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Abstract: This work aims to estimate the Metal-Oxide-Semiconductor Field-Effect Transistor’s (MOS-
FET) junction temperature, guessing in real time the dynamic drain-source resistance during MOSFET
operation in LLC (Inductor-Inductor-Capacitor) converters usually adopted in Switched-Mode Power
Supplies. The task is accomplished using an on-state voltage measurement circuit that allows clamp-
ing of the high-voltage drain-source voltage during the off-state. The results of this method have
been compared with the temperature accurately measured using a co-packed die as a thermal sensor.

Keywords: power electronics; reliability; power MOSFET

1. Introduction

Power semiconductor devices are widely used in various applications to increase
the efficiency of electrical/electronic systems and improve their control [1]. The increas-
ing demand for highly efficient and simultaneously small-sized electronic systems has
increased the use of improved packages [2], better devices [3], and resonant converters [4].
As the power density increases, power devices face more critical thermal issues, making
on-line condition monitoring even more important. Therefore, considering that power
semiconductor devices are key components in many electrical systems, their reliability has
been studied extensively due to their vulnerability to the temperature fluctuations that
occur during working operations [5].

Unfortunately, reliability prediction is, in general, very challenging in real applications,
especially those where power electronics are subject to arbitrary mission profiles. Condition
monitoring is a widely used approach to mitigate uncertainty in the predicted remaining
useful life of power electronic converters. Among other benefits, condition-monitoring
strategies allow the development of improved predictive maintenance plans [6]. It is worth
mentioning that the adoption of condition monitoring circuits in real applications is limited
by (1) cost, (2) intrusiveness, and (3) the reduction in the expected life that is introduced on
the monitored converter due to the inevitable modifications [7].

In general, condition-monitoring strategies rely on inferring the junction temperature
swing and maximum junction temperature from indirect measurements, such as voltages
or delays. The reason for that is, according to established and widely recognized models
adopted in the field, the number of cycles to failure is related through an inverse power
law to the two aforementioned temperatures [8,9].

Some condition-monitoring methods are based on the on-state drain-source voltage
(Vps) and adopt the so-called On-state Voltage Measurement Circuits (OVMCs) to measure
it [10,11]. Vps,on has been used for a long time as a temperature-sensitive electrical parame-
ter (TSEP) to estimate the junction temperature either in Silicon MOSFET, SiC MOSFET,
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or GaN MOSFET [12-16]. A simple circuit was developed in [12] to monitor, using a mi-
crocontroller, the health condition of a SiC MOSFET module in terms of bond-wire fatigue
and metallization reconstruction. However, the temperature measurement is performed
externally to the frame, and consequently, a large distance from the die negatively affects
the accuracy. In fact, integration of the temperature sensor close to the die is difficult in
the TO247-4 package. In detail, integrating this additional sensor becomes more complex
due to the limited space and the limit on the number of available pins in comparison with
a power module [17]. The characterization for condition monitoring of state-of-the-art
1.2 kV SiC MOSFETs from various semiconductor manufacturers was performed in [13].
In [14], an aging effect model and decoupling method have been presented and verified by
experiments based on a thermal cycle-accelerated aging test. A circuit with an auxiliary
MOSFET was proposed in [15] to measure the on-state voltage drop on-line. An on-line
junction temperature measurement method based on the on-state resistance calculated
using the on-state voltage and on-state current was discussed in [16]. However, these
methods cannot be used for on-line condition monitoring but for characterization purposes
only. More specifically, these methods adopt heaters or ovens to warm the devices to
investigate the relationship between temperature and on-state voltage (or resistance). This
approach prevents their use in on-line condition monitoring.

Remarkably, OVMCs are usually designed for low-side devices, while only a few
works have addressed high-side OVMCs [18-21]. This implies that research focusing on
on-line condition monitoring of high-side MOSFET is very limited. In detail, an on-line
condition-monitoring approach has been proposed in [18] to estimate the on-resistance
degradation in real time for the high-side switch. However, this approach is developed for a
12 V buck converter; thus, the design of an OVMC circuit is facilitated due to the low-voltage
levels. Thus, further reducing the number of works adopting high-side OVMCs for high-
voltage MOSFETs: (1) an in-situ current sensing circuit integrating the controller to improve
operational capabilities while performing condition monitoring has been described in [19];
(2) in [20] an on-state voltage sensor that enables real-time monitoring has been presented;
and (3) [21] presents the challenges of implementing in-situ prognostics to practical power
converters and proposes a new on-state voltage monitoring circuit for the high-side power
transistors. However, the adoption of a resistor in the diode biasing circuit causes a biasing
current that varies according to the measured on-state voltage; consequently, the offset
introduced by the circuit depends on the drain current and on-state resistance of the device.

