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Abstract—This letter proposes a junction temperature (T;) ex-
traction method for the high-voltage thyristors with the cathode
short-circuiting structure. It has been studied that the gate voltage
Ve under nontrigger current is a practical temperature-sensitive
electrical parameter (TSEP), which can be used for online 7
monitoring by calibrating the linear relationship between the gate
voltage Vi under nontrigger current and T effect. The proposed
TSEP does not affect the operating state of the thyristor and
is suitable for complex operating conditions since it is extracted
during OFF state. The total error in the T; estimate obtained from
the proposed TSEP is verified within -2 °C by comparing with
the T'; obtained from the traditional gate voltage Vo based TSEP
during ON state.

Index Terms—Cathode short-circuit, gate nontrigger current,
gate voltage, junction temperature, thyristor.

I. INTRODUCTION

IGH-VOLTAGE direct current (HVdc) transmission has
H significant technical and economic benefits for long-
distance and large-capacity transmission applications. Cur-
rently, the thyristor converter valve remains the dominant con-
verter valve technology for HVdc transmission, owing to its
unparalleled voltage resistance and the maximum output ca-
pacity among all single-device power electronic components.
The Jinping—Sunan ultra HVdc transmission project has a rated
voltage of +800 kV and a rated current of 4.5 kA, where the
adoption of 7.2kV/4500 A thyristor technology has been applied
[1].
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According to the reliability research report on power elec-
tronic systems, the failure rate of power devices is the highest
in the converter system, which accounts for around 31% [2].
Among the various failure factors, about 55% of power elec-
tronic system failures are induced by temperature factors [3],
[4]. Therefore, online extraction of thyristor T is essential to
ensure the safe and reliable operation of the thyristor converter
valve, even the entire HVdc transmission system.

Traditionally, thyristor T is measured by the thermal network
model method [5], [6], [7]. To address the challenge of thyristor
transient 7} extraction, a thermal model for estimating the thyris-
tor transient 7} is proposed, which has the advantage of simple
model parameters extraction [6]. However, this model can only
analyze the transient 7} in the case of a single pulse current. To
study the thermal behaviors of thyristors in pulsed power appli-
cations, a thermal calculation model including an electrothermal
model and a finite-element model has been developed [7]. But,
the contact thermal resistance in the internal components of
press-pack power devices accounts for around 50% of the total
thermal resistance, and it decreases as pressure increases on both
sides of the device [8], [9]. Hence, the thermal network model
method to estimate thyristor 7} is still inaccurate, as it does not
account for the influence of pressure. Meanwhile, the response
speed of the thermal network model is slow. The time constant
of the thermal network model of the thyristor KP03XY7200
is 0.7485 s. Another traditional method for measuring 77 is
the temperature-sensitive electrical parameter (TSEP) method,
which involves the ON-state voltage of the thyristor and the gate
voltage during the ON state [10], [11], [12]. However, the thyris-
tor is blocked with several thousand volts and on with only a few
volts, which results in a wide range of voltage variations and
makes it difficult to measure the ON-state voltage. Additionally,
the ON-state gate voltage Vi is affected by parameters, such
as drive current, ON-state current, and 7}, which is unrealistic
to adapt to the complex operating conditions of thyristors for
online 7; monitoring.

Therefore, this letter proposes a 7; extraction method with
the gate voltage under nontrigger current to solve the prob-
lems of traditional TSEPs. The gate voltage Vi parameter
under nontrigger current is linearly related to 7, which has the
advantages of uninterrupted the thyristor operating state and
only depending on the 7; and the nontrigger current. It can
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Fig. 1. Internal structure and equivalent circuit of traditional thyristor chip
and thyristor chip with cathode short-circuit structure.

be used to monitor the online thyristor 7; without interrupting
operation.

II. RELATIONSHIP BETWEEN TJ AND GATE VOLTAGE UNDER
NONTRIGGERED CURRENT

A. Thyristors With Cathode Short-Circuit Structure

InFig. 1, the thyristor chip is composed of a four-layer p-n-p-n
structure, which can be equated to a case of two transistors,
PNP and NPN. The internal equivalent circuit of the thyristor is
depicted in Fig. 1.

