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Application of EMR Signature in Health Assessment
and Monitoring of IGBT-Based Converters
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Abstract—In this paper, a non-invasive method based on elec-
tromagnetic radiation (EMR) signature is proposed for the health
assessment of the converters. Converters use insulated gate bipo-
lar transistor (IGBT) because of its robustness. However, it suffers
from internal degradation due to the rapid power cycle and thermal
stress. Degradation of IGBT primarily increases the turn-OFF time
as a consequence of elevated junction temperature. The coupling of
IGBT with the parasitics of the circuit results in EMR and depends
on the turn-OFF time of IGBT. It has been found that the EMR sig-
nature reduces with the increase in turn-OFF time. This concept is
taken forward for the health assessment of the converters. However,
in a practical scenario, the EMR generated from multiple convert-
ers get mixed up. This is commonly known as a problem of near-field
source localization. We use a uniform linear array to capture the
EMR signals near the converters. Subsequently, ESPRIT and MU-
SIC algorithms are used to localize all the converters. An inverse
transformation of the localization algorithm separates the EMR
signature of all the individual converters. The proposed health as-
sessment algorithm computes the degradation level of converters,
and the experimental results validate the proposed approach.

Index Terms—Electromagnetic radiation (EMR), estimation of
signal parameters via rotation invariance techniques (ESPRIT),
fault-diagnosis, health-assesment, multiple signal classification
(MUSIC), uniform linear array (ULA).

I. INTRODUCTION

H IGH-FREQUENCY converters prevalently make use of
insulated gate bipolar transistor (IGBT) for its high cur-

rent and voltage rating, and short circuit withstands capability up
to 10 μs. In spite of all these features, about 38% to 40% of total
faults in power converters occur due to the failure of the power
devices [1]. The gradual degradation of the IGBT not only de-
teriorates the converter performance but also affects the down-
stream devices. Health assessment and monitoring can timely
detect these degradations and faults. The health assessment is a
continuous process which compares the operating characteristic
of the system with the standard characteristic and finds out the
significant differences which may be an indicator of degradation
or failure. It saves the whole system from serious deterioration
or sudden breakdown.
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High-frequency and high-power operation of the converters
make the power device go through extreme power cycles, envi-
ronmental stresses, and overloading conditions [1]. This leads
to the degradation of power devices. The degradation can be
found out by measuring the aging precursors [2], [3]. Different
approaches have been used over the past several years for the
health-monitoring of the converters. In [4], [5], monitoring of
power devices of the converter is done by measuring saturation-
region resistance, and online Vce respectively. An online health
monitoring and aging detection process have been presented in
[6], [7], respectively. It has been seen that various parameters of
IGBT, such as leakage current, gate threshold voltage, ON-state
voltage, turn-OFF time, and the junction temperature change with
the age of the device [8], [9]. Among these parameters threshold
voltage, junction temperature, and turn-OFF time have a linear
relation with the device aging. Also, the turn-OFF time shows a
remarkable change in comparison to the gate threshold voltage
and ON-state voltage. The junction temperature and the turn-
OFF time are mutually dependent on each other. However, the
turn-OFF time is considered as monitoring parameter as it indi-
cates the pre-latching condition [10], switching power loss [11],
and has a direct impact on the electromagnetic radiation (EMR)
generated by the device.

The aforementioned methods are based on the various in-
circuit measurement of the converter. In [12], the proposed
method does not require additional hardware but depends on the
available measurements. The practical implementation of these
methods requires complex measurement, cost-effective sensors,
and a skilled workforce to monitor. Apart from this, these meth-
ods are limited to the monitoring of a single converter. The EMR
signature method overcomes these limitations and provides a
non-invasive way of health assessment.

