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An IGBT Junction Temperature Estimation Method
Based on Turn-Off Maximum dic/df With
Decoupling Load Current

Yafei Shi
Huai Wang

Abstract—Monitoring the junction temperature 7'; of insulated
gate bipolar transistor modules is crucial for reliable opera-
tion in medium/high voltage applications. Among the various
temperature-sensitive electrical parameters, the maximum collec-
tor current falling rate dic/df,, . is an effective indicator charac-
terized by excellent linearity and amenability to real-time detec-
tion. However, current acquisition methods are prone to introduce
parasitic parameters, and dic/dt,, . is also affected by the load
current ij,,4. In response to these challenges, the printed circuit
board RogowskKi coil is proposed to measure dic/df,,.x and 1524,
which can decouple the effect of ij,.q, and this method has the
advantage of being contactless and integratable. In this article, the
dependence of dic/df;,ax on T and ijoaq is theoretically analyzed.
The system design of the Rogowski coil current sensor, including
coil structure, integrator, and peak detection circuit is carried out.
The effective bandwidth and measurement accuracy of the sensor
are verified based on the vector network analyzer and the double
pulse test, and the effectiveness of the method for T; estimation is
verified based on the buck converter.

Index Terms—Insulated gate bipolar transistor (IGBT), integra-
tor, junction temperature, maximum collector current falling rate
(di./dt,,ax), printed circuit board (PCB) Rogowski coil.

1. INTRODUCTION

OWER semiconductor devices are essential in power elec-
tronic conversion systems. They are one of the most
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reliability-sensitive electronic components and are particularly
susceptible to thermal stress [1]. Junction temperature 7; mon-
itoring of power devices could create additional value in terms
of protection, operation optimization, and health monitoring [2].
Among various power devices, insulated gate bipolar transistor
(IGBT) modules occupy an essential position in medium/high
voltage applications [3], which means that 7; monitoring of
IGBT is important to enhance reliability.

Typically, IGBT T; monitoring methods can be categorized
as physical contact-based, optical-based, thermal impedance-
based, and temperature-sensitive electrical parameters (TSEPs)-
based approaches [4]. Compared with other methods, the TSEPs
methods are considered the most promising because of high
accuracy, fast response, and nondestructive advantages [5]. The
TSEPs methods can be classified into static and dynamic cat-
egories [6]. The on-state voltage with low current injection
VCEon(low) 18 @ commonly used static TSEP for IGBTs due to
its simple design and no parameter dependents [7]. However,
it requires a specific current source to inject a small current
which is difficult to measure online. Another commonly used
static TSEP is the on-state resistance Rcgon, Which can be
obtained online by measuring the vcgo, and collector current ic.
However, in addition to a current sensor, this method requires a
clamping circuit to be designed and connected in parallel to the
IGBTs to block high voltages during turn-OFF [8]. Evaluation
of Tj by threshold voltage vy, is not affected by load current
and bus voltage, but the vy, has low sensitivity and requires the
connection of a voltage measurement circuit at the gate and an
ic sensor to determine the gate voltage at the reference current
[9]. Turn-ON delay time #4,,, and turn-OFF delay time 74, With
good linearity can also be used as TSEPs, which are complicated
by the need to connect high-bandwidth sensors and high-speed
signal processing circuits [10], [11].

Bryant et al. [12] investigated and validated the maximum
collector-emitter voltage change rate dvcg/df,ax can be used as
a'TSEP to measure T);. However, the measurement of dvog/dfyax
requires a voltage measurement circuit in parallel on the IGBT
and also requires complex differential calculations. A similar
idea was proposed in [13], where the authors used the maxi-
mum collector current falling rate dic/dfi,ax as a TSEP. The
dic/dtyax has good sensitivity and can be obtained by measuring
the voltage drop of parasitic inductance between the power
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TABLE I
SUMMARY OF THE CHARACTERISTICS OF DIFFERENT TSEPS AND PARAMETER SENSING METHODS

TSEP sensing method characteristic

TSEP Sensitivity Dependent Online
Bandwidth Invasive Complexity Ref
VCEon(low) Medium Tj No Low Yes Low [7]
RcEon Medium T; Yes Low Yes High [8]
Vih Low Tj Yes High Yes High [9]
fdon Low Tj Yes High Yes High [10]
Tdott Medium T;, ic Yes High Yes High [11]
dver/dtmax High T;, ic, vbc Yes High Yes High [12]
) ) Yes (Kelvin inductance) Low [13]
dic/dtmax High Tj, ic, vbc Yes High
No (Rogowski coil) Low [14]
and the Kelvin emitter of IGBT, which is characterized by its M vGe(7) o
. .. . . . . ic falling transition
simplicity and cost-effectiveness. Nonetheless, it relies on the VGE(on) : : i: — :E
Kelvin structure and needs to be connected to the IGBT, which ! ! ! ! !
may introduce additional parasitic parameters. The Rogowski i ! : i i
coil is an effective method for measuring dic/d,,,x, Which is ' ! : ] 1
a magnetic sensing technology that exploits the principle of : | : : : >
magnetic coupling to directly obtain the time derivative of the 9 i i i i i ‘ 4
primary current [ 14]. The characteristics of the above-mentioned . ! ! . L VDC
TSEPs are summarized in Table I. Fload =4 ! i E E
From the table, it can be seen that most of the several com- i i i i E
monly used measurement methods for TSEPs require contact . ] ! ' :
with the power circuit, which is invasive. As the power and VCE(om) [ . [ : >
01 2] 5 * 4] Iy t

switching frequency of the power device increase, the voltage
and current change rate will become larger, which means that
parasitic parameters introduced by external measurement cir-
cuits may trigger high voltage overshoots and current overshoots
[15]. Therefore, the dic/dfyax 1s @ promising TSEP because of
its good sensitivity and the possibility of using the Rogowski
coil for less invasive measurements. In previous research, the
printed circuit board (PCB) Rogowski coils have been used to
measure di/dt;,. to evaluate the power device 7; [14], [16], but
the effect of load current i},q 1S not considered, which makes it
difficult to evaluate 7} in actual operating conditions where the
Iload 18 UNcertain.

