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Abstract—In this paper, an observer for spatial temperature
estimation within power electronic modules is presented. It
estimates the junction temperature of the power devices as
well as at material interconnects within the power module with
high bandwidth. These temperatures can then be monitored to
estimate the damage caused by thermomechanical cycling, or
even to manipulate cycles by thermal control. The observer is
based on a static and dynamic loss model and a transient thermal
model. The thermal real time model is derived from a 3-D finite
difference model by balanced truncation, such that it can be
computed on a conventional digital signal processor. Based on the
models and device temperature information, a cascaded observer
structure is proposed. It estimates the transient and averaged
temperature spatially at various locations of the power module
with nearly zero lag, even if the sensor information exhibits delays
and has noisy signals. This zero lag, 3-D estimation has not been
achieved in prior work Experimental results demonstrate the
feasibility and performance of the proposed observer structure.

Index Terms - Thermal Observer, Real Time Model, Thermal
Model, Loss Model, Model Truncation, IGBT, Power Electronics

I. INTRODUCTION

The replacement of combustion engines by electrical drives
in automobiles is a world-wide trend. Every year more new
models are introduced to the market and the technology is
becoming more mature. As a result, a strong competition is
about to rise about how to make the electrical drive train, in
particular the power module, smaller and cheaper.

In this development, dynamic thermal monitoring of power
modules is a critical tool [1]. It allows the operation of the
devices close to their thermal limit [2] or even enables active
thermal cycles reduction [3]-[6]. In addition, the temperature
estimates can be used for condition monitoring e.g. to detect
delamination of interconnects within the module [1], [7]. This
allows limiting the maximum permissible stress, such that
further degradation can be reduced and there is a sufficient
time left to bring the vehicle to maintenance.

Over the last decade, some very promising concepts for
thermal observers have been introduced and analyzed [3],
[8]-[11]. A computational efficient junction temperature es-
timator has been proposed in [11]. It provides an inexpensive
and effective solution. However, it does not allow incorpo-
rating information from a temperature sensor. A classical
Luenberger-style thermal observer has been realized with a 1-
D Cauer model in [9] and its performance was demonstrated
experimentally. In [8], it was shown how a classical observer
structure can be enhanced by using an adaptive model to
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incorporate changes of the coolant flow rate. A very important
property of observer structures is illustrated in [10] and [12].
It discusses how temperature sensitive electrical parameters,
in this particular case the forward voltage of the device, can
be effectively combined with an observer for high bandwidth
junction temperature estimation.

However, the introduced concepts have certain draw-
backs, which must be addressed. All classical closed loop
Luenberger-style thermal observer, which were used in [8]-
[10], [12], do not provide zero steady-state estimation error,
as they only rely on proportional feedback paths. To overcome
this problem an enhanced-Luenberger-style observer concept
can be used, which has been proposed in [3]. In addition to
the proportional feedback-paths, it uses an integral observer
state feedback path, which results in zero steady-state error.

The thermal models used in all presented thermal observer
structures were one dimensional models e.g. Cauer or Foster-
Models. This is not a problem if only one device, which
dissipates losses, is considered. But for a thermal observer
of an entire power module with multiple paralleled devices
this is not accurate anymore, because thermal cross-coupling
effects are not included in 1-D models. Furthermore, in future
device monitoring systems, it will be essential to monitor the
thermal stress at specific locations where it causes damage.

To overcome these limitations, this work demonstrates
an enhanced cascaded Luenberger-style 3-D spatial thermal
observer for power electronic modules. It is first illustrated
how a thermal spatiotemporal state space model of a power
module, which has been developed in [13], [14], can be made
applicable as a real time model by model truncation. The
derivation and implementation of an analytical loss model
is then discussed, which can be used to predict losses of
each device of a three phase converter dynamically, and also
averaged over one fundamental excitation cycle. Based on the
loss model and the real time thermal model, a cascaded 3-
D observer structure is built, which can dynamically estimate
the temperate at the junction and at arbitrary spatial locations
within the power module. Then the estimation accuracy (EA)
of the observer is evaluated in the presence of model inaccura-
cies. Finally, the concept is demonstrated experimentally using
the Hybridpack2 FS800R07A2E3 (HP2) power module from
Infineon, depicted in Fig. 1, whose electro-thermal characteri-
zation has been conducted in [13]-[16]. The power module is
operated interfaced to a load emulator over realistic mission
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TABLE I
LATERAL MATERIAL LAYERS OF THE HYBRIDPACK2 POWER MODULE