Over the past few decades, EMR has been successfully used
in fault diagnosis of permanent magnet synchronous machines
[13], asynchronous machines [14], condition monitoring of
power components in electric grid [15], and locating faults in
electrical cables [16]. Authors of [17] have been studied various
types of faults of the converter connected to a grid using the
EMR of the converter. However, there are no deep-dive stud-
ies based on the relationship between the degradation level of
the devices, and the EMR signature is present in the literature.
In [18], we have shown that the EMR signatures are related to
the various aging parameters of the IGBT, and can be used for
health assessment of single IGBT-based converters. However,
the method fails when multiple converters operate simultane-
ously. The converters are the source of EMR, and simultaneous
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Fig. 1. Proposed health-assesment algorithm layout.

operation of converters render into a localization problem. As
the EMR is available in the Fresnel region only, it gives rise to
near-field source localization problem.

In this paper, we are proposing a method for continuous health
assessment of multiple converters by way of EMR signature
analysis. This has been done by investigating on turn-OFF char-
acteristic of the IGBT through EMR signatures. In multiple con-
verter setups, the EMR generated from various converter gets
mixed up. Here the issue is to detect these abnormal signatures
and separate them for health assessment of converters. Several
methods, such as 2D MUSIC [19], 2D ESPRIT [20], combina-
tion of MUSIC with ESPRIT [21], and blind source separation
(BSS) [22], etc. have been used to find out the direction of arrival
(DOA) and the distance of the converter. Here, we are using the
combination of ESPRIT and MUSIC algorithm due to its high
resolution and low computational complexity in comparison to
BSS and 2D methods. Therefore the proposed method works
on the principals of localization, separation, and detection as
mentioned in Fig. 1.

The proposed methodology contributes to the field of health
assessment of converters in the following ways.

1) Establishing the relation between IGBT turn-OFF time
with the EMR signature.

2) Incorporating source localization method to compute the
degradation level of multiple converters simultaneously.

3) Introducing a threshold based health assessment algorithm
to determines the degradation level of the converter.

The main advantage of the proposed method is that any exist-
ing converter can also adopt this method of health assessment as
it is non-invasive, does not need any in-circuit interventions, and
the user does not need to have a deep knowledge of the power
electronics to check the converter health condition.

II. EMR SIGNATURE METHOD

The fast switching of power devices generates unwanted volt-
age and currents coupled with the parasitic elements of the circuit
[23]. Based on the paths of coupling the high-frequency current,
it is categorized as common-mode (Icom) and differential mode
(Id) current. The differential mode current is due to coupling
of transient line-to-line voltage with stray inductances (Ll) and

Fig. 2. Common mode and differential mode currents of converter.

line-to-line capacitance(Cll) (as shown in Fig. 2). The fast dv
dt of

common-mode voltage excites the parasitic heat-sink capacitor
(Chs), load heat-sink capacitance (Cs) and ground capacitance
(Cg), which results in the common-mode current. The loops
of common-mode currents are larger than the differential-mode
currents (as shown in Fig. 2), which act as an antenna for EMR
[24].

A. Physics of IGBT During Turn-Off

The physics of the IGBT says that during turn-OFF, the carrier
concentration across the drift region determines the turn-OFF

time of the device [25]. Due to electrical and thermal stress, the
operating junction temperture of the device gradually increases
[8] and the electron–hole recombination rate decreases [26]. The
concentration of intrinsic carriers (ni in cm−3) and total electrons
in the conduction band (n in cm−3) can be expressed as follows
[27], [28]:

ni =
√

NcNve
−EG
2kT n = nie

EF −EG
kT (1)

where NC and NV are the effective electron and hole den-
sity (cm−3) respectively. EF and EG are energy at Fermi level
and conduction band respectively. k is the Boltzmann constant
(8.62 × 10−5eV/K), and T is the temperature (in Kelvin). The
exponential temperature dependence of ni dominates the much
smaller temperature dependency in (1) than other terms. Hence,
with the increase in thermal stress, the junction temperature of
the device will increase, which further elevate the concentration
of free carriers. High carrier concentration eventually increases
the turn-OFF time.