In LLC converters, OVMC must also be used for dissipated power measurements;
hence, the circuit must measure negative voltages to evaluate the power dissipated during
the conduction of the body diode. The previous circuits [18-21] present isolated ampli-
fiers that impede the measurement of negative voltages, preventing their use in resonant
converters. To the authors” best knowledge, no study has been conducted so far, except
for a recent and remarkable paper on a calorimetric method used to measure the power
dissipated during MOSFET switching in a high-efficiency LLC resonant converter [22].

In conclusion, this paper presents an accurate on-line MOSFET junction temperature
estimation method based on an OVMC that is suitable for resonant converters. The calibra-
tion and validation of the proposed method were performed using a laboratory prototype
that embedded a co-packed die used as a reference sensor. The validation has been carried
out for various LLC loads and, consequently, for a wide range of temperatures that also
reach the device’s maximum temperature. According to the previous considerations, the
motivation, contribution, and usefulness of the proposed work are discussed below.

The on-line condition-monitoring technique has been specifically developed for reso-
nant converters to address the lack of papers in this field. The technique is developed to
monitor high-voltage MOSFETs placed on the converter high-side to overcome the limited
number and drawbacks of previous work. An innovative approach for measuring the
temperature close to the die is developed by placing the sensor close to the die despite
the small space in the TO247-4 package. A further advantage of the proposed approach
is that it can also be used to characterize different devices at the design stage because,
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unlike other works, the OVMC circuit has an output with a constant offset, regardless of
the devices used. This feature makes it interesting for device manufacturing companies. In
particular, they need an accurate temperature measurement for MOSFETs’ characterization
and modeling purposes. In detail, the estimation of the MOSFETs switching losses in
an LLC converter is difficult due to the energy exchange between the switches occurring
during the commutation. However, the accurate measurement of the junction temperature
and proper estimation of other power loss contributions (body diode and conduction losses)
enables an accurate estimation of the MOSFET losses in the resonant converter. In fact,
OVMC is also useful for properly measuring the body diode losses during dead time, as
well as the conduction losses, owing to the on-state resistance estimation. Therefore, a
proper comparison of different MOSFETs can be performed once an accurate estimation of
their losses in an LLC converter can be properly executed. This enables selection of the best
device for any LLC application. Moreover, data related to the characterization can be used
to improve the accuracy of the device models.

The paper is organized as follows. Section 2 presents the approach used for the
MOSFET temperature characterization. Section 3 details the proposed method. Section 4
discusses the issues of condition monitoring in resonant converters and proposes a method
to address them. Finally, Section 5 concludes the paper.

2. MOSFET Junction Temperature Characterization

In this paragraph, the preliminary activities concerning the thermal part and the
junction temperature measurement will be covered.

The additional small die MOSFET (MD) was soldered near the device under test (DUT),
sharing the same TO247-4 package frame to characterize and then validate the junction
temperature estimation. The MOSFET MD was configured as a diode, i.e., a shorting gate
and source pads, with the backside (drain) of the die soldered onto the package metal
frame. Therefore, in the following, this MOSFET is referred to as an MD diode to easily
distinguish it from the main MOSFET.

The 4th lead of the TO247-4 package is wire-bonded to the MD die to externally
access its anode (pin A in Figure 1). Generally, commercial products with the TO247-4
package have a different pinout and use the 4th as a Kelvin source to optimize the MOSFET
switching. In this case, device assembly is performed only to validate the proposed method.

D D
o o

DUT %N M J DUT M
Go——l * L ﬁ Go—] o

D SGA é X

5 A
Figure 1. Assembled device with its pinout and internal configuration.

The characterization phase uses the following four measurement steps:

MD diode forward voltage vs. temperature,

DUT body diode forward voltage vs. temperature,
JEDEC 51-14 transient method on DUT,

DUT Rps o, characterization vs. temperature.