Material Depth in um k¢, in % Chp in % p in %
Silicon 67 130 700 2329
Solder Pad 120 57 288 9000
Copper 300 400 385 8700
AlOo 350 24 880 880
Copper 300 400 385 8700
Solder Layer 300 57 288 9000
Copper 8000 400 385 8700

Fig. 1. Hybridpack2 power module and 3-D finite-differnce model structure

profiles to investigate the performance of the observer. In
the associated work, presented in [6], the developed observer
structure is used for active thermal control of power modules.

II. SPATIAL ELECTRO-THERMAL REAL TIME MODEL

The key component of the spatial thermal observer is the
electro-thermal real time model. It consists of a loss model
and a compact spatial thermal model, which are reviewed in
the following section for one half bridge of the power module.

A. Spatial Thermal Modeling Methodology

For the thermal modeling of the power electronic module,
in this example the Hybridpack2 (HP2), the finite difference
method (FDM) is used. The thermal modeling methodology
has been derived in [13] and [14], and is briefly reviewed in
the following. First, the HP2 needs to be structured in small
cubes with the spatial coordinates (m,n,p), which is illustrated
in Fig. 1. The thermal behavior of each cube can be modeled
with a thermal capacitance C{}""" and thermal resistances
from each cube to all its neighbors R{}"7:7. A thermal network,
which illustrates the heat conduction mechanism of one cube
and its neighbor, is depicted in Fig. 2. One linear differential
equation can be set up for each cube via (1).

Cm,n,p dTmn.p b TP Tm—l,n,p Tm-‘rl,n,p
th dt - oy R™P + s+
i=l th,i th,l th,r
Tm,n+1,p Tm,n—l,p Tm,n,p—l Tm,n,p—‘rl N qm np
m,n,p m,n,p m,n,p m,n,p loss
Rth,d Rth,u Rth,f Rth,b

&)

It predicts the temporal derivative of 7"™P as a function of
the temperatures of all neighbor cubes and the losses g """
generated in all cubes, which represent power devices. The

Ay’

AVH

Fig. 2. Thermal network excerpt of the 3-D finite-difference model

thermal resistances Ryy"""" and thermal capacitances C{p""”
:

can be determined according to (2) and (3).

Co™P = Ax™ Ay" AP P TP )
) Az™ Azl
e ®

2 kP AynAzp + 9. ktmh“'l’"’pAy”AzP

They can be calculated as a function of the geometrical
dimensions of the cube and its neighbors, and based on the
material properties summarized in Tab. I. Note, that in (3) the
resistance between one cube and its neighbor to the right (in
X- axis direction) is given as an example.

The thermal interface between the pin fin heat sink of the
power module and the cooling liquid can be modeled with an
effective convection resistance R, for each cube interfacing
the cooling fluid. The convective heat transfer resistance can
be determined via (4) based on the surface area of the cubes
A = Axz™AzP and the heat transfer coefficient of the heat
sink. It was determined in [14] for ethylene-glycol water
at a flow rate of 10 L/min and a temperature of 20 °C to
heg = 3 W/(Kcm?).

“

B. Setup of a Spatial Thermal State Space Model

The differential equations of all cubes can be represented
in one linear state space model according to (5).

dT

@ ATHB P )

The temperature vector T" represents the temperatures 77"
of all nodes throughout the power module, whereas the loss
vector P, ., given by equation (6), represents the losses of
all IGBTs and diodes within one half bridge.

Bloss = (

Iout:C"I

©)

IGBTA ]ngiodeA HIGBTB PlDidoeB)T

loss oss oss oss
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Fig. 3. Visualization of the spatial temperature nodes of interest for temper-
ature monitoring of one Hybridack2 half bridge
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All thermal resistances and capacitances of the finite difference
model are reflected in the input matrix B and the transition
matrix A. The output equation (7) allows the specification of
temperature nodes or the average temperature over a defined
volume, that should be provided at the output of the observer
structure for thermal monitoring or control. This is realized
with the output matrix C'.