To address the shortcoming, this article proposes to decouple
iload by modeling the dependence of dic/dty,.x On ijpaq and
measuring ij,,q in real time by the PCB Rogowski coils. The
decoupling of ijp,q removes its effect on the dic/dzy,ax, thereby
improving the accuracy of T; estimation under varying current
conditions. This enhancement enables dic/df,,. to serve as an
effective TSEP for IGBTSs, improving its applicability across
different operating conditions. Furthermore, the PCB Rogowski
coils are used to online measure both dic/df,,., and ijgaq.
Compared to other measurement methods, PCB Rogowski coils
offer the advantages of being noncontact and integratable, which
makes the method particularly advantageous for applications
sensitive to parasitic parameters and requiring compact spatial
arrangements.

This article is organized as follows. Section II describes the
turn-OFF characteristics of trench gate/field-stop IGBTs and
analyses the dependence of the dic/dfymax on T and ijpaq.
Section [T introduces the fundamental principle of the Rogowski

Stage 1 Stage 2

Fig. 1. Typical IGBT turn-OFF transient process.

coil and details the design of the coil and processing circuits
including the integrator and peak detection circuit. Section IV
verifies the coil effective bandwidth and the sensor measurement
accuracy for dic/dt, ic, and dic/dtmax. Section V demonstrates
the linear relationship between peak detection circuit output
voltage Vspeak and both T and ijaq under various operating con-
ditions, and validates the effectiveness of the proposed method
based on the buck converter. Section VI summarizes this article.

II. DEPENDENCE OF DI./DTysx ON JUNCTION TEMPERATURE
A. Turn-Off Transient Analysis of IGBT

The typical IGBT turn-OFF process is shown in Fig. 1. Before
the turn-OFF process starts, the voltage between the gate and
emitter vgg(#) is the drive voltage vgg(on), the voltage between
collector and emitter veg(?) is the on-state voltage vcg(on), and
the collector current i(?) is load current i},,q. Then, the vag(7)
drops from vgg(on) to the plateau voltage vaep (fo—f1), after
which IGBT enters the Miller state, and the vgg(f) remains
constant. During the Miller platform period (#;—#2), the vog(f)
rises from vog(on), and when it reaches the busbar voltage vpc
means the end of the vog(?) rise process. Meanwhile, i (?) starts
to drop from i},.q4, and the process can be divided into two stages.
During stage 1 (t2—t3), ic(?) falls sharply from ij,,q to ic_pt and
an overshoot on vcg(f) appears due to varying collector current
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Fig. 2. Basic structure of the trench/field-stop IGBT and the structure of the
n"-base region during stage 1.

through parasitic inductance. In this stage, the collector current
falling properties are mainly governed by the storage carrier
extraction behavior in the n-base region. At f3, ic(f) starts to
fall slowly from ic_pr until zero (f3—t4). The recombination
behavior of the carriers in this stage dominates the ic (7).

IGBT structures are constantly being improved as the
demands of applications continue to increase. The trench
gate/field-stop structure combines the trench cell and field-stop
concepts, an advanced structure for high-power IGBTs, whose
typical structure is shown in Fig. 2. Compared to planar IGBTs,
the MOS channel of the trench gate device is vertical rather than
horizontal when the IGBT is turned ON, which can eliminate
the JFET effect, resulting in lower on-state impedance [17]. In
addition, introducing the n-field-stop layer significantly reduces
the thickness of the n"-base region, which can improve turn-OFF
speed and reduce losses.

Fig. 2 also illustrates the structure changes in the n -base
region of the trench gate/field-stop IGBT during Stage 1 of
current falling. The remaining excess holes in the n"-base region
are extracted to the emitter side, and the stored electrons are ex-
tracted to the collector side, which in turn forms the space charge
region (SCR). In addition, there are two parts of the n"-base
region: one is the ongoing carrier extraction called the extraction
layer, and the other is the remaining carrier plasma layer, which
maintains the same carrier distribution as the on-state [18]. The
widths of the SCR and the extraction layer are wgcr and e,
respectively, and the width of the whole n-base region is wy,
which is shown in Fig. 2. The current falling characteristics of
Stage 1 are mainly determined by the carrier behaviors in the
extraction layer.

In Stage 2, the falling characteristics of ic(f) are mainly dom-
inated by the carrier recombination mechanism. The transient
time constant of the storage carrier recombination behavior is
much larger than that of the extraction behavior [18]. Therefore,
the maximum of the current change rate during IGBT turn-OFF
occurs in Stage 1, and the falling characteristics of ic(f) in
Stage 2 will not be described in detail in this article.
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Fig. 3. Electric field and carrier concentration distribution in the n-base
region.

