the value of the manufacturer
is used instead of the actual one, then we would have an
ermor of (0.82 — 0.65)/0.82 x 100 = 26% with respect to
the actual power losses. An error of 26% is significant in
power converters desizn and highlights the importance of our
approach instead of purely relying on manufacturer’s data
sheets.

Similar effects take place when driving ), and forcing losses
to occur on Q. These are shown in Fig. 8b where the voltage
supply along with its decoupling has been placed on the right
side of the schematic. When @, tums OFF the current slope
becomes negalive and large losses are produced on both the
high side device and the inductor. Allernately, when Q, turns
ON, the device stands no voltage due to the short-circuit.

Fig. & depicts the estimated and real power values for each
of the two configurations for ( and Q,. For each of the
operaling points, four oscilloscope caplures were processed
and used for power representation. Estimates in Fig. 8a match
the measured values with errors of less than 19 in steady state.
On the other hand, the error in Fig. 8b does not exceed the
39%. These resulis validate the performance of our approach for
estimating the semiconductor losses on swilching conditions.
Moreover, the experiment also validates the superposition
principle underpinning our approach, since the inductor, the
PCB tracks, and one transistor (low-side in Fig. 8a, high-
side in Fig. 8b) present significant thermal coupling, and still
a worsl-case accuracy below the 3% of estimation error is
achieved.

C. Comparison with existing post-design approaches

This section compares the performance of our proposed
method with to other existing a priori approaches. The state-
of-the-art in physical-based thermal models either depart from
Cauer or Foster models [58]. Although Cauer models provide
more information about each layer of the thermal path, they
are often complex to obtain, requiring FEM simulations. On
the other hand, Foster models are more popular on power
converters thermal modeling because they are based on the
measurement of the lemperature dynamics and are independent
of the internal structure of the materials. Therefore, for this
comparison, we extract a physical-based dynamic thermal
model based on a Foster model [4]. The equivalent thermal cir-
cuit, shown in Fig. 9, contains the heal sources Fyy and Fy,,
which denote the power losses in each of the semiconductors;
the thermal capacitance Cypp. of the heat sink connected lo
Qy, and Qy; and the thermal resistance Iy, ., between the heat
sink and the ambient; Ty denotes the ambient lemperature. In
addition, it includes the thermal capacitances Cipp and Ciy of
the case of (y and Q,, and the network of resistances formed
by Hinp. By and B . The resistances Ryp and Ry denote
the thermal resistance between the heat sink and the case of Q

Fig. 9. Thermal equivalent circuit of the semiconductors power losses. The
figure i= inspired by [4].

and Q. respectively, while Ry models the thermal coupling
between Qy and Q,.

The system of ordinary differential equations describing the
evolution of T; over time is

To]_[-mstmts wm | ][] o
T ol _ _Hwit e T, y (12}
cl Uit Mt U fin) it m L Caa

where Ay p. and Cippe are not included. as no heat sink was
mounted on our setup. To proceed with the identification
of P = {Rnn, Bny, Biem: Cinps Ciag b We use a trust region
reflective nonlinear optimization method [59] under the fol-
lowing cost function

K
mgnj; [ha(k) — (I — AtF)u(k — 1) — Gx(k — 1)|3, (13)

where
_ Raut ?‘1_ ?'1_
F— |: amu’i"-muﬁl.- B j}:ﬂiﬂmm :| LG = l_f.hi| (14)
Ol Mo Ol My Mo Cinj

and At = 1s. The expression (I— AtFu(k— 1)+ Gx(k—1)
comes from the Euler-forward discretization of {12). Observe
that the cost funcon of the oplimization problem is nonlinear
and nonconvex with respect to the parameters to be identified.
Fig. 9 represents the dynamic eguivalent circuit model that
leads to (12).

Fig. 10 compares the identification error jigmsg for our
approach and that from [4] by using operaling points from
saturation regime. It can be seen that both methods achieve
the same accuracy after only a few seconds from changing
the working point, proving thal, despile its generality, ours
preserves the identification accuracy of stale-ol-the-art meth-
ods. Significantly, this is done without the need of physical
and mathematical modeling, which is a key aspect for more
intricate lopologies. Besides, there is an additional caveat
observed in [4]. Since the cost function is nonlinear and
nonconvex in the parameters, the solution obtained by the trust
region method is highly dependent on the initialization value.
We tried two initialization shown in Table 1.

In this sense, in Tablel it can be observed that, after opti-
mization, the final values can change dramatically depending
on the initial seeds. Therefore, it is hard to exiract a physical
meaning from the method in [4]. In fact, Foster models do
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Fig. 10. Companson of the equivalent circuit method and the sutomatic
methods. Top hgure shows one saturabion regime operating poinl. Botiom
figure shows the relative ermor results from the companson of the equivalent
circuik method and the automatic methods where a sectional zoom 15 applied
to the transition stage for a better visualization. Automatic results are depicted
in dashed hines while equivalent circuit method resulls are represented with
bold hnes with less color opacity.

TABLE I
PARAMETERS OF TIE THERMAL EQUIVALENT CIRCUIT CONSIDERED TO
PEREFORM THE POWER 1L.O5S ESTIMATION.

|| Initial 1 Final 1| Initial 2 Final 2

Rus(°C/W)|| 39 R7.1 08 34

R, (°C/W) || 33 96.0 0.1 1.2

Ryo(°C/W) || 30 414 06 29
Cus(J/°C)|| 15 33087 | 09  15699.0
Cea(d/°C)|| 18 3936 | 09 139361

not provide a unique representation of a specific system. In
contrasl, our method, by proposing a linear method and a linear
convex cost function, obtains the unique minimizer of the
optimization function and, therefore, there is no dependence
on the initialization of the parameters, leading to a unique
representation.

VI. CONCLUSION

This work has presented a novel automatic technique for the
estimation of semiconductor power losses in power converters.
The solution builds upon an optimization-based identification
of the linear discrete-time dynamic system thal best describes
a set of power-temperature profiles. On the one hand, a least
square objective finds the linear matrices that oblain the best
accuracy. Additionally, the constraints of the optimization
problem can be tuned o ensure desired requirements. For
instance, by forcing full-rank of the maltrices, the result-
ing model can be inverted, so the mapping of power lo
temperature can be inverted to predict the power losses in
the different parts of the power converter given temperature

measurements. Furthermore, the method accounts for noise in
the measurements and other sources of uncertainty by means
of regularizers. The experiments have shown that the proposal
is general and accurate in a variely of scenarios, including
switching operating conditions, and surpassing other posi-
design approaches in accuracy and interpretability. We have
also provided different practical insights to characterize the
temperature-power model of the converter, such as how o
calibrate the different components of a power converier.

Future work will aim at developing an active identification
version of the proposal. Instead of running several experimenis
to collect data, we can leverage information metrics to decide
which is the next experiment that best improves the accuracy
of the model. This can reduce the number and cost of the
experiments, while avoiding the use of redundant data that can
bias the identified dynamics. In addition, further work will be
aimed to the split of swilching and conduction losses on the
semiconductor devices and on the study of external factor that
could change the model through out its use as perturbations
or device degradation.
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