The turn-on voltage of a thyristor determines its forward-
blocking capability when in a forward-blocking state. When
the multiplication factor M), of the hole current in the PNP
transistor and the multiplication factor M,, of the electron current
in the NPN transistor are considered, the expression for the
anode current can be obtained when the thyristor reaches turn-on
voltage as follows:

7. _ Msclsc + Myly + MyIng
A 1-— (Mpal —+ Mn()ég)

where o is the common base current gain of PNP-type transis-
tor. avg is the common base current gain of NPN-type transistor.
I,0 is the diffusion leakage current of light-doped N~ layer.
1,0 is the diffusion leakage current in P base region. My is the
multiplier factor of reverse current in the space charge region at
J2 junction. Iy is the reverse current of the space charge region
at Jy junction.

The turn-on voltage is reached when M,y +-M,cra = 1. Since
M,, > M,, the turn-on voltage is highly sensitive to . Thus,
to ensure that the forward- and reverse-blocking capacity of the
thyristor are the same at low currents, ais should be set to 0, which
can be achieved by a cathode short-circuit structure. The cathode
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Fig.2. Thyristor structure with the gate in the center of the chip and concentric
with the cathode short structure.

short-circuit is implemented on the thyristor chip itself, where
the N cathode region and P base region are short-connected
through a cathode metal electrode, as shown in Fig. 1. The body
resistance Rp and contact resistance R of the P base region
form two shunt resistances between the thyristor’s gate and
cathode, thus reducing the ao purpose. The internal structure
and equivalent circuit of the thyristor chip with the cathode
short-circuit are illustrated in Fig. 1.

B. Relationship Between Gate Voltage V4, Under Nontrigger
Current and T}

When a nontrigger current is injected into the gate of the
thyristor with the cathode short-circuit structure, the small cur-
rent flows through the shunt resistors Rp and R between the
gate and cathode, as shown in the dashed path in Fig. 1. The
voltage generated on the thyristor gate is less than the trigger
voltage, so the thyristor is in a blocked state.

The body resistivity of the P base region semiconductor can
be expressed as [13]

1
qupNp

Pp )
where ¢ is the absolute value of the electron charge. 1), is the
hole mobility. N, is the doping concentration. When the N, is
less than 10'> cm™3, the mobility of holes in a silicon-based
semiconductor material can be expressed as [13]

T\ 220
fp = 495 (ﬁ) . 3)

From (2) and (3), it is clear that when N, is constant, the P
base region body resistivity is a function of T;. The T here refers
to the thermodynamic temperature.

As shown in Fig. 2, since the thyristor chip is almost all
circular, the body resistance of the P base region can be expressed

as
T2 d
sz/ ppdr oy (T2 @
m 2T 27 1

1
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Fig. 3. Dependence of gate voltage Vgi on temperature under different non-

trigger currents.

It is worth noting that (4) represents the lateral resistance of
the P base region, but the P base body resistance also includes
the vertical resistance between the two N+ regions. The vertical
resistance value is significantly lower than the lateral resistance
value and can be neglected because the thickness of the N
region is much smaller than the length of the P base region [14].

Therefore, when the gate is injected with a constant small
nontrigger current /,, the voltage on the P base region body
resistance can be expressed as

1 2.20 T2
Vp—Ig-Rp—Ig-2.79X108.7Tqu0Tj OIH(E>.
)

From the above equation, when constant /, is injected into the
gate, Vp is a function of T); and proportional to 7.

The typical contact resistance in power device structures
is less than 1 x 107> Q-cm?. The resistivity of P-type base
semiconductors ranges from 0. 1-10° Q-cm [13]. Therefore, the
voltage of the body resistance Rp is much larger than that of
the contact resistance R¢. Consequently, V¢ can usually be
neglected. Hence, the gate voltage Vi is approximately equal
to Vp when a constant nontrigger /, current is injected into the
gate. As a result, the gate voltage Vg1 under nontrigger current
is a function of T} and can be used as a TSEP candidate. Fig. 3
depicts the relationship between gate voltage Vg and T for
different nontrigger currents.

Equation (5) is derived based on (3), which only applies
to lightly doped P-type semiconductors with N, less than
10'5 cm™3. However, the N,, of the P base region in a thyristor
is generally between 10'°~10'7 cm™3. Thus, (5) indicates that
there is a certain relationship between them. In practice, this
relationship can be calibrated in advance for the following
application. This monotonous relationship between Vi and T
depends on the function fitting of the data obtained from the 7}
calibration process, as shown in Fig. 3.