B. Storage Carrier Distribution Model

Fig. 3 illustrates the electric field and carrier concentration
distribution in the n™-base region during Stage 1. The curve of
E(w) implies the electric field in the n"-base region. During the
rise of vog(f), the SCR expands in the region where the storage
carriers are exhausted and establishes the electric field whose
area enclosed with the w axis is vcg. This area expands until
veg equals vpe.

The distribution curve of the carrier concentration during
on-state is p(w). The p(w) is affected by the IGBT chip size,
doping characteristics, and load current [19]. There are two
critical parameters, the slope of the curve sy and the carrier
concentration py at w = wy, as shown by the black dashed
line in Fig. 3. Compared to the planar gate structure, trench
gate IGBTs have sy < 0, which helps to balance the static and
dynamic losses. sq is related to the collector current and carrier
mobility, which can be expressed as

Jopip Hn
80 = —5—— |1 —YEON — YEON—

24Dy pim Hp o
where g is the electronic charge (1.6 x 1071°C), Dy, is the hole
diffusivity, Jj is the steady-state collector current density, YEon
is the hole injection efficiency at the P-collector and N-base
junction, jiy, is the electron mobility, and i, is the hole mobility.
po depends on the carrier characteristics and the structure of the
chip, and the expression is shown as follows [19]:

Ji La w n
Po = 2022l anh (LN) [1 — YEON — 'YEON%

— ()
29Dy pin a b

where L, is the ambipolar diffusion length.

During the current falling Stage 1, the characteristics of ic(7)
are mainly determined by the extraction layer. As shown in the
orange region in Fig. 3, the extraction layer can be specified by
three parameters, namely, the carrier concentration distribution
curve f(w), the width of the extraction layer £, and the start point
location of the extraction layer wgcr. The fiw) can be described
by a four-order polynomial in terms of the corresponding bound-
ary conditions of the extraction layer, as follows [20]:

f(w) = so(w — wscr) + [po — so(wn — wscr)]
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The ¢ can be calculated as [20]
80 b
t) = 24— D 4
5() \/5O+31+bp ()

where ¢ is the initial extraction layer width of the current falling
stage and b = /1.

C. Dependence of the —dio/dt,,q. 0n Junction Temperature
Analysis

The MOS channel can be considered closed during the current
falling stage, and the pure hole current maintains the total current
at the emitter. According to the bipolar diffusion equation, the
electron current density Jc,(f) and the hole current density
Jcp(?) at the boundary between the SCR and the extraction layer
(w = wgcr) are expressed as [13]

b d

JCn(t) = 1+ bJC(t) - qDa fdizU) =0 5)
1 d

Jep(t) = 15 o(t) +aDa Tl — e ©

where Jc(?) is the transient collector current density, and D, is
the ambipolar diffusivity. Differentiating fiw) in (3) when w =
wscr, and bringing it into (5) and (6), Jc(?) can be given by

1+0b

Jo(t) = TqDa 50 + —— (Po + sowscr — SO'LUN)] .

£(t)
@)
At the beginning of the current falling stage ( = 0), g can be
obtained from (7), as shown in (8). Taking the time derivative of
(7), the maximum value of the collector current density falling
rate —dJc(1)/dfyax 1 shown in (9)

o 2D, (1 4 b)(po + sowscr — Sown)
0 bJy — 80(1 + b)qDa

®)

80
—dJc(t)/dtmax = ﬁqDaDp(po + sowscr — Sown). (9)

Using (1), (2) and (8) in (9) yields

—dJc(t)/dtmax
_40 b D,? Jo
3 (1+40)° Da® (1 — Yeon — YeoN/n/ 11p)°

. 1 5- (10)
[L,tanh (wy/L,) + wn — wscr]

The temperature-dependent factors in (10) are summarized
in Table I [21]. Substituting the temperature-dependent expres-
sions in Table II into (10), including jiy, fip, Dy, Dy, and Dy,
and performing simplification of the terms yields

—dJe(t) /dtmax

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

TABLE II
TEMPERATURE-DEPENDENT FACTORS

Temperature-dependent

Parameter Symbol expression
Electron mobility m 1n(T) = 1500(300/73)>°
Hole mobility p 1uy(Ty) = 450(300/7;)>°
Electron diffusivity Dn Dw(T;) = un(kTi/q)
Hole diffusivity D, Dy(Ty) = up(kTi/q)
Ambipolar diffusivity D, Do(T) = 2DnDy/(Dnt+Dy)

Ambipolar diffusion length L. Ly(T;) = (Datian)*?

High-level lifetime o (T = a(300K)(T/300)

—3.95x10°x =Y . ! -
q (1 + b) (]. — YEON — 33’7EON)

JoT (11)
[L, tanh(wy /Ly) + wy — wscr]?

where ¢ is 1.6 X 1079 C, k is the Boltzmann constant (1.38
x 10723 J/K), ygon usually has a value of 0.25 for large
injections [19], and b = puy/p, = 3.3. These parameters are
usually constants and can be replaced by the constant c¢. The
following equation is then obtained:

cJoT, 1
[Latanh(wy/La) + wn — wscr]

The normal operating junction temperature of IGBT power
modules is between 298 K and 423 K [22]. Within this range,
the 75! can be approximated as —6.2 x 107'7; + 3.74 x
10~*. Therefore, the maximum value of the collector’s current
falling rate —dic(#)/dt,ax can be expressed as