Iout =C-T @)

The volume elements whose average temperature is selected
for the output vector T', . are illustrated in Fig. 3. These
include the average device temperatures T';, the temperature
of the solder interconnect below each device Ty . the
interconnect temperature between the DCB and the base plate
T4 down below each device, and the module temperature at
the location of the thermistor Tytc. Thus, the output vector

T is given according to (8).

=o
T
Iout = (IJ Isd,up Isd,down TNTC) 3

Note, that each component of (8) is itself a vector with
four components structured according to (9), as every critical
component of the power module is evaluated below all four
devices of a half bridge.

Ix _ (TiGBTA T)](DiodeA TiGBTB T)](DidoeB)T (9)

All matrices of the state space model have been derived with
the MATLAB based software framework for thermal modeling
of power modules, which is illustrated in [13], [14]. The
resulting spatial state space model estimates the temperature
of the power module at critical design elements which suffer
from degradation. In the next sections, it is demonstrated how
this model can be implemented as a real time model on a DSP
system.

C. Thermal Model Reduction and Discretization

Unfortunately, the developed state space model exhibits far
too many states, such that it is not suitable for real time
applications. However, model reduction techniques are a very
powerful tool to reduce the order of large scale physical system
models with potentially small loss of model accuracy.

1) Balanced Truncation: For the reduction of the large
scale thermal model of the power module the balanced trunca-
tion method [17] is used in this work. In principle, the balanced
truncation uses a base transformation (10), which sorts the
states according to their energy transfer between the system
inputs and outputs.

0=M.-T T=M"'-60 (10)
The system matrices are transformed according to (11).
A=MAM™' B=MB C=CM™' (11

Note that the physical meaning of the states, which origi-
nally reflect the temperature at various nodes of the thermal
model, gets lost. Nevertheless, this transformation does neither
change dynamics, i. e. the eigenvalues of the system, nor the
input-output behavior of the system.

After the base transform M ordered the n states according
to their importance for the energy transfers between system
inputs and outputs, the system can be split in two parts, which

are illustrated in (12).

d Ql _ All A12 Ql B1

a ( QQ ) - < 1 1 QQ + BQ E]()SS
(12)

A2 Az

The first part of the system, including the first 7 states, is
handling most of the energy transfers between input and
outputs, whereas the remaining n — r states are only capturing
a negligible amount of energy transfers. As a consequence, the
system can be truncated by only taking into account the most
important states for energy transfer and leaving out all others.
This leads to a truncated system according to (13).

o,
dt

2) Analysis of the Truncation Error: A time domain eval-
uation of the truncation error of the thermal impedance,
conducted in [14], indicates that a truncated model with 14
states should provide a reasonable precision. Fortunately, this
is also a reasonable model size, such that an implementation
on a standard DSP with a sampling frequency in the range
of 1 kHz is feasible. For a more in depth analysis of the
truncation error the estimation accuracy (EA) given by (14)
is a suitable metric.

= A110' + B Py, T,,=C-M'6, (13)

Tolw) _ Tuljw) (
To(w) PSP (jw)

loss

To(jw) \ '
Po) 09

loss

EA(jw) =

The estimation accuracy is determined and plotted in Fig.
4 above the frequency response function 7} (jw)/PLSBT (jw)
for specific spatial nodes of the power module assuming heat

injection via IGBT A only. The evaluated temperature nodes
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Fig. 4. Estimation accuracy of the truncatd thermal model with 14 states
evaluated at the IGBT A, Diode A, upper and lower solder (Sd) layer at both
devices and NTC indicated in Fig. 3 (top).

Frequency response plot of the identical temperatures nodes for loss injection
at IGBT A (bottom)

are visualized in Fig. 3. At the frequency range where the
frequency response function reaches 1/1000 K/ W the EA
plot is stopped. This is because at higher frequencies even a
loss excitation of 1000 W results in a temperature amplitude
of less than 1 K, which can be neglected. The resulting EA
plot reveals that the truncated model with 14 states is able
to predict the thermal behavior of the power module with
very good accuracy in amplitude and phase at the selected
spatial nodes over the frequency range of interest. Note that
the accuracy of the truncated model at higher frequencies can
be improved by a higher model rank r.