=N

2.1. MD Diode Characterization

First of all, the MD diode forward voltage is characterized as a function of the tempera-
ture at a fixed current (5 mA). This measurement is performed using an analysis tech phase
12 thermal analyzer (Figure 2a) with a calibration bath (Figure 2b), in which the device is
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immersed in a uniform-temperature mineral oil bath to collect data over a range of bath
temperatures. This relationship is linear, as shown in Figure 2c, and its linear regression
(slope equal to —483.6 °C/V and offset equal to 289.3 °C) is used to exploit the diode as a
thermal sensor. The mean and maximum errors due to the linear regression are 0.23 °C and
0.66 °C, respectively.

-
n
o

o
o

Junction Temperature [°C]
D =13
o o

N
o

20

0.3 0.35 0.5

0.4 0.45
Source-Drain Voltage [V]
(b) (c)

Figure 2. Analysis tech phase 12 thermal analyzer with results: (a) thermal analyzer main unit,
(b) calibration bath, and (c) MD diode forward voltage vs. temperature.

2.2. DUT Body Diode Characterization and JEDEC 51-1

A thermal analyzer was used to apply the JEDEC 51-1 dynamic mode test to the DUT.
In general, this method allows us to evaluate the junction-case or junction-ambient thermal
resistance of electronic devices, while in this study, it is used to correlate the junction
temperatures between the two dices when the DUT is dissipating some amount of power.
This method measures the thermal resistance using the following formula:

Ry = " (1)

where T is the junction temperature, T, is the ambient temperature, and Py;s; is the power
dissipated by the device. Similar to the MD diode, T is calculated using the body diode
forward voltage characterization vs. temperature at a fixed current I.

To measure T; when the MOSFET is dissipating a certain amount of power through its
channel, the body diode should be biased at the current I; when the MOSFET is active;
however, this is not feasible. To solve this problem, the JEDEC 51-1 establishes a dynamic
mode in which the thermal system must alternately polarize the MOSFET channel and its
body diode. The system waveforms are shown in Figure 3. In the interval ¢, the body diode
is polarized at Iy to set the initial condition to find the forward voltage Vpy at ambient
temperature, which is measured using a thermocouple. During ¢, Vps is set to V, and
the Vs is adjusted to obtain a constant current Iy so as to set the desired dissipated power
Pjiss = Vy-Iy. In the interval t3, the body diode is again polarized at I, obtaining the
junction temperature from the difference between Vpy and Vgsg and using the slope value
of the straight line obtained from the characterization of the body diode. The operations
during the intervals t; and 3 are repeated until a thermal steady state is reached. In order
to slightly alter the thermal steady state reached during the heating interval t,, the interval
t3 has to be much smaller than f,. Usually, f; is some tens of seconds; instead t3 is some
tens of milliseconds.
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Figure 3. JEDEC 51-1 dynamic mode waveforms with MOSFETs.

This method is normally used to evaluate the thermal resistance while, for this study,
it is exploited only for the Tj measurement. The test is set with a DUT dissipating power
that gradually increases from 0.5 W to 4 W in order to emulate the power that MOSFETs
will dissipate in the converter. During this measurement, the MD diode is also polarized
at the same current used during the characterization to measure the forward voltage and,
therefore, calculate the temperature. This measurement is compared to the DUT junction
temperature, obtaining a small difference (<1 °C). This difference is used as a correction

factor that relates the temperature measurement obtained through the MD diode to that of
the DUT.

2.3. DUT Vpg on Characterization

The following characterization is used to develop the model for estimating the junction
temperature by evaluating the drain-source resistance Rpg,,, which is obtained from the
measurement of the drain-source voltage and drain current Ip. To this aim, the Rpg .y, of
the DUTs was characterized versus drain current Ip and junction temperature T; (Figure 4),

as in [23], using the Keysight BI506A curve tracer [24] with an external heater with drain
currents up to 20 A.

28
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Figure 4. Cont.
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Figure 4. Rpg ,;, characterization with drain current variation at different temperatures: (a) 25.5 °C,
(b) 35.6 °C, (c) 50.7 °C, (d) 70.9 °C, (e) 92.8 °C, (f) 120.7 °C.