Z-loald(In + HTB)
[L, tanh(wn/L,) + wn — wscr]

where ij,,q 1s the steady-state collector current and m, n are
constant coefficients in the approximation equation. The ex-
pression for L, is given in Table II, and it can be calculated
to obtain that the L, value of IGBT is constant and independent
of temperature, with a value of about 40 pm [21]. wy is related to
the IGBT model and wscr is determined by the busbar voltage,
and neither of these parameters is affected by temperature.
From (13), it can be seen that there is a linear relationship
between dic(#)/dtmax and T, while it is directly proportional to
iload- In addition, dic(#)/dt,.x is influenced by the bus voltage
VDC, as an increase in vpc requires the expansion of SCR
to withstand higher voltages, which leads to an increase in
—dic(#)/dtyax. The excellent linearity of dic(#)/dtyax With T;
allows it to be used as a TSEP, but the effects of load cur-
rent and bus voltage should also be considered. Compared to
the generally steady system bus voltage, the on-state current
of IGBTs varies continuously throughout converter operation.
Therefore, when monitoring the junction temperature of IGBTs
in real-time, it is imperative to not only obtain the dic(#)/dt,ax
but also to measure the i¢ to effectively decouple the effect of
iload ON the dic(7)/dty,ax. In the next section, the design of the

—dJc(t)/dtmax =

5. (12)

*diC (t)/dtmax = 2 (13)
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Fig. 4. Sketch of a Rogowski coil current sensor.

Rogowski coil to enable the measurement of dic(#)/dfax and
ic will be discussed.

III. MEASURING PRINCIPLE AND DESIGN OF PCB ROGOWSKI
CoIL

A. Operating Principle

The Rogowski coil is for measuring an alternating current
using a winding on an air core. Its operating principles are
based on Faraday’s law and Ampere’s circuital law [23]. To
illustrate, Fig. 4 shows a simple schematic, where current i(¢) to
be measured is in the primary conductor. An induced voltage,
according to (14), can then be detected across the coil

_do . di(t)
oAt T dt

where di(¢)/dt is the rate of primary current change, and M is
the mutual inductance between the coil and primary conductor,

which is determined by the dimensions and number of turns N
of the coil winding, calculated as follows:

woNh . 11 +1s
=_——1n
2T ll

vs(1) (14)

M (15)

where /i is the width of the toroid, /; is the inside radius of the coil,
and /5 is the width of the winding. The implemented Rogowski
coil needs to be connected to an integrator to recover the primary
current. The coil and integrator, as the main components of
a Rogowski coil current sensor, the design of which will be
discussed in the following two sections.

B. Design of the Coil

Compared to other sensors, Rogowski coils can be designed
in a rectangular shape PCB and nested on the power module ter-
minals to improve space utilization, and the installation drawing
is shown in Fig. 5(a). The design structure of the PCB Rogowski
coil is shown in Fig. 5(b), which shows the four-layer PCB
structure with the coil on the inner layers to receive signals
and the shielding on the outer layers against electromagnetic
interference. As for coil winding, it should not only be wound
in one direction, but a return wire is needed to wound back to
counteract the coupling of the vertical magnetic field [24], as
shown in the enlarged view of the winding in Fig. 5(b).
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The number of turns N is an important parameter because it
determines the coil sensitivity, with more turns resulting in great
sensitivity. However, it is limited by the size and spacing of the
through-hole. The dimensions of the through-hole and winding
in the coil are shown in Fig. 6. According to the standards in
[25], the minimum through-hole diameter for multilayer PCB
dy, is 0.2 mm, and the minimum pad size is determined by the
following equation:

dp = dy 4 2b+ ¢ (16)

where dy, is the through-hole diameter, b is the minimum annular
ring requirement, and c is the standard fabrication allowance.
The minimum spacing between two through-holes d,,,;,, needs to
be at least three times the pad width for ease of PCB installation
[26]. Then, the maximum number of turns N,,., can be obtained

a
Nmax =4 (dmm + 1)

where a is the side length of the power terminal. The /; and /5
are determined by the safe electrical spacing and the spacing
between the terminals. Based on these, the various parameters
of the designed coil size are shown in Table III.

In addition to sensitivity, the N also affects the bandwidth
of the coil, with an increase turns leading to a decrease in
bandwidth. The optimization of the N requires the determination

a7)
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TABLE III
PARAMETERS OF THE PCB ROGOWSKI COIL SIZE

Parameter Symbol Value
Through-hole diameter dn 0.2 mm
Pad diameter dy 0.45 mm
Through-holes distance Cin 0.8 mm
Inside length I 1.5 mm
Winding width 15 3.2 mm
Terminal side length a 12 mm
Wingding thickness hw 1.2 mm
PCB thickness Npeb 1.6 mm
Turns N 64
| 1
| —%r I
| |t :
| i
|- =—- A Cl |
| Tt i
Rl =
| L
| G - |
I I vo(?) 1
| L1 R |
| ° | | ° |
L T T - __—__—__—__—__—__—__—_—_=___ I
RC circuit Noninverting integrator

Fig. 7. Hybrid integrator with RC circuit and noninverting integrator.

of the maximum number of turns according to PCB design rules
and installation space. The coil bandwidth with the maximum
number of turns should be measured and compared to the sensor
bandwidth required for the actual waveform being measured. If
the coil bandwidth is not sufficient, the N needs to be reduced
until the measurement requirements are met. The advantage of
this optimization method is that it ensures as high a sensitiv-
ity as possible while satisfying the measurement bandwidth,
thus achieving a higher signal-to-noise ratio. The measurement
results of the coil bandwidth in this study are presented in
Section IV-A.