3) Implementation of the truncation process: The MAT-
LAB Control systems toolbox exhibits a balanced truncation
algorithm balred, which is used for this work. It requires a
computation time of approximately two hours ones to compute
the balanced realization of the original thermal model with
9142 states. The system can be directly truncated to any
desired order, afterwards. A more detailed discussion on the
balanced truncation of thermal models can be found in [14].

4) Discretization: In a last step the thermal model (13) is
discretized using the zero-order hold method [18]. The discrete
time model has the format of a matrix difference equations
(15), that can simply compute the temperature vector 8, (k+1)
one time step T ahead.

0,(k+1) =A% 0,(k) + BY - Pj (k). (15)

This allows accurate thermal modeling in discrete time, if
the losses do not significantly change over one computation
interval 7. A computation interval of T's = 1ms is used in
this work to ensure that the system dynamics are accurately
discretized for excitations up to 100 Hz. If the thermal model
should accurately estimate the system response at higher
excitation frequencies, the truncation rank r must be increased

TABLE II
CONDUCTION LOSS PARAMETERS OF THE HP2 POWER MODULE

Tj Vee Rece See Vr Rt St

25°C 542mV 0Q  0.03V/A%5 334mV 0Q 0.064 V/ A0S
125 °C  307mV 0.2mQ 0.041 V/A%5222mV 0Q 0.060 V/ A%

and the sampling interval Ty must be decreased.

The discrete time matrices A% and BY are calculated
according to (16), which is a computation also supported by
the c2d algorithm of the MATLAB Control System Toolbox.

T _
B 1€ An Tdr
t=0

Ad = eAnTe gng Bl — (16)
The output matrix C' remains unaffected by the discretization
such that the output equation is given according to (17).

Iout = édﬁl with C’d =C . M—l (17)

The resulting truncated and discretized spatiotemporal thermal
state space model is used for the implementation of the
observer structure.

D. IGBT and Diode Loss Modeling

In the following, models for the prediction of dynamic and
averaged losses are presented based on the work in [14].
The dynamic loss model is used to predict the instantaneous
losses of the devices, which occur over one PWM switching
cycle of the converter. The average loss model, is developed
based on the dynamic loss model, and determines the average
losses, that are dissipated in the devices over one period of
the excitation frequency. Its loss estimates do not exhibit
cycles due to the sinusoidal current variations at the excitation
frequency.

1) Dynamic loss model: First the conduction losses of the
IGBT and the diode within one half bridge are addressed. They
are dependent on the duty cycle dcony, A, the device current 4q
and iq as well as on the forward voltage of the IGBT v!GBT
and the diode v2°%°. Conduction losses can be determined
based on (18).

IGBT IGBT .
P, = VUce (chvT) *lce * dconv,A

cond
PDiode _ v%iode (id,T) . id . (1

cond

- dconv,A) (18)

The forward voltages v'$BT and vRi°d¢ have been modeled

based on extracted data sheet parameters, summarized in Tab.
II, and are approximated as a function of the temperature 7'
and the current ¢., according to (19).

U(I:SBT(ic07T) = V;:C(T) + RCC(T)iCC + SCC(T)\/E
v%iode(idﬂ") =Vr (T) + RT(T)id + ST(T)\/E

The conduction loss parameters at a particular temperature are
determined by interpolation of the parameters in Tab. II.
Next, step the switching loss model is addressed. It is
based on more than 700 double pulse measurements, which
have been conducted with the Hybridpack2 power module on
a temperature controlled double pulse test bench [19], [20].
Based on the measured switching energies of the IGBTs and

(19)
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TABLE III
SWITCHING LOSS PARAMETERS OF THE HP2 POWER MODULE FOR THE
REFERENCE POINT VI¢f = 400 V, Rief = 2.2 Q anp T = 20 °C

Eo Koy [o% B
1.2mJ 0.1mJ/A1.75 0.82

Kr By Kp©  KK©
1pJ/K 0.5mJ 4.4pJ/A0.021/K

the diodes, the following empirical model has been derived in
[14]. It determines the losses based on the device current of
the IGBT and diode i.. and iq, the dc-link voltage V., the
gate resistance R, and the device temperature Tj.