In this step, the temperature was measured through the Mp diode using the previous
characterization, without considering the previous correction factor. This factor is not nec-
essary because the temperature is imposed by the heater, and consequently, the MD diode
and DUT are in thermal equilibrium. These Rpg,, measurements, are used to obtain T; as a
function of Rps o, and Ip. The regression used is the following 2nd order polynomial function:

Ti(Rps,on, Ip) = a1 + a2-Rps on + 13- Ry o + a4-Ip + a5-Rpg on-Ip ()

with aq,...,a5 are the polynomial coefficients of the function, equal to, respectively,
—117.4573, 3229.3406, —8725.5927, 0.0043993, —2.6674.

The resulting function is illustrated in Figure 5. This function was mathematically
validated using the results shown in Figure 4. Figure 6 shows the temperature esti-
mated (blue circle) for different junction temperatures (green line). Table 1 reports, for

each temperature, the maximum error together with the current at which the maximum
erTor occurs.

140
160
b 120
140 ~
O 120
= 100
2 100
2
T
g 80
80
£ 60
'_
40
20 60
25
40
Current [A] S " 0.0
S ep 0.06 0.0% l:{DS,on [Q]
0 0.05

Figure 5. Temperature regression as a function of Rpg,,, and Ip. The blue circles represent the
measured values.
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Figure 6. Temperature estimated using Equation (2), the values of Rps o, and Ip reported in Figure 4
(blue circles) vs. the actual temperature (green). The red dotted lines indicate the minimum and

maximum errors. (a) 25.5 °C, (b) 35.6 °C, (c) 50.7 °C, (d) 70.9 °C, (e) 92.8 °C, (f) 120.7 °C.

Table 1. Temperature estimation maximum error and related current for different temperatures.

Actual Temperature

Maximum Error

Current at which the

O Q) Maximum Error Occurs (A)
25.5 0.14 4.6
35.6 1.03 20
50.7 15 1.3
70.9 0.7 9.8
92.8 1.37 2.8
120.7 0.67 6.6

3. Evaluation of the On-State Resistance Used for Junction Temperature Estimation
3.1. On-Voltage Measurement Circuit

The value of Rpg,, can be estimated from the relationship between on-state voltage
and current measurements. A Tektronix TCPO030A current probe has been used for the
current measurement. The use of an oscilloscope and high-voltage probe to measure the
on-state voltage in a high-voltage circuit leads to inaccurate values. Therefore, an on-state
voltage measurement circuit (OVMC) is required [14]. The output of the OVMC (V) limits
the Vpg voltage variation (Figure 7) to improve the accuracy of the voltage measurement
by setting a smaller vertical scale.

The measurement of the on-state voltage presents several challenges in terms of
accuracy and high blocking voltage capability. Moreover, the high switching frequencies of
modern power devices require an extremely fast dynamic response.

In the half-bridge (HB) LLC, the MD diode was not used as the thermal sensor of
the low-side (LS) MOSFET because of the drain voltage; consequently, the MD cathode
potential swings from 0 V to the BUS voltage (400 V). The voltage transient at the middle
point, associated with the stray elements, is considered a potential source of noise. For this
reason, the measurement of the voltage with MD was performed only for the high-side
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(HS) MOSFET where the MD cathode voltage is fixed at Vgys. Therefore, the OVMC circuit
has been designed for the HS MOSFET. The OVMC final circuit is shown in Figure 8.

4
—OVMC output
Unity gain

Output Voltage [V]

Clipped voltage |

1 0 1 2 3 4 5
Input Voltage [V]
Figure 7. OVMC output vs. input voltage.
> > VCC
R
;l \;: Us Q Q, \'r VAV AV + U2 ‘\lr vee
Iy (e Mesreroy . Yo
Vi AA - o
i Dy ~vee } Us
ok v (O
Ry
TEL L TT | VYV
Vi Qs Q | |1
| ~NCe ~ 11 -VCC
> > c,
(@) (b) ()

Figure 8. Proposed OVMC: (a) main circuit and stages of operation, (b) operational amplifier circuit,
and (c) power circuit.

Table 2 reports the characteristics and values of the devices used. The OVMC with
these devices presents a 600 V maximum drain voltage. To increase this voltage is sufficient
to choose D and D, diodes with a higher voltage or insert more diodes in series or, in other
types of circuits, increase the number of clamping stages [25].