C. Design of the Integrator

As described in Section III-A, the coil output voltage is pro-
portional to the time derivative of the measured current, and an
additional integration circuit is required to recover the measured
current. Compared to passive integration circuits, the active
integrator consists of analog operational amplifiers (OPAs),
which are not susceptible to variations of component values and
termination at its output. The included amplifier can either be of
the inverting or noninverting type. The noninverting integrator
avoids the negative effects of ringing and preshoot, which is
considered to be an optimal integrator topology [27]. To extend
the bandwidth, the noninverting integrator needs to be coupled
with an RC circuit to form a hybrid integrator. The topology of
the hybrid integrator is shown in Fig. 7. Between the negative
terminal and the output of the OPA, an integrating capacitor Cy
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Fig. 8.  Schematic of the peak detection circuit.

and a large resistor Ry are usually connected in parallel. The

function of R; is to limit the low-frequency gain, which if not

constrained, will excessively amplify the low-frequency noise

and saturate the integrator. The transfer function is expressed as

B 1 RiRyC1s + Ry + Ry

N R3C3S+1 R1R2018+R2

B R\RyCis+ Ry + Ry

RiR3R3C1C352% + (R R2Cy + RayR3C3)s + Ry

(18)

H(s)

There is an essential requirement for the passive component
value of the hybrid integrator

= 1 _ 1
°c 27’1’R201 n 27TR303.

This means that below the cut-OFF frequency f., the inte-
gration is done by the noninverting integrator, while above-
mentioned f, it is done by the RC circuit. Therefore, as long
as (19) is satisfied, the infinite extension of the high-frequency
integration and smooth integration transitions at f. can be real-
ized. To prevent large bias voltages from entering the OPA, the
values of Ry and Rj3 should not be too large, and they are set
to 80 €2 in this work. According to (19), the f. is determined as
100 kHz, and C; and Cjs are set to 20 nF. Ry is set to 250 k{2 to
reduce the transfer gain at low frequencies. An OPA THS4631
with a gain bandwidth of 300 MHz is selected as the noninverting
integrator OPA.

19)

D. Design of the Peak Detection Circuit

In this article, the OPA615 chip is used to achieve peak
detection, and the schematic is shown in Fig. 8. The OPA615
consists of an operational transconductance amplifier (OTA) and
a fast and accurate sampling OTA with bandwidths of 710 and
730 MHz, respectively [28]. Cp; is the holding capacitor for
energy storage and Dy, is the diode to ensure unidirectional
signal flow. The OPA615 as a current mode amplifier has better
ac performance than a voltage mode amplifier. This is because
charging a capacitor at a constant voltage results in a slower
charging rate over time, whereas the capacitor voltage increases
linearly at a constant current [29].

The value of Cy,; affects the available bandwidth as well as the
circuit stability. The larger the value, the more stable the circuit
is but the lower the bandwidth. When Cy,; is selected as 47 pF,
the effective bandwidth is 48 MHz, which is sufficient for the
measurement requirements [28]. A reset switch is connected in
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teristics.

parallel at Cy,; for discharging. R;,; and R},5 are input and output
resistors used for impedance matching with the value of 50 2.
Ry2 and R4 serve for de-Q-ing of the trace and package parasitic
LC while eliminating output offset voltage due to input bias
currents, which take the values of 150 and 100 £, respectively
[29]. Ry,3 isin the voltage feedback loop, which takes the value of
300 2. Note that the input signal to the circuit should be positive,
so when the coil outputs a negative voltage it is necessary to
access an inverter or change the winding direction.

Typically the output voltage of the peak detection circuit
will droop after reaching the maximum value, making an error
between the final hold value and peak value. The droop effect of
the peak detection circuit is mainly caused by the discharge of
the Cp,1. There are several main factors causing the droop: OPAs
input bias current, diode reverse recovery current, and capacitor
leakage current. To reduce the droop effect, the OPA615 chip
with a very low bias current (1 pA) is suitable. The diode
is required to have a small reverse recovery current, and the
Schottky diode 1N60 is chosen in this study. Holding capacitors
need to be selected with the lowest possible leakage current.
The peak detection circuit proposed in this article significantly
reduces the droop error and can guide the circuit design. The
measurement results are shown in Section IV-B.

IV. PROTOTYPE IMPLEMENTATION AND COIL MEASUREMENT
ACCURACY VERIFICATIONS

A. Rogowski Coil Transfer Characteristics Measurement

The frequency response of the Rogowski coil can reflect the
sensitivity and effective bandwidth of the sensor. In this section,
the vector network analyzer (BODE 100) is used to test the
transfer characteristics of the coil [30]. The schematic diagram
for testing the Rogowski coil transfer characteristics is shown in
Fig. 9. The signal is emitted from the SOURCE and transmitted
through a 10-(2 resistor to simulate the measured current i(f).
The coil is nested in the line to measure i(f). The CH1 receives
the sampled voltage of 10 times i(¢), and the CH2 receives the
induced voltage v4(f) from the coil. The ratio of the induced
voltage to the sampled signal (CH2/CHI) gives the frequency
response of the coil. It should be noted that the amplitude of the
frequency characteristic curve obtained by this configuration is
one-tenth of the coil’s true transfer characteristic.