B. Converter as a Hertzian Dipole

During the switching operation, the power device module be-
haves as the pair of charges with inverse polarity connected by
a conductor as shown in Fig. 3 [29]. This pair of charges con-
sidered as a Hertzian dipole. The near field is divided into two
regions, such as active and radiative (otherwise known as the
Fresnel region). The active region is very close to the source
and finding the relation between the different parameters of the
field is difficult. In the radiation field region, the electric and
magnetic fields are orthogonal to each other. Therefore the field
parameters are predictable. This region is suitable for our mea-
surement and the distance between point P, and the dipole is far
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Fig. 3. Radiated electromagnetic field by a current element.

greater than the radiation wavelength. The general expression
for the radiated electric and magnetic field in the radiative re-
gion is given by (2) and (3), respectively, where E and H are
the electric and magnetic fields at the point P , respectively. I
and l are the current passing through and length of the dipole
respectively. β = ω

√
με is the wave number, where μ is the per-

mittivity, and ε is the permeability of the medium. −→ar and −→aθ are
unit vectors of radial and angle direction at point P.

E =
ηIl

2πr2

(
1 +

1

jβr

)
cos θe−jβr−→ar

+
jIlηβ

4πr

(
1 +

1

jβr
− 1

β2r2

)
sin θe−jβr−→aθ (2)

H =
jβIl

4πr

(
1 +

1

jβr

)
sin θe−jβr−→aφ. (3)

It is apparent from (2) and (3) that the electric and magnetic
fields depend upon the current and contain the information about
distance (−→ar) and DOA (−→aθ). Here I is the cause of radiation,
and for this case, it is the common-mode current of the converter.
The common-mode current of a converter can be expressed as

I = (Chs + Cg + Cs)× dV

dt
(4)

where dV
dt is the rate of change of the voltage across the power

device, this change indV is constant for a voltage source inverter.
However, dt is the rate at which the power device is turning ON

or OFF. Hence the common-mode current only depends on the
switching time of the IGBT.

Power converters are sources of EMR, and a ULA is used
to capture this radiation. The power spectrum of this captured
magnetic field is denoted as the EMR spectrum, and the peak
of the spectrum is presented as the EMR signature. The EMR
signature of a converter can be expressed as follows:

EMR Signature = peak of

(
10 log 10

[
1

FsN

∥∥X(ejω)
∥∥2

])
.

(5)

where Fs and N are sampling frequency and length of the time
domain signal respectively. X(ejω) is the fast Fourier transform
of the electromagnetic field captured by the ULA. Due to the
rapid power cycle the turn-OFF time of the IGBT increases (As
explained in II-A). It is apparent from (4) that with the increase
in turn-OFF time, the common-mode current magnitude will

Fig. 4. Converter operating as a combination of multiple Hertizian dipole.

Fig. 5. (a) Schematic, (b) experimental setup of the power cycle test.

reduce. This will result in a reduction in EMR signature, as
it depends upon the EMR caused by common-mode current.

In a converter, more than one IGBTs are present as shown in
Fig. 4. The IGBTs are compactly packed inside the converter
such that the radiation of all individual Hertzian dipole at point
P is inseparable. The age of the IGBT is increased by accelerated
power cycling methods. Since all the IGBTs in a converter, go
through the same number of the power cycles, they radiate in the
same frequency range. At a particular time, the EMR signature
of a power converter is the aggregated effect of the EMR sig-
nature of each IGBT. The reduction of EMR signature denotes
the increase in turn-OFF time. This signifies the increase in junc-
tion temperature, which increases leakage current [9]. Hence
the EMR signature is related to all degradation parameter, and
gradual fall of EMR signature indicates poor health of the IGBT
and the converter as well.

C. Power Cycle Test Result

The gradual degradation to IGBT is induced by a constant cur-
rent power cycling method [30]. The schematic and experimental
setup of the power cycling method is shown in Fig. 5. In this pro-
cedure, the power devices are loaded 1.5 times of the rated value.
The part name of the device under test is STGF6NC60HD. Each
power cycle consists of 0.3 s ON and 0.7 s OFF time. The temper-
ature (Tj) of the device is raised by the conduction losses and
observed around 200 ◦C. The IGBTs are subjected to a power
cycling test for 30 minutes followed by a sufficient cooling time.
The IGBTs are then operated at rated current and a frequency of
10 KHz. The parameters (leakage current, turn-OFF time, operat-
ing junction temperature, and ON-state voltage) were measured
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Fig. 6. Power cycle timing diagram.