BIGBT _ g o Vae \* [ Re \’° A
SW - 0 + 0%ce Vref . Rref + T] . KT (20)
dc g

rec rec - V @ R 7ﬁ rec
ES = <E0 + Ko Zw(vf:f) (Rr§f> >'(1+ATJ‘KT )
dc g

with AT} = T; — T and Ey™° = Ef* - “//f; 1)
de
The switching energies of the IGBT and diode EIGBT and

ED can be directly related to the switching losses via (22).

PIPT = EIGPT - fow and PR, = B, - fow (22)

2) Averaged loss model: Based on the transient loss model,
an averaged loss model is built that predicts the average losses,
which occur over one electrical period Ty = 27 /wgy. Due to
the symmetrical operation the losses for both IGBTs within
one half bridge are identical. The same holds for both diodes.
The load current of the devices is given according to (23). The
current ripple is neglected in this expression, as it only has a
minor impact on the conduction losses losses [21].

eelt) = {f-sin(wot) if wot <m+27-n

23
0 if wot>nwT+27-n 23)

The duty cycle of the half bridge d, which indicates the
conduction interval of the upper device, depends significantly
on the used modulation scheme. In case of a standard sine-
triangular modulation, which is discussed in this work, it
exhibits a constant and a sinusoidal component and is given
according to (24).

d(t) :%~(1+Msin(wo~t+<pg)) with M = ‘y

(24)

It is a function of the modulAation index M, which is the ratio
between voltage amplitude V' and the dc-link voltage Uy, the
fundamental frequency wy and the phase angle ¢y between
voltage V' and current /. Based on the device current i.. and
the duty cycle d , the average conduction losses of the IGBT
can be determined via (25).

1 [To
To Jizo
By inserting (19) into (25) the averaged losses (26) are derived:
_v 7 (1 | Mcos(po) s (1 M cos(o)
= Veel (27r+ 8 >+R“‘I (8+ 3

4 See- 1% - (0.139+0.1144 - M cos(s0)) (26)

_IGBT __

Pconda = ZAce : Uce(ice,j—jj)dt (25)

_IGBT
Pcond

Similarly, with the complimentary duty cycle d = 1 — d, the
conduction losses of the diode can be calculated via (27).

v (- M) g (1 Meonton))

_Diode
cond

21 8 3
+Sr-1-(0.139 —0.1144 - M - cos(ip0)) @7

The averaged switching losses can be derived analogously
via (28). It should be pointed out that the switching losses do
not depend on the modulation index M or the phase angle (g,
but only depend on the current amplitude I.

—_IGBT

otTo IGBT
Psw = / Psw (Zce>71j7Udc7Rg) dt
to

_(Bo , Ko;(Usw\" (Re\" |\ Ex
- (B o () () 2052 )

(28)

Finally, the averaged switching losses of the diode can be
predicted based on (29).

_Diode _ Ep* (Uac) +ﬁrcc.f. Uac a_ R -
Pew 2 ™ et Ryl

(1 (T =TT)  KE) - o

It must be emphasized, that the averaged switching loss model
can be generally applied for operation with sinusoidal load cur-
rents, whereas the conduction loss model only holds for sine-
triangular modulation. For any other modulation technique,
e.g. space vector modulation the integral (25) must be solved
again for the corrected duty cylcle, which results from the
particular modulation method.

(29)

III. CASCADED THERMAL OBSERVER

An enhanced cascaded Luenberger-style spatial thermal
observer structure has been developed based on the derived
electro-thermal model. Its state block diagram is depicted in
Fig. 5. The model based temperature estimation process is
corrected in the observer by device temperature measurements
Ij, which are realized with IR-sensors in this work. These
exhibit a delay of 10ms and add noise to the measurement
signals, which must be considered for the observer design. In a
later application they will be replaced by less invasive junction
temperature estimation techniques e.g. on-chip temperature
sensor [22], collector-emitter voltage sensing [12] gate voltage
plateau sensing [23] or gate current sensing [24].