The frequency response curve is shown in Fig. 10. The ef-
fective frequency of the sensor is usually defined at the 3 dB
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Fig. 10. Measurement results of the Rogowski coil frequency characteristics.
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Fig. 11.  Prototype of PCB Rogowski coil integrated with gate driver circuit.

bandwidth point [30]. It can be seen that the cut-OFF frequency
of the coil is 23 MHz, which is determined by the parasitic
parameters of the coil. When the measuring frequency fiecas 18
less than 23 MHZ (fi,eas < f1), the output voltage of the coil has
a differential relationship with the measured current (slope =
20 dB/dec, phase = 90°).

In this study, the gate resistance of the IGBT is set to 5 €2, in
which case its fall time #; is usually around 100 ns. According to
the formula (BW = 0.35/#), the sensor required bandwidth BW
can be calculated to be 3.5 MHz, of which three to five times BW
is usually chosen as the final bandwidth to ensure measurement
accuracy [31]. Therefore, the bandwidth of 23 MHz is sufficient
for the turn-OFF current measurement of the used IGBTs and
N = 64 can be used as the optimal choice of the number of turns
of coil.

B. dic/dt, ic, and di o/dtyax Sensing Experiments

A prototype of PCB Rogowski coil nested on the terminals of
the IGBT power module (Infineon FF75R12RT4) and integrated
with the gate driver circuit is demonstrated in Fig. 11. The coils
can be wound around the upper collector C1 and lower emitter E2
of the half-bridge module to measure the current flowing through
the upper and lower IGBTs. The processing circuits including
the integrator and peak detection circuit are connected to the coil
through the connector. The coils output the voltage signal vy to
characterize dic/dt, the peak detection circuit outputs the voltage
Vspeak 0 characterize dic/dty,ax, and the integrator output the
voltage v, to characterize ic.

The double pulse test platform is built to verify the measure-
ment accuracy of the Rogowski coil sensor, and the lower IGBT
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is used as the device under test. When the driving resistance is
5 Q, the switching frequency is 20 kHz, and the duty cycle
is 50%, the measurement results are shown in Fig. 12. The
blue waveform (CH1) is the ic measured by a current clamp
(Tektronix TCP 0030A), the red waveform (CHM) is the di/dt,
which is obtained by differentiating CH1 with the oscilloscope,
the pink waveform is the coil output voltage vs, and the green
waveform is the integrator output voltage v,. According to the
detailed magnified figure, the waveforms of CHM and CH3
almost overlap at the turn-ON and turn-OFF moments. The sen-
sitivity is 4700 mV/A-ns, which corresponds to the frequency
response curve in Fig. 10, which means that the peak coil output
voltage can accurately characterize the dic(#)/dt,, .. Comparing
the waveforms of CHI1 and CH4, the Rogowski coil can accu-
rately measure i both during on-state and switching moments,
and the sensitivity is 8.3 mV/A. Based on the above-mentioned
experiments, the PCB Rogowski coil can not only accurately
measure the IGBT dic/dz, but also accurately restore the ic by
connecting an integrator.

The measurement results of the peak detection circuit based on
the double pulse test are shown in Fig. 13. The CH4 waveform is
the ic measured by a current clamp, the CH2 waveform is the coil
output voltage v, and the CH1 waveform is the peak detection
circuit output voltage vypeak. As can be seen from the zoomed-in
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Junction temperature measurement platform based on double-pulse

detail, the peak detection circuit output voltage can follow the
coil output voltage well and hold at the peak value to accurately
obtain dic/dfy,.x. The reset signal is triggered sometime after
the end of the turn-OFF process to extract the dic/dfy,.x for
each cycle.

V. DEPENDENCE AND JUNCTION TEMPERATURE ESTIMATION
RESULTS

A. Dependence of Vgpear, on T

In order to verify the linear relationship between IGBT
dic(#)/dtyax and T}, the double pulse test platform with variable
T} is shown in Fig. 14, where the Rogowski coil current sensor
is used to measure the dic(#)/dty, .« and ic(¢). The IGBT module
under test is heated using a heating stage. An additional cali-
brated IGBT module is placed on the heating stage in a position
symmetrical to the IGBT under test, and the molded case of
the calibrated IGBT module is removed to expose the chip. A
fiber optic probe (Opsens Solutions OTG-F) is used to obtain the
actual T}; by contacting the calibrated IGBT chip, and a fixture
is used to hold the probe in place. This solution calibrates the
error between the heating stage setup temperature and the actual
junction temperature.

The double pulse test is performed at six junction tempera-
tures of 25, 50, 75, 100, 125, and 150 °C, respectively. With
vbc = 400 V and ij,,q = 40 A, the collector current wave-
forms and the current change rate waveforms measured by the
Rogowski coil at the turn-OFF moment are shown in Fig. 15.
From Fig. 15(a), it can be seen that the turn-OFF collector current
will enter the trailing current phase earlier as the T; increases,
which makes the current change rate slower. This is because
the increase in 7T); will result in more remaining carriers in the
n~-base region. Fig. 15(b) more clearly shows the variation rule
of the turn-OFF collector current change rate with 7}. It can be
seen that the amplitude of dic(7)/dfy,ax Will decrease as the T
increases.