TABLE I
IGBT1 PARAMETERS AT DIFFERENT POWER CYCLE LEVEL

Fig. 7. EMR signature of IGBT1 at different power cycle level.

TABLE II
VARIATION OF EMR SIGNATURE AT DIFFERENT POWER CYCLE LEVEL

at the rated operating condition. Then the IGBTs are subjected
to another 30 min of power cycling test as shown Fig. 6. This
overstress method is repeated until the power device under test
fails to operate.

The effect of the power cycle test on an IGBT is shown in Ta-
ble I and the corresponding EMR signature is shown in Fig. 7.
It is observed from the Table I that with the power cycling time
the junction temperature increases. The raised junction tem-
perature results in an increase in turn-OFF time and leakage
current. The EMR signature gradually reduces with these pa-
rameters which validate the relationship we have established in
Sections II-A and II-B. The variation of EMR signatures of ten
IGBTS is shown in Table II.

Fig. 8. Array signal model.

III. CONVERTER LOCALIZATION

The complete health-monitoring layout consists of five main
segments as shown in Fig. 1. In this section, the localization
of converters is explained. For which the assumptions made in
this paper are 1) the EMR signals generated by each converter
are independent of other peripheral EMR sources; 2) the noise
capture through ULA is Gaussian noise and assumed to be inde-
pendent of the source signal; and 3) the number of sensors must
be greater than the number of sources.

A single loop antenna was used to capture the EMR of a sin-
gle IGBT-based converter, which was considered to be enough
for the analysis in [18]. However, in the case of multiple con-
verters, the number of sensors has to be increased to detect
individual sources. For the N number of converter localiza-
tion, it demands 2M + 1 number of sensors [21] such that
(2M + 1) >= (2N + 1). A uniform linear array (ULA) of loop
antennas is used to captures the near-field EMR, and the model
is shown in Fig. 8. Here, d is the distance between the receiv-
ing sensors. The received signals (i.e., x(k)) of mth sensor (i.e.,
loop antenna) from nth sources (i.e., converter) at kth instant is
represented as

xm(k) =

N∑

n=1

sn(k)e
jτmn + wm(k)

−M ≤ m ≤ M and k = 1, 2, 3, .......K (6)

where sn, θn, and rn denotes the nth source, the angle of arrival
of the nth source, and distance of nth source from the zeroth
sensor respectively. τmn is the time delay to receive the signal
from nth source to mth sensor with reference to zeroth sensor
which is given as

τmn =
2π

λ

(√
r2n + (md)2 − 2rnmd sin(θn)− rn

)
. (7)

The second-order taylor expansion is given as

τmn = mωn +m2φn

lωn = −2π
d

λ
sin (θn)

φn = π
d2

λrn
cos2 (θn) . (8)
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Fig. 9. Subarray model for implementing ESPRIT.

Equation (6) can be written as following matrix form forL num-
ber of sample data

x (k) = As (k) + w (k) (9)

where x(k)=[xM (k), . . . , x0(k), . . . , x−M (k)] ∈ C(2M+1)×L

is capatured electomagnetic radiation, s(k) = [s1(k), . . . ,
sN (k)] ∈ CN×L is source signal, w(k) = [w−M (k), . . . ,
wM (k)] ∈ C2M+1×L is additive Gaussian noise and A = [a
(ω1, φ1) a(ω2, φ2) . . . a(ωN , φN )] ∈ C(2M+1)×N steering vec-
tor whose elements are given by (10).

a (ωn, φn) =

⎡

⎢
⎢⎢⎢⎢⎢
⎢
⎣

e−jωnM+jφnM
2

...
1

...

ejωnM+jφnM
2

⎤

⎥
⎥⎥⎥⎥⎥
⎥
⎦

(10)

The covariance matrix of received signal is given in equation.

Rx = E
[
x (k)xH (k)

]
= ARSA

H + σ2I. (11)

H denotes the conjugate transpose of the matrix, σ2 power of
noise and RS = E[s(k)sH(k)] is the signal covariance matrix.