The observer structure exhibits two stages. The first stage
estimates the instantaneous temperature within the power
module for monitoring and fault detection. The instantaneous
temperature exhibits slow cycles, due to load variations, and
fast cycles, due excitation by the sinusoidal current. The
second observer stage estimates the averaged temperature of
the power module. It aims to eliminate the thermal cycles at
the excitation frequency. The resulting averaged temperature is
estimated with nearly zero lag, such that it can be effectively
used for active thermal control algorithms e.g. in [6].

Within the first observer stage the thermal real time model

predicts the transient temperature vector iout, which has been
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Fig. 5. State block diagram
observer structure

defined in equation (8), based on the loss estimates Bloss,
which are provided by the observer feedforward path. The
obtained junction temperature estimates of the four devices
ij are compared with junction temperature measurements
T;. If the junction temperature measurements are delayed
by n samples of 7 due to the sensor, this delay must be
also applied to the estimates before the comparison to ensure
consistency. The junction temperature estimation error of each
device Aij is passed to a proportional-integral (PI) regulator.
It corrects the loss prediction of the open loop model BIOSS
by the loss error estimate ABlOSS, if the junction temperature
prediction and measurement deviate from each other. Thereby,
deviations between the model and the physical system are
directly detected and compensated.

This correction makes the observer resilient against mod-
eling errors, that can result from parameter deviations of
the loss model or inaccuracies of the thermal model. In
addition, the loss error estimate AEIOSS can exhibit valuable
information about potential degradation or malfunction of the
power module. If its average value rises rapidly, after long
term operation of the power module, this indicates that more
losses are generated, for example due to partial device failures
as a consequence of bond wire lift-offs [12]. A slow rise of
this signal might indicate that the thermal interface, provided
by the power module, is degraded, e.g. due to delamination
within the power module as illustrated in [7], [12]. In both
cases ABIOSS is a valuable monitoring signal to detect possible
module failures before they occur.

The second cascaded observer stage is fed with the device
loss estimates, averaged over one electrical excitation period
~ AV,

g . . .
P, .., in order to predict averaged temperature estimates

IAout. The averaged junction temperature estimates Ijavg are

compared with the transient junction temperature estimates T,
which are contained in the output of the first observer stage.

of the enhanced cascaded Luenberger-Style spatial thermal Fig. 6.

Loss error estimation accuracy of the closed loop
observer at different bandwidths

The error is fed to the PI regulator of the second observer

stage to compensate for errors of the models. The regulator

gains of the second stage are selected small enough, such that

they only compensate deviations slowly, and do not introduce

thermal cycles at the fundamental electrical frequency.

A final aspect, to be considered for the averaged temperature
estimation, is the behavior of the averaged loss model at
low excitation frequencies. At low excitation frequencies the
averaged loss model does not reflect the actual losses any-
more, because the losses are concentrated on specific devices,
dependent on the current direction. To avoid this, the averaged
loss model is replaced by the transient loss model at excitation
frequencies bellow 0.5 Hz

IV. DESIGN AND ANALYSIS

In the following, the design of both observer stages is dis-
cussed. The performance of the observer structure is analyzed
by estimation accuracy evaluation of the temperature estimates
and the loss error.

A. Transient Temperature Estimation

The design of the feedback gains K}, and K; is critical
for the effective combination of model based temperature
prediction and the sensor based temperature correction. They
determine the bandwidth, in which the sensors can correct
prediction error caused by inaccuracies of the models.

For a simple and meaningful derivation of observer feed-
back gains, the thermal capacitance C};, and the the thermal
resistance Ry, of a first order thermal model of the IGBT and
the diode are derived. Firstly, the thermal impedance model
is extracted for the IGBT and the diode from the spatial
state space model (5). The thermal impedance model is then
reduced to a first-order model by balanced truncation, and
the resulting eigenvalue and gain are identified. They can be
directly related to a thermal resistance Ry, and a thermal
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capacitance Cy, of the IGBT and the diode. In this work,
the feedback gains of the observer shall be kept identical for
all devices. Therefore, the thermal capacitance and thermal
resistance of the diode and the IGBT are averaged resulting
into Cyp, = 1.6 J/K and Ry, = 0.1 K/ W.