The OFF-state leakage current of the thyristor is essentially
caused by the leakage current of the J> junction (forward-biased
thyristor) or the J; and J3 junctions (reverse-biased thyristor)
inside the thyristor. Hence, the magnitude of the leakage current
is influenced by the thyristor voltage and 7’; [15]. The nontrigger
current injected into the gate only flows through the P base
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Fig. 5. Driver circuit with gate voltage measurement: (a) schematic diagram;
(b) timing diagram; (c) PCB board; and (d) experimental platform.

region and does not pass through Ji, Jo, or J3. At the same
time, the nontrigger current is set to 20 mA. Even in the most
extreme case (T; = 110 °C), the power loss generated by the
nontrigger current is only 7.889 mW, so its self-heating effect can
be ignored. Therefore, the nontrigger current does not increase
the OFF-state leakage current between the anode and cathode.

111. TJ EXTRACTION APPROACH
A. Tj Calibration With ON-state Gate Voltage V o TSEP

In the calibration test, the thyristor 7; was adjusted using
double-sided heating plates. After 20 min of steady heating, the
thyristor 7T} is equal to the heating plate temperature 73, The T
calibration curve of a 7.2 kV/300 A thyristor KPO3XY7200 was
tested, and the hardware circuit is shown in Fig. 5(d).

As shown in Fig. 1, there is a PN junction (J3) between the
gate and cathode of the thyristor. The forward voltage drop of
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a single PN junction has a negative temperature coefficient and
exhibits a linear decrease with increasing 7); within a certain
temperature range [16]. Therefore, the traditional TSEP of a
thyristor is ON-state gate voltage Vi and the J3 junction voltage
drops [11]. The Vgk requires the thyristor to be in the ON-state
during T calibration. However, the power loss of the thyristor
is high due to the large ON-state current, resulting in a severe
self-heating effect on the thyristor. The self-heating effect can
cause the actual T; to be different from the set temperature of the
double-sided heating plate, which seriously affects the accuracy
of the T; calibration results. In this letter, the average value of
gate voltage in the conduction range of 290-300 ys is chosen to
reduce the effect of self-heating. For different ON-state currents
and T during conduction, the relationship between gate voltage
Vax, current /1, and T} is shown in Fig. 4. The analytical model
between gate voltage Vg, current I, and T is created by the
polynomial surface fitting algorithm, which can be expressed as

Vek=20+a-Tj+b-I+c- T} +d-I°+f-T;-1 (6)

where 7o = 1.81488,a = —5.26 x 1073,b =2.03 x 1073, c =
1.15923 x 1075,d = —1.80284 x 107°, and f= 6.57557 x 107",
These coefficients were obtained based on the experimental
results.

B. Proposed Driver Circuit With Gate Voltage Measurement

Both the proposed TSEP gate voltage Vi under nontrigger
current and the ON-state gate voltage Vi are required to mea-
sure the gate voltage for the 7; database. Hence, the gate voltage
measurement function needs to be integrated into the thyristor
drive circuit. The gate voltage Vg under nontrigger current
is less than the trigger voltage, while an average gate voltage
Vek of 290-300 us is taken to avoid the self-heating effect.
Thus, the gate voltage measurement circuit should meet several
requirements: high accuracy in the mV range, rapid dynamic
response in the ps range, and the ability to inject both drive and
nontrigger currents into the gate. Fig. 5(a) illustrates that the
driver circuit can both drive the thyristor and measure the gate
voltage (Vg and Vo). When the power MOSFET DMB2014 is
in the OFF state, both the drive current and the nontrigger current
of the thyristor are injected into the gate simultaneously, which
results in the thyristor being in a conduction state, as shown
in the dashed path in Fig. 5(a). When the power MOSFET is in
the ON state, the MOSFET provides a bypass branch for the drive
current, and only the nontrigger current is injected into the gate,
as shown in the solid line path in Fig. 5(a). The gate voltage of the
thyristor can be monitored in real-time by injecting either drive
or nontrigger currents. Fig. 5(b) displays the timing diagram that
illustrates the operation of the thyristor drive circuit. To eliminate
the reverse voltage of D, and protect the operation amplifier,
an anti-parallel diode D3 is used. The operation amplifier used
in this circuit is an OPA197, which has a low offset and low
bias current (£5 pA typical). Additionally, D1, Dy, and Dj
are the same types, which are low-power SiC Schottky diodes
GBO02SLT12-214 with fast recovery characteristics. The drive
current and nontrigger current can be generated by the voltage
regulator chip and its output resistance, such as LM317. When
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Fig. 6. Single-phase half-wave rectifier circuit: (a) schematic diagram; and
(b) experimental waveform.
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Fig. 7.  Time sequence diagram for T extraction in a single cycle.