The basic circuit is proposed in [26,27] but, in this study, several changes have been
made. The schematic has been mirrored to have a reference point on the drain rather than
on the source [12,13,18]. Moreover, transistors Q;, Qp, Q3 and Q4 are MOSFET instead of
BJTs and form a Wilson current mirror instead of a cascode mirror. Finally, the biasing
resistor has been replaced with a constant current driver.

The diode Dj is always polarized by U; at about 10 mA. When the DUT is ON, D, is
polarized with the same current as D; owing to the current mirror (purple line in Figure 8a),
and when the DUT is OFF, the series of diodes Dy is polarized with the same current as U;
(light blue line in Figure 8a). The number of diodes, Dy, changes based on the application
and MOSFET Rpgon and define the clamp voltage of the OVMC. In this work, there are
six diodes.



Electronics 2024, 13, 3902 9 of 18

Table 2. OVMC components.

Devices Part Number Description Parameter Value
Repetitive peak reverse voltage 600 V
. Average current 02A
D1, Dy RFU02VSM6STR Super fast recovery diode Typ. Forward voltage 15V
Capacitance at Vg =0 5 pF
Repetitive peak reverse voltage 200V
. Average current 05A
Dy RFO5VAM2STR Super fast recovery diode Typ. Forward voltage 0.85 V
Capacitance at Vg = 01 25 pF
. . Maximum enable voltage 40V
Ui NCR420U LED/diode driver Typ. stabilized output current 10 mA
Unity gain bandwidth 325 MHz
High-voltage, high slew M Slew lrate It 903: \// HS
U, THS4631D rate, wideband ax. supp'y votage
Operational Amplifier Max. Input Bias Current 100 pA
P Input Voltage Noise 7nV/\/Hz
Input Offset Voltage 500 uV
Input voltage 5V
Isolated dual-output Output voltage +12V
Us PESE1-85-D12-M-TR DC-DC converter Max. output current +42 mA
Max. output power 1w
Max. Drain—Source Voltage 60V
Max. continuous Drain current 200 mA
Q14 2N7002 N-channel MOSFET Typ. Gate threshold voltage 21V
Typ. Turn-On time 20 ns
Typ. Turn-Off time 15ns
Riy4 Resistors Resistance 1kO
G Capacitor Capacitance 5 pF

The op-amp circuit (Figure 8b) is a differential stage that provides the difference
between V;, and V7; therefore, during the on-state, the output V, is:

Vin=Va = Vi = =Vp1 — (=Vps,on — Vp2) (©)
Considering that D; and D, are polarized in the same way, i.e., Vp; = Vpp, then:
Vi = VDS,on (4)

Therefore, the OVMC output is Vpg,, plus an offset due to op-amp and a slight
difference between the diodes’ forward voltage Vp.

An isolated dual-output 12V DC-DC converter (Figure 8c) is used to supply the OVMC
board. An isolated converter permits to follow the Vpg signal better, avoiding a voltage
drop on the drain line. Unlike in [28], where there is an active circuit to subtract this voltage.

An important challenge when reading the OVMC output V), is that this signal refers
to the drain voltage of HS MOSFET, which is usually connected to the input voltage. To
read this voltage, a low-voltage differential probe with a high common mode voltage
must be used. Usually, low-voltage differential probes have low common mode voltages
unless an opto-isolated probe is used [27]. To avoid this problem, the oscilloscope ground
is connected to the drain reference in order to cancel the common mode voltage of the
low-voltage differential probe, as shown in Figure 9.
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Isolated DC Power Supply
Vaus = Y

'VBUS

Figure 9. Ground connection between the half-bridge board and oscilloscope. NOTE: Vs power
supply is isolated from the ground.

Moreover, the OVMC allows for accurately measuring the power dissipated on the
body diode (in ZVS converter) and the conduction losses of the MOSFET; therefore, a
further characteristic of OVMC is that of being able to read both positive and negative
voltage, unlike the circuit proposed in [25].

3.2. LLC Conuverter

In this work, condition monitoring is applied to a resonant converter in the telecom
market. Therefore, the OVMC was adopted in a 1500 W LLC converter. This type of
converter has been chosen as the current changes its polarity; the zero-crossing point is
fundamental for the calibration, as will be explained later.