The observer feedback gains are designed for one device
independently from the other, because the resulting approxi-
mation error is tolerable. The closed loop eigenvalues of the
feedback loop created by the first order thermal impedance
model, characterized by Ry, and Cyy,, and the PI regulator of
the observer with the gains K, and Kj, are given according

Ry + Ky

to (30).
T
2Cn 2Cn Cin

They can be approximated according to (31), if the system is
over-critically damped and the eigenvalues are placed on the
real axis.

(30)

$1,2 = —

-1
~ Ko T Ry and sy = < —
Cn Ky + Ry
The placement of an eigenvalue on the real axis can be directly
related to a associated time constant 7 and bandwidth wy,
according to sgy = —1/7mv = —wp,. As a consequence, the
observer feedback gains K}, and K; can be determined via
(32) by specification of the bandwidth fi, , and f,; of the
proportional and the integral integral feedback path.

Ky =2mfopCo— Ry Ki = 2nfo; (Kp + Ry!) (G2)

s1 3D

The integral feedback gain of the observer K; determines the
bandwidth fi, ;, in which the integral feedback path dominates
the correction process of the temperature estimates. In this
frequency range zero steady-state error can be achieved. The
proportional feedback gain K, selects the bandwidth fi, ;,, in
which the proportional feedback path dominates the correction
process of the temperature estimates. Above the proportional
feedback bandwidth fy, , the temperature estimate depends
only on the quality of the loss model and the thermal model.
It is not corrected anymore by the temperature measurements.
In this work, the bandwidth of the integral state feedback
loop f1,i is kept a factor of four below the bandwidth of the
proportional feedback loop fy, ,. This ensures that the closed
loop EVs remain over-critically damped, are located on the
real axis and can be approximated by (31).

In the following, the effect of different bandwidths f, is
discussed based on the loss error estimation accuracy plot in
Fig. 6. The loss error estimation accuracy provides a metric
in the frequency domain, that tells how well the observer
estimates losses AP)..., which occur in the converter but
are not taken into account by the loss model. The loss error
estimation accuracy in Fig. 6 shows that, within the integral
bandwidth of the observer, the loss error is estimated without
steady-state error. Within the proportional bandwidth the loss
error is estimated with a steady-state error that can be reduced
with higher proportional feedback gains K,. Above the the
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Fig. 7. Estimation accuracy of the transient junction temperature with and
without error in the loss estimation
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Fig. 8. Estimation accuracy of the averaged junction temperature with and
without error in the loss estimation

proportional bandwidth the loss error cannot be estimated
anymore. The selection of higher feedback gains increases the
bandwidth of the loss error estimation. Due to the delays in
the feedback loop, the maximum bandwidth is limited. If the
bandwidth approaches this limit, the excitation of resonances
become visible and degrade the performance of the estimation
process.

For the power module and sensors, which are used in
this work, the feedback gains and bandwidths have been
summarized in Tab. IV. They were used to determine the
closed loop estimation accuracy (EA) of the diode and the
IGBT junction temperature, that has been plotted in Fig.
7. The EA plots demonstrate that the observer, which uses
the truncated thermal model with 14 states, can estimate the
junction temperatures of the devices over a wide frequency
range. The magnitude error of the estimates is bounded by the
error of the loss estimation. Even more important, the phase of
the estimates exhibits nearly zero phase lag for all EA plots.
Small additional phase and magnitude errors are induced above
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TABLE IV
THERMAL MODEL PARAMETERS AND FEEDBACK GAINS FOR THE HP2

Model Cin fo,p foi Kp Ki
Transient 1.6 J/K 4 Hz 0.8Hz 30W/K 200 W/K/s
Averaged 1.6 J/JK 1Hz 0.3 Hz - 18 W/K/s
R Load Emualtor i Device under Test (DUT)

Jﬁ}: J{zs Jﬁzs L zsjl Z.S_;jl Ziﬁl

T I
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Vd Vd 4 cuc idulb Cam== V.
i -—I?d—ulc l dut
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Fig. 9. Topology of the load emulator test bench

20 Hz. These result from the limited high frequency accuracy
of the truncated loss model with 14 states and can be omitted
using a thermal model with more states The evaluation of
the truncated thermal model in Fig. 4 suggests, that the same
performance can be achieved for the estimation of spatial
temperature information.