B. Dependence of vspeak; 0N 1004

According to (13), it can be seen that dic/d?,, .« has a positive
proportional relationship with ijy,q. To verify this conclusion,
the double pulse test is carried out at different 7; and ij5aq With
vpc = 400 V. The relationship curves obtained by extracting
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Fig. 15.  Turn-OFF collector currents and change rates measured by Rogowski
coil at different 7j. (a) Integrator output voltage. (b) Coil output voltage.

the Vgpeak values are shown in Fig. 16. Fig. 16(a) illustrates the
trend of Vepeak as a function of 7 under different ij,q, where
lload assumes values of 5, 10, 20, 30, 40, 50, and 60 A. Across
all ij.q levels, a clear linear correlation is observed between
Vspeak and 7. Fig. 16(b) shows the curve between vgpeax and
iloaa for several T;, where six T} of 25, 50, 75, 100, 125, and
150 °C are selected. It can be seen that vgpeai and ijgaq show a
positive relationship regardless of T);, which corresponds to (13).
This means that the effect of ij,,q can be decoupled when using
dic/dtmax to reflect 7.

To verify the effectiveness of ij,,q decoupling, the multi-
pulse test is used to simulate continuously varying ijoaq. In
the multipulse experiments, the vgpeak (characterize dic/dtyayx)
and v, (characterize ijo5q) of the IGBT turn-OFF moment are
obtained several times. The estimated junction temperature Tjest
is calculated based on the calibration curve and compared with
the actual temperature Tj,.; measured by the optical fiber to
verify the accuracy of the 7; estimation under different ijoaq.
The multipulse with eight pulses, vpc = 400 V, a switching
frequency of 50 kHz, and a duty cycle of 50% is tested as a case.
According to the results in Fig. 16(a), the junction temperature
calibration curve at vpc = 400 V is as follows:

Uspeak

T: = 386.5 — )
j = 3865 0.02v,

(20)
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TABLE IV
Ty ESTIMATION RESULTS BASED ON MULTIPULSE TEST

, T = 25°C T = 125°C

Puse (0 vy vewr T AT v T AT
MV) (O (0 mV) (0 (0)

1 4.1 33.1 237 285 3.5 172 126.7 1.7
2 8.1 66.2 476 27 2 348 123.7 1.3
3 122 100.3 720 276 2.6 517 128.8 3.8
4 16.3 1343 978 234 1.6 707 1234 1.6
5 20.3 168.0 1219 237 1.3 876 1258 0.8
6 244  201.8 1443 284 34 1038 1289 39
7 284 2346 1689 24.6 0.4 1226 1252 0.2
8 325 271.0 1947 273 23 1405 127.6 2.6

The multipulse tests are performed at two junction tempera-
tures, T = 25 °C and T; = 125 °C, and the T} obtained based
on (20) are shown in Table IV.

From the table, it can be seen that Tjes; can be obtained from
the same calibration curve at different i},,q with an error of less
than 4 °C. This means that the calibration curve equation can be
applied to various ijoaq, thus verifying the effectiveness of the
proposed load current decoupling method.
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C. Dependence of Vspeak 0N VDC

In Section II-C, it is analyzed that vp¢ affects dic/dt,ax be-
cause an increase in vp ¢ requires the SCR to expand, which leads
to an increase in dic/dfyax. The linear relationship between
Vspeak and Tj at ilpaqg = 20 A persists under different vpc, as
demonstrated in Fig. 17, where vpc assumes values of 50, 100,
200, 300, 400, 500, and 600 V.

Although the direct function of vpc and dic/dfnyax 1S not
obtained, it can still be applied in actual converters by calibrating
in advance. For example, in a single-phase full-bridge inverter
with vpo = 400 V, the vgpeax With different 7 for vpe =
400 V can be measured in advance by the double pulse test
with a heating stage to obtain the calibration curve. Then the
single-phase full-bridge inverter IGBT 7} can be estimated in
real time by obtaining vspcax and v, and bringing them into the
precalibrated curve.

D. Dependence of Vspear, 0n R

In order to verify the linearity of dic/dfy,ax With T for smaller
driving resistance Rg, the double pulse test is performed at
R = 2.2 ), where vpo and ijpaq are set to 400 V and 40 A,
respectively. The measured vgpeai is shown in Fig. 18 at T; of
25, 50, 75, 100, 125, and 150 °C, respectively. It can be seen
that the vgpeax has a good linear relationship with 7; at Rg =
2.2 Q, and the vgpeax of each Tj node at Rg = 2.2 ) is close to
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the value at Rg = 5 €). This is due to the fact that the internal R
of this IGBT is 10 2 [32], so the external R has a weak effect
on the dic/dt,ax When the external driving resistance is small.

E. T; Estimation Results

To verify the accuracy of the method, vspearx and v, are
obtained based on three conditions of 200 V 20 A, 400 V,
40 A, and 600 V 60 A, respectively, and the calculated value
of T} is obtained based on the calibration curve. According to
the results in Fig. 17, the junction temperature calibration curves
at vpc of 200 V and 600 V are as follows:

Uspeak

T, = 388.2 — — P&t 21

j = 388 0.0192v,, @b
Uspeak

T; = 383.6 — —2 22

j = 3836 0.022v, (22)

When the temperature of the heating stage is set from 20 to
180 °C with a step of 20 °C, the actual junction temperature 7,
measured by the fiber optic probe and the estimated junction
temperature Tjes¢ are shown in Table V. From the table, the
error AT between Tjege and Tjacy is less than 4 °C.