LM317 is operating normally, the voltage at the V,,,,; and Adjust
terminals will be maintained at a stable value of 1.25 V. Hence,
the output current of the voltage regulator chip can be adjusted
by changing the resistance value of the resistor RsgT connected
in series between V¢ and Adjust. The hardware circuit of the
drive circuit is shown in Fig. 5(c).

IV. EXPERIMENTAL VERIFICATION

In Fig. 6(a), a single-phase half-wave rectifier circuit was
used to verify the feasibility of the proposed method. The circuit
operated with an RMS bus voltage of 220 V and a load resistance
of 1.8 () that has a rated power of 20 kW. The nontrigger current
and drive current were chosen as 20 and 200 mA, with a trigger
angle « of 60°.

The test waveform was periodic as shown in Fig. 6(b), and the
following is a specific analysis of T); online monitoring with one
cycle of test data. A switching cycle can be divided into three
phases: the reverse recovery period, the 7} extraction period,
and the trigger and ON-state periods, as shown in Fig. 7. The T}
extraction period is from the end of the reverse recovery to the
next trigger.

To provide a reference T for the thyristor, the gate voltage
Vek during the ON-state of the traditional used TSEP was
selected as the reference. The T; obtained by the gate voltage
Vax based on the relationship between Vg and T presented in
Fig. 4 was selected for comparison with the lowest 7; obtained
by the average gate voltage Vi of 10 us before the end of the
T} extraction period under the nontrigger current. A comparison
of the T obtained by inversion of the two TSEPs at different 77,
is shown in Table I, while Fig. 8 shows the T} variation curve.
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TABLE I
JUNCTION TEMPERATURE COMPARISON RESULTS

T 7 TSEP AT,
o o Average value of 10us
30 OC 46.56 QC V. before the end of -1.84 °C (1,=30°C)
50°C  65.18°C . .
the 7j extraction period
o o Average value of Vgk
28 g ‘6‘2“5“1} g during the on-state  1.67 °C (Ty=50°C)
) period 290-300us
50 68.5
— 7,=30°C — Fiteurve — 1,=50°C Fit curve]

T
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Fig. 8. Tj curve of thyristor obtained by Vg during 7} extraction period at

different T: (a) 30 °C and (b) 50 °C.
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Fig. 9.  Gate voltage Vg and T fluctuation curve in long-term load cycling

test under ac conditions (50 Hz).

To verify the proposed T extraction method, a long-term load
test was conducted, which operated for 56 s in ac operation
followed by 44 s of blocked cooling, as shown in Fig. 9. The
amplified waveform of the gate voltage is shown in the top right
corner. Data processing was carried out to eliminate invalid data
from the reverse recovery and ON-state periods. Then, the Vi
during the 7; extraction period was used to invert the 7} rise
curve under operating conditions, and the Vg in the blocked
state can directly invert the cooling curve, depicted in Fig. 9.

V. CONCLUSION

A method for online extraction of T; was proposed for high-
voltage thyristors with the cathode short-circuiting structure.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 9, SEPTEMBER 2023

The theoretical and experimental results show that there exists a
linear relationship between gate voltage Vi and T; under non-
trigger current. The proposed drive circuit provides both drive
and continuous nontrigger currents, while also being capable
of measuring the thyristor gate voltage in real-time operation.
During the 7 extraction period, the gate voltage Vi was used to
monitor the thyristor 7’ in the OFF state. Compared with the tradi-
tional TSEP based ON-state gate voltage Vi, the measurement
error of 7 is within £2°C and it is more suitable for complex
operation conditions. The proposed method does not affect the
thyristor operating states and is only influenced by the 7); and
nontrigger current amplitude. Based on the continuous testing,
the TSEP proposed in this letter can monitor dynamic changes
of thyristor 7;, which can significantly enhance the operation
reliability of thyristors in applications.
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