A typical LLC converter for the telecom market with the following characteristics has
been realized:

Input voltage: 400 V £ 1%
Maximum output power: 1500 W
Output voltage: 48 V £+ 1%
Maximum output current: 31.25 A
Efficiency (at maximum load): >95%
Resonant frequency: 102.73 kHz

LLC converter is a high-power buck converter. In this case, a half-bridge converter is
used, and its schematic is shown in Figure 10a. The two MOSFETs Q; (high-side HS) and
Q; (low-side LS) commutate at a high frequency with the same on-time Ton. The operation
exploits the resonance of LLC circuits, which are composed of Lg, Ly, and Cg.

The output voltage is determined by the following formula:

L Vin
Vout - MgET (5)
where M, is the gain of the LLC tank, which depends on the switching frequency, and n
is the transformer turns ratio. The switching frequency changes to the right of the gain
curve peak, as shown in Figure 10b, and as it approaches the curve peak, the output power
increases. Working on the right side of the curve allows us to achieve zero voltage switching
(ZVS) conditions during turn-on.

Figure 11 shows a typical LLC converter switching period with Vpg, OVMC output
Vi, and the three MOSFET operating areas. During dead time, the body diode conducts,
which permits it to reach ZVS (blue area). After that, the MOSFET turn-on occurs, and
the current passes through its channel with a drain voltage that follows the current shape
(yellow area). Finally, the MOSFET is turned off (green area), and the complementary
MOSFET follows the behavior related to the blue area. At low power, the current shape
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is triangular, and once the frequency approaches the peak of the gain curve, the current
becomes sinusoidal.

257

h 4
Gain

b
T

gy | o

Freciuency [Hz]
(a) (b)

Figure 10. Half-Bridge LLC converter: (a) schematic and (b) gain curve.

Body-diode = MOSFET Channel OFF-state
Conduction Conduction

1 - H
ST ST S

| I .
N — —— to 400V ———
4

3 -Vbs [
-Vm

Voltage [V]

2 4 6 8 10 12
Time [uS]

Figure 11. Typical LLC converter switching period Vpgs with OVMC output V;; and highlighted
MOSEFET operating area.

3.3. OVMC Compensation in LLC Converter

Due to the non-idealities of the operational amplifier and resistors, the gain is not
unitary. To evaluate the actual value, the Vpg input of the OVMC is connected to a
waveform generator that generates a triangular waveform. By comparing this input signal
with the V,,; output signal from the clipped zone, the real gain can be calculated, from
which a corrective factor to account for the oscilloscope measurements is obtained.

The OVMC measures the on-state voltage across the DUT leads. Therefore, the V,
voltage is equal to Vpg o, plus the voltage across the parasitic inductance of the DUT wire
bonding and leads [29]. For this reason, the OVMC must be soldered close to the package,
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as shown in Figure 12a. The different contributions are shown in Figure 12b, where Lpcp p
and Lpcp s incorporate the drain and source stray inductance of the PCB trace, connectors,
and DUT leads, while Lstyq,p and Lstry,s represent the drain and source stray inductances.
The latter contributions are indistinguishable, and consequently, they are considered as a
whole parasitic inductance Lstray:

Lstmy = Lstray,D + Lstmy,S (6)

I—PCB,D

I—stray, D

I—stray, s

I—PCB,S

(b)

Figure 12. HB board prototype. (a) OVMC board on prototype (b) representation of DUT and board
parasitic inductances with OVMC connection.

Moreover, V,; also includes a small offset due to either the operational amplifier stage
or the differential probe Tektronix TDP1500 used. To compensate for the extra voltage
caused by Lstry, it is subtracted mathematically using an oscilloscope.

dl
VDS,on = Vi — Voffset - Lstrayd_ij )

The quantity Lstray can be obtained by physical simulations or experimental wave-
forms. In order to obtain a resistive load, Ip and Vpg ,, must be in phase, and therefore,
the zero-crossing of the current and voltage must coincide. As shown in Figure 13a, the
zero-crossing of Ip does not coincide with that of Vy,. Therefore, Lstrqay and V,, Ffset €an be
extracted from waveforms at two different converter power levels P; and P». Changing
the output power level, the dIp /dt also changes, and therefore, it is possible to distinguish
Voffset from Lstmydd—l? as follows.