To validate the effectiveness of the proposed method in a
real converter, T is estimated for the IGBT in the dc—dc buck
converter. The schematic and the platform of the buck converter
are shown in Fig. 19. The buck operation mode can be realized
based on an IGBT half-bridge module. The upper device heats up
during circuit operation and is used as the device under test. The
module is opened and a fiber optic probe is used to measure the
T} of the upper IGBT in actual operation. The upper IGBT dic/dt
and ic are measured by nesting a Rogowski coil on the module
collector terminals. The buck converter has a bus capacitor Cpc
of 220 piF, an output capacitor Cy, of 235 pF, an inductor L of
1 mH, and a load resistor Rjyaq of 4 2.

When the bus voltage is 200 V, the switching frequency is
20 kHz, and the duty cycle is 35%, the measurement results are
shown in Fig. 20. The CH1 waveform is the vcg, measured by a
passive probe, the CH2 waveform is the coil output voltage vg,
the CH3 waveform is the peak detection circuit output voltage
Vspeak, and the CH4 waveform is the integrator output voltage v,,.
From the turn-OFF waveform detail, it can be seen that the vpcai
can follow the v, well and hold at the peak value to accurately
obtain di/dfyax. At this moment, the values of Vgpear and vq
are 642 and 142 mV, respectively, and the junction temperature
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TABLE V
JUNCTION TEMPERATURE ESTIMATION RESULTS AT Vpc = 200 V, vpc = 400 V, AND Vpc = 600 V

VbCc = 200V fload = 20 A

VpC = 400 V Tload = 40 A

voc = 600V ijoad = 60 A

Vo Vspeak Tiest Tiact AT; Vo Vspeak Tiact AT Vo Vspeak Tiest Tiact AT;
mv) mv) (O 0 0  mvV) @mV) (0 0 O @mV) @mV) (0 &S &S
169 1201 18.1 18.8 0.7 332 2444 184 18.8 04 496 4015 15.7 18.8 3.1
169 1140 36.9 37.6 0.7 336 2340 383 37.6 0.7 492 3760 362 37.6 1.4
167 1075 52.8 56.4 3.6 332 2200 552 56.4 1.2 494 3545 574 564 1.0
169 1020 73.9 75.2 13 332 2080 733 75.2 1.9 496 3340 775 75.2 23
167 950 91.5 94.1 2.6 332 1930 958 94.1 1.7 492 3100 972 94.1 3.1
167 890 1106 1128 2.2 334 1810 1155 1128 2.7 492 2900 1157 1128 2.9
165 820 1294 1316 22 332 1670 1316 34 490 2680 135 1316 34
165 760 1483 1504 2.1 330 1540 1533 1504 29 490 2480 1535 1504 3.1
165 700 1672 169.2 2 332 1440 1697 1692 05 494 2320 170.1  169.2 0.9

Tejefrevy ey temperature Tjes; is calculated according to the calibration equa-

| F tions, where the calibration equations for 50 and 100 V can be

. 0 obtained according to the curves of Fig. 17. The results of the

i Tiest are also shown in Fig. 21. It can be seen that the Tjes

12my A 200 points are in the vicinity of the Tj,e¢ When the buck converter
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Fig. 21.  Tj estimation results based on buck converter at different vpc.

measured using the fiber optic probe is 150 °C. Substituting
Vspeak = 6042 mV and v, = 142 mV into (21) yields the calculated
junction temperature 7Tjes; of 152.7 °C, which has an error of
2.7 °C.

Further, the buck converter is operated at different operating
conditions with vpc of 50, 100, and 200 V. The Tj,. rise
curve of the IGBT from the start of operation to temperature
stabilization is detected using a fiber optic probe and the results
are shown in Fig. 21. The v, and vgpeai are also recorded several
times throughout the heating process and the estimated junction

is operated at different conditions, which verifies the validity of
the proposed method in actual operating conditions.

VI. CONCLUSION

A novel junction temperature estimation and load current
decoupling method for trench gate/field-stop IGBTs based on
turn-OFF dic(#)/dfmax 1S proposed in this article. The PCB Ro-
gowski coil is proposed to measure dic(#)/dfyax and ijpaq, Which
can be nested at the power module terminals and integrated with
the gate drive circuit. Compared with the existing 7; measure-
ment solutions, this article decouples the effect of ij,,q to make
dic(1)/dtmax a valid TSEP for IGBTSs operating at different ijoaq,
and this article enables online di¢/dty,, and ij,,q Mmeasurement
using only the PCB Rogowski coil, which offers the advantage
of being contactless and integratable.

In this article, the dependence model of dic/dtyax on T and
lloaq 1S established based on the IGBT carrier characteristics.
The coils are designed with maximum turns and differential
windings to ensure maximum sensitivity and immunity against
electromagnetic interference. Moreover, the noninverting inte-
grator and peak detection circuit are designed to achieve ij,,q and
peak of dic/dt precise measurement. The frequency response of
the coil is measured by a vector network analyzer, which shows
the effective bandwidth is 23 MHz. The measurement accuracy
of dio/dt, i, and dic/dfyax 1s verified based on a double pulse
test, and the linear relationship between vspeax and 7 is also
verified by the double pulse test at different ijoaq, VDC, and Rg.
The effectiveness of the proposed method is verified under actual
operating conditions based on the dc—dc buck converter.
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