A. DOA Estimation Using ESPRIT

In this paper high-resolution subspace-based method ESPRIT
is used to find out the DOA of the EMR sources. It is based
upon the rotational invariance property of the signal subspace
[31]. The ULA is divided into two subarray to apply the ESPRIT
method as shown in Fig. 9. The first subarray is formed by con-
sidering the first Q elements and the second subarray is formed
by considering the lastQ elements. LetA1 be the steering matrix
of subarray1, and A2 be the steering matrix of subarray2. Both
the matrixes are related in (12) due to the symmetry of the array
structure

A1 = [a1 (ω1, φ1) · · · a1 (ωN , φN )]

A2 = [a2 (ω1, φ1) · · · a2 (ωN , φN )]

A2 = [Φ(ω1)a1 (ω1, φ1) · · ·Φ(ωN )a1 (ωN , φN )] (12)

where Φ is a diagonal matrix as follows:

Φ(ωn) =

⎡

⎢
⎣

ej2ωnM 0
. . .

0 ej2ωn(M−Q+1)

⎤

⎥
⎦ . (13)

For implementing ESPRIT, the sources eigenvectors are fur-
ther divided into two subparts U1

s and U2
s . U1

s and U2
s denote

Fig. 10. Experimental setup of two experiments.

the first and last Q rows of Us, respectively. Due to this, we
can write U1

s = A1G, and U1
s = JA2G, where G is a full rank

matrix of rank Q and J is a unit counter diagonal matrix. The
DOA (ω̂n) is found from the nulls of the following spectrum,
where E = [JU2

s − Φ(ωn)U
1
s ]

PGE(ωn) = det[EHE]. (14)

B. Range Estimation Using MUSIC

The covariance matrix obtained from ULA is always Hermi-
tian, and the eigenvectors of this type of matrix are orthogonal
to each other. MUSIC algorithm is based upon this basic idea
of orthogonality of noise to signal sub-space [32]. Here sub-
space means the eigenvectors of either noise or sources. The
peak of the spectrum function, constituted by these two orthog-
onal spectra is our desired result. The DOA θn is determined by
ESPRIT. Substituting this value in the steering matrix (10), the
order of the localization problem reduces. Now, the MUSIC al-
gorithm can be used to find out the distance of the converters. The
range of the converter is estimated by the peaks of the following
spectrum:

PM (φn) =
1

aH(ωn, φn)UnUH
n a(ωn, φn)

, n = 1, 2, . . . , N

r̂n = argmax[PM (φn)]. (15)

IV. SOURCE LOCALIZATION EXPERIMENT

Two experiments have been carried out to test the performance
of ESPRIT and MUSIC. The experimental setup for such an ex-
periment is shown in Fig. 10. The experiments are carried out in a
laboratory environment where there are no other dominant EMR
sources present. Detail parameters of the experiment, such as the
distance of the sources from the array, separation between the
converters are shown in Fig. 11. The converter-1 and converter-
2 are three-phase converters with rating 1 KVA and 600 VA,
respectively. The converter-1 is built with the IGBTs power cy-
cled up to 40 min. Similarly, the converter-2 is built with IGBTs
power cycled up to 20 min. Seven sensors are used in ULA
for both the experiments. The sensors are loop antennas which
are used as a receiver due to its wide frequency range and high
efficiency. The loop antennas are made as per IEC 61967-3 Stan-
dard. The details of the design are provided in Fig. 12. The max-
imum radiations of converters are observed around 600 MHz,
signal wavelength λ = 0.50 m, and the inter-element spacing is
d = 0.10 m(d <= λ/4).
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Fig. 11. Experimental layout of two experiments.

Fig. 12. Design details of loop antenna.

Fig. 13. ESPRIT spectrum showing the DOA of converters in experiment-1
and experiment-2.

The signals captured in ULA are then analyzed using the
classical algorithms. ESPRIT determines the DOA of the two
converters, and MUSIC estimates the distance of the converters
from zeroth sensor. Figs. 13 and 14 show such results and the
percentage of error is listed in Table III. Once both the parame-
ters of the steering matrix are determined, the separated source
signals can be obtained from (9).