Vo t — Vm
— |D ‘ 777777 13,, 3 — lD
0 2 4 8
. s s Time [us]
Time [ps]
(a) (b)

Figure 13. LLC waveforms. Drain current in green, V,,; output in yellow. (a) without OVMC compensa-
tion and (b) with OVMC compensation.
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For the first output level Py,; = Py, the V},; signal at Ip = 0 is

1)
1 dl
Vrgl >|ID=0 = Voffset —+ LstmyT? (8)
where V| Ip—0 and dIp/dt can be measured with an oscilloscope, and thus, they will be
the known terms.

For the second output level P,,; = P, in the same way, it can be written as

ar®
Vrgz) |ID:0 - Voffset + LstruyT? )

In this way a system with two equations and two unknowns can be obtained as

®

1 dl
Vr51 )|ID:0 = Voffset + Lstmy%/ Pout = Py (10)

2 dl
Vrgt )|ID:O = Voffset + LstmyT[t); Pout = P2

Solving the system provides the value of V, ffset and Lstrgy. The compensated Vin

voltage is
— dlp
Vin = Vi — Voffset - Lstruyﬁ (11)

In this way, Vj¢fst accounts for the OVMC, the differential voltage probe, and the
current probe offset voltages. In the prototype, Lstray ~ 9nH.

The waveform with this correction is shown in Figure 13a, highlighting the in-phase
current and voltage. Figure 14a,b show the waveforms at full load without and with this
correction. Under this condition, the converter operates in a quasi-sinusoidal steady state,
and consequently, the lack of correction also leads to a shift in the voltage peak relative to
the current peak.

— Vim
—1Ip
<
p—— — 5
¥
0 2 4 8
Time [us]
(a)
V_
/,/«\\‘ | m
/ n
/ =
/ ¢
‘/' N
b
0 2 4 6 8
Time [ps]

(b)

Figure 14. LLC waveforms at full load. Drain current in green, V,, output in yellow. (a) without
OVMC compensation and (b) with OVMC compensation.
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4. Condition Monitoring of the Resonant Converter by Combining the MOSFET
Junction Temperature Characterization and OVMC

The MOSFETs used in this LLC converter are two STWA46N65DMS6, 650 V devices
with Rps on(typ) = 55 mQ). The compensation techniques described previously are extremely
important in this case because the low Rpg,, could lead to inaccurate on-state voltage
measurement since it is small. The MOSFET Rpg ., is directly evaluated using the oscillo-
scope Tektronix MSO66B that measures V,, and Ip (Figure 15a). The light blue waveform
in Figure 15 represents the Rpg ., and it diverges when Ip approaches zero, as division by
zero is carried out. This divergence causes an oscillation, and therefore, the Rps », value is
calculated after damping by the mean value between the two dashed lines. The measured
Rps,on vs. Pour is shown in Figure 15b. From the inspection of Figure 15a, it is apparent
that possible V,;, spikes and oscillations during the switching transient do not affect the
estimation because they are executed inside the MOSFET conduction interval (inside the
dashed lines). Moreover, these spikes and oscillations do not affect circuit operation because
they do not exceed the components’ safe-operating-area.

0 2 . . 8
120 . | -
g 100 5 o
E 80 : -- measured RDS,on
@
g 60
.é 40
o 20
0
0 2 . . 8
Time [us]
(@)
110
w /,,/'
g 9 P
£ )
s 80 )J-’/
g - —
oc 70 -N"{_drd!{
60 E_,_ra—-e——7—7—w_7_7_,_,_y_
50
0 200 400 600 800 1000 1200 1400
Output power [W]
(b)

Figure 15. Rpg,, evaluation (a) LLC waveforms at 250 W: Drain current in green, Vi output in
yellow, Vi, / Ip in light blue, measured Rpg o, in red dashed line. (b) Rpg ., variation as a function of
the LLC output power.

As previously mentioned, to validate the temperature estimation through resistance
measurement, a diode was inserted inside the package. As the MD cathode is connected to
the DUT drain, V¢ cannot be measured at the drain lead because it also includes the voltage
drop at the drain lead caused by the current flowing on the DUT MOSFET. To avoid this
problem, an additional wire is soldered onto the frame behind the Mp die.