B. Averaged Temperature Estimation

The second stage of the observer estimates averaged spatial
temperatures T' ;' with nearly zero lag. This feature is very
important for active thermal control e.g. as presented in [6].
The feedback gains of the second observer stage, K}‘? and
K iA, are used to set the bandwidth, in which the prediction of
averaged temperature can be corrected by the estimates of the
first observer stage. It is important to keep the bandwidth of the
second observer stage low enough, such that the fundamental
thermal cycles are not induced in the averaged temperature
estimate. For this reason, the integral bandwidth of the second
observer stage has been set to fi, ; = 0.3 Hz in this work using
(32). Note, that the proportional bandwidth of the observer is
primarily provided the thermal resistance Rt_hl, such that any
feedback gain K. I‘} does not make a significant difference.

The performance of the averaged temperature estimation can
be examined based on the estimation accuracy plot in Fig.
8. It demonstrates that the averaged device temperatures are
estimated over a wide temperature range with nearly zero lag.
even in case of loss estimation errors.

Fig. 10. Hybridpack2 power module equipped with IR sensors on the load
emulator test bench
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Fig. 11. Experimental characterization of the open loop EA

V. EXPERIMENTAL VALIDATION

A load emulator, whose topology is depicted in Fig. 9,
was used to operate a decapsulated HP2 module and to test
the observer under realistic operation conditions at a dc-link
voltage of 100 V and with Ethylene-Glycol water coolant at a
temperature of 20 °C. The observer structure was implemented
in C++ on a Shark DSP from Analog Devices and operated
with f; = 1kHz to monitor a HP2 module during operation.
The computation frequency of the observer was selected to
ensure that the DSP finishes all calculations each interrupt.
The current control [25] was realized with a PWM frequency
of 5kHz to ensure that the current ripple remains small and
does not effect the switching losses. The device temperature
measurements were obtained from the decapsulated power
module with four LT25F infrared sensors from Optris, which
allow a sampling rate of 500 Hz and show a delay of 10 ms.
The device under test on the test bench is depicted in Fig. 10.

First, the estimation accuracy of the open loop observer was
determined experimentally to evaluate the electro-thermal real
time model’s suitability for the application. Therefore, multiple
experiments have been conducted, operating the power module
at one excitation frequency after another with constant current
and voltage amplitude The observer was operated open loop,
and the open loop estimates and the device temperature mea-
surements were recorded. After the experiment, the thermal
cycle amplitudes of the measurement and the estimates were
determined using Fourier Analysis and related to each other.
The resulting data points are depicted together with the signal
to noise ratio (SNR) in Fig. 11, which is the open loop
estimation accuracy plot. The result shows, that the open loop
model exhibits a maximum error of 20 % up to 20 Hz. Above
20 Hz the signal to noise ratio is to low, making the extraction
of the EA difficult. Finally, the observer structure is validated
over a representative operation profile, as illustrated in Fig.
12. It can be seen that the junction temperature estimates
nicely follows their measurements but reject most of the noise.
Meanwhile, the spatial temperatures are extracted transiently
and averaged. They allow accurate monitoring of the thermal
stress at the most critical locations of the power module.
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Fig. 12. Transient and averaged temperature estimation with the 3-D spatial
observer over a realistic load profile

VI. CONCLUSION

It is shown in this work that observer based 3-D spatial
temperature estimation with a reduced order finite difference
model is feasible. The enhanced, cascaded Luenberger ob-
server structure provides a framework to accurately estimate
the transient and averaged temperature at various points of the
power module. The structure appropriately uses a measured
junction temperature signal, which is often superimposed with
noise, and computes smooth estimates of junction and 3-D
spatial temperatures with high bandwidth and nearly zero lag.
In addition, it provides information which can be used to detect
the degradation of the power module. The concept has been
evaluated experimentally on a load emulator with realistic load
profiles.
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