V. HEALTH ASSESSMENT ALGORITHM

The degradation of the power device in a converter is a gradual
process and may take over months and years. Therefore, the
proposed health assessment algorithm continuously compares
the EMR signatures with two threshold bands and determines
the degradation level of the converter. The first band consists of

Fig. 14. MUSIC spectrum showing the range of converters in experiment-1
and experiment-2.

TABLE III
PERCENTAGE OF ERROR OF THE DOA EXPERIMENT

Fig. 15. Health assessment algorithm.

the EMR signatures of IGBTs at the healthy condition, denoted
as threshold band-1 (THB-1). The second band consists of EMR
signature values prior to failure, denoted as threshold band-2
(THB-2). The data of Table II is plotted, and the two threshold
bands are shown in Fig. 15.

Fig. 16 shows the proposed algorithm. The first step is to take a
dataset of 1000 samples from the ULA. In the next step, ESPRIT
and MUSIC are used to determine the location of the convert-
ers (i.e., θn and rn). Substituting the localization parameter in
the steering vector of (9), s(t) is estimated assuming the noise
is independent of the source signal. Now, the peak of the sepa-
rated signal spectrum is the EMR signature (EMRS). THB is the
threshold band which specifies the timeline to show the health
condition of the converter. DGL and PGDL denote the degrada-
tion level and the percentage of degradation level respectively.
The formulations of these variables are shown in Fig. 16. We
can see from the graph (Fig. 15) that the slope of the EMR sig-
nature increases as the power cycling time increases. The slope
is highest between the cycling time of 60–90 min. The case
where the degradation level of converters is more than or equal
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Fig. 16. Health assessment algorithm.

Fig. 17. Separated EMR signatures of two converters.

to 95%, i.e., as soon as it about to enter into THB-2, it demands
special attention. It indicates a condition, where more than one
power devices are operating in a pre-latching condition. At this
point, the replacement of the existing device will save the whole
system from sudden failure. The health assessment algorithm
localizes and separates the EMR signatures of converter-1 and
converter-2 of experiment-1 (Fig. 17). The degradation level of
converter-1 and converter-2 are detected to be 51% and 23%,
respectively.

The accuracy of the proposed algorithm is computed by re-
peating experiment-1 and experiment-2. But, this time instead
of the simultaneous operation of two converters, one converter
is operated at the same time keeping the other in the OFF con-
dition. The individual EMR signature of both the converters is
computed by (5). The converter localization step is omitted to
eliminate the errors due to the localization parameter. The EMR
signatures obtained from this experiment are denoted as “actual
value”. The actual values of both the converters are measured
for experiment-1 and experiment-2. Then different data sets are
collected from the previously done experiments (Section IV),
where two converters are operated simultaneously. In this case,
the EMR signatures of the converters are computed by the pro-
posed health assessment algorithm. It is to be noted that the data
sets are different runs of the same experiment, at similar ambient
conditions. The percentage of error is calculated by comparing

TABLE IV
PERCENTAGE OF ERROR OF THE EMR SIGNATURE METHOD

the “actual value” with the EMR signatures obtained from dif-
ferent datasets and listed in Table IV.

VI. CONCLUSION

A non-invasive way of health assessment and monitoring of
converters through EMR signature has been presented in this
paper. Accelerated aging test on IGBT demonstrated that with
the increase in the number of power cycles the turn-OFF time,
leakage current, and the junction temperature of the device in-
creases. The relationship between the EMR signature and the
turn-OFF time of the IGBT has been established. The reduced
EMR signature indicates the increase in turn-OFF time as well as
the degradation of IGBT. To solve the multiple converter health
assessment problem classical methods like ESPRIT and MU-
SIC has been used to locate and separate the EMR signatures of
converters. The source localization experiment results showed
the DOA and the range of converters. The health assessment al-
gorithm identified the degradation level of a converter based on
its EMR signature analysis. The proposed method can be eas-
ily implemented to environments where multiple converters are
operating simultaneously without any physical contact with the
converter.
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