The MD diode is polarized at a 5 mA current with an LD1117STR based circuit with a
constant current configuration. The MD V¢ was monitored with a Keithley DMM6500 6.5-
digit multimeter (Tektronix, Beaverton, OR, USA) running a dedicated script that instantly
converted the measured voltage into temperature (Figure 16).
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DMME500 6 1/2 DIGIT MULTIME TER

DC VOLTAGE: Front

\ [}
mmwammwmmmm

Figure 16. Keithley DMM6500 multimeter running the custom script.

In the beginning, V¢ is associated with ambient temperature measured through a
thermocouple. Then, the correction factor described in Section 2.1 is used to relate the
diode temperature with the DUT junction temperature. Finally, the temperature has
been calculated using the previous characterization of the MD diode forward voltage vs.
temperature reported in Figure 2c.

Equation (2) is used to estimate T; from the Rpg ., measurement, as shown in Figure 17,
considering two different output power levels. In detail, Equation (2) is calculated using
the oscilloscope (brown waveform), and the mean of the values between the two vertical
dashed lines is the estimated Tj, called Trps, and is indicated by the red dashed lines.
In Figure 17, the temperature calculated between the cursors is almost constant, thus
confirming the goodness of the regression function for all current shapes and at different
LLC converter output powers.

During the LLC converter operation, Py, gradually increased, and the measurements
were acquired at a thermal steady state. The measurements were halted when the MOSFETs
were overheated at 120 °C. The Trpg results compared to the temperature measured by the
MD diode are shown in Figure 18. The figure shows a AT of 0.35 °C as the maximum error
between the two measures.

b " | | T (Ros:Io) (Eq. 2)
80 11' : — lj{Rps,Ip) {EQ.

60 ‘ c‘. mm ' f‘ -~ Tros
h w [ TTITep—r u\,‘
lJ

Time [us]

(a)

Temperature [°C]
-
o

Figure 17. Cont.
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\
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5 180 —Ti(Ros,Io) (Eq. 2)
1 ! : - - Tros ‘

4Time [us]
(b)

Figure 17. LLC waveforms at two power levels: (a) 250 W and (b) 1280 W. Drain current in green, Vy,
output in yellow, T; estimated using Equation (2) in brown, and calculated Tgps in a red dashed line.
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Figure 18. Comparison between the value of Tj estimated using the proposed approach based on the
Rps on measurement and the reference one evaluated by means of the MD diode. (a) Tj estimation at
different resonant converter power outputs. (b) Difference between the two estimations.

5. Conclusions

In the semiconductor industry, the junction temperature in a MOSFET is directly obtained
through the thermal characterization of its body diode, as established by JEDEC 51-14. This
measurement is not practical when the MOSFET operates in a resonant converter. In this
work, the MOSFET junction temperature was measured using two approaches. One is based
on the variation in the forward voltage of a diode (direct method), and the other exploits
the electrical measurements obtained through an OVMC (indirect method). Starting from
electrical measurements, the proposed method based on the OVMC allows us to track the
HS MOSEFET junction temperature while an LLC power converter is running. The junction
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temperature derived using this indirect method was compared with that derived using the
direct method and considered as a reference because it exploits a simultaneous thermal
value retrieved from an additional MOSFET housed inside the same package used as a
thermal sensor.

The junction temperature estimation of OVMC was compared with that of the direct
method for accuracy verification. The results confirm the effectiveness of the proposed
approach (maximum error of less than 1%).

The proposed approach is simpler because it can be applied to any MOSFET without
the need for specific assemblies. Furthermore, the OVMC refers exactly to the junction
temperature of the die under test, while the diode method measures the temperature of a
die near the DUT.

Furthermore, the use of the OVMC allows monitoring of the junction temperature
during any operating condition of the resonant converter. Hence, condition monitoring
anticipates the potential risks of MOSFET failure. An additional advantage is the on-line
monitoring of the Rpg, which enables the identification of potential degradation and aging
of the MOSFET, and then performs predictive maintenance. Another advantage is the
potential use of OVMC to measure conduction losses and body diode losses. Therefore,
this technique can also be used for characterization and modeling of MOSFETs operating
in resonant converters.
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