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A Physics-Based Transient Electrothermal Model of

High-Voltage Press-Pack IGBTs Under
HVdc Interruption

Yifei Luo™, Fei Xiao

Abstract—The wide use of press-pack insulated-gate bipolar
transistors (IGBTs) in high-voltage dc (HVdc) applications makes
the accurate modeling of high-voltage press-pack IGBTs more
urgent. Based on the mechanism of the switching transient, a
physics-based electrothermal transient model of the high-voltage
press-pack IGBT is proposed. Considering the wider base width of
high-voltage IGBTs (HVIGBTSs), a transient model of the HVIGBT
with buffer layer is presented taking into account the carrier recom-
bination in the base region and the injection level in the buffer layer.
Besides, a modified thermal network of press-pack IGBTs is imple-
mented considering the double-sided heat transfer structure. An
electrothermal coupling model of high-voltage press-pack IGBTs is
then obtained combining the proposed electro and thermal models.
Finally, simulations of key dynamic performances of the proposed
HVIGBT model match well with the testing results. Furthermore,
the HVdc interruption process of a solid breaker with different
number of series-connected IGBTs is simulated using the proposed
IGBT model and tested. The testing results show good consistency
between the simulated and measured voltage and current of the
series-connected press-pack IGBTs, which brings strong support
to the accurate design of solid breakers in the HVdc transmissions.

Index Terms—Carrier recombination, double-sided heat
transfer, HVdc interruption, press-pack insulated-gate bipolar
transistor (IGBT), transient electrothermal coupling.

NOMENCLATURE
A Chip area.
b Mobility ratio in base.
by Mobility ratio in N+ SPT layer.

Cps;  Drain—source depletion layer capacitance.
Cap Gate—drain capacitance.
Cas Gate—source capacitance.

D Ambipolar diffusion coefficient in base.
Dpy Hole diffusion coefficient in buffer layer.
E, Band gap energy of Si.
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Ipy Hole current in buffer layer.

Ir Total current of IGBT.

Icw IGBT collector—emitter current.
I Gate current.

Tone Emitter electron saturation current.
Jru Hole current density in buffer layer.
Jr Total current density.

L Base diffusion length.

n; Intrinsic carrier concentration.

Ny, N- base doping concentration.

Ny Doping concentration in buffer layer.
Pro Hole concentration at x gz = 0.
Pyw  Hole concentration at x g = Wiy
Pro Hole concentration at x = 0.

q Electron charge.

QL Base charge.

Qn Buffer layer charge.

Qr Total charge.

R, Gate resistance.

T} Junction temperature.

Ty Room temperature.

Lin Electron mobility.

Lp Hole mobility.

Hno Electron mobility under room temperature.
Hpo Hole mobility under room temperature.

Vipi Built-in electric potential.

Vas Gate—source voltage.

Wy Buffer layer width.

w Quasi-neutral base width.

Wt Metallurgic base width.

Wa Depletion region width.

Op Excess hole concentration injected into base.
TL Excess carrier lifetime in base.

TH Excess carrier lifetime in buffer layer.

Esi Dielectric coefficient of silicon.

I. INTRODUCTION

ITH the fast development of economy and energy re-
W sources, more and more critical demands on the power
electronics system design are requested. Being the core com-
ponents in the power converter system, power semiconductor
devices are attracting growing attentions to their structure design
and reliability evaluation. Recently, to make better use of the
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renewable energy and optimize the power energy distribution,
the world has strengthened the construction of dc power grids.
By the end of 2015, China’s installed wind power and solar
power has reached 129 and 43.18 GW, respectively [1]. There
are already more than 20 HVdc projects in operation in China
which include UHVdc lines and voltage-source converter-HVdc
lines such as Nanao 200 MW three-terminal HVdc project in
2013, Zhoushan five-terminal HVdc project in 2014, Xiamen
1000 MW HVdc project in 2015, and so on [1]. All those will
achieve the multipoint interconnection from the central China to
all other regions in China. Besides, the idea of dc power grids has
also been proposed in some European and American countries
such as the “Super Smart Grid 2050 in Europe and the “Grid
2030” in USA. All those will implement the HVdc transmission
network to achieve the balance between demands and supplies
in a very wide region.

The solid breaker is a key component in HVdc systems for
their reliability and The HVdc interruption is a critical process
of the breaker. Therefore, the power semiconductor devices are
the core components to complete this process. With the series—
parallel connection of large amounts of devices, interruption
under high voltage and large current can be achieved. Therefore,
the device safety under this aperiodic impact will request precise
modeling of the power electronic devices to accurate describe
the interruption process.

The insulated-gate bipolar transistor (IGBT) is a type of
widely used full-control power electronic devices which has the
advantages of simple driver, high power and low consumption
[2], [3]. It goes through several generations and is now widely
used in HVdc transmission, aeronautics and astronautics, vessel
fabrication and rail traffic. Currently, there are mainly two types
of packages for IGBTs: insulated module and press pack. The
press-pack module is mainly implemented in series connection
applications especially in HVdc transmission because of its
short-circuit characteristic under failure, which still maintains
the normal system operation even if one device fails [4]-[6].
Therefore, an accurate model of press-pack IGBTs is an im-
portant precondition to achieve the accurate design of both the
HVdc system and the reliability evaluation of power electronic
instruments.

The IGBT switching transient is always accompanied by
the carrier doping distribution variation and charge/discharge
of inner junction capacitors, which is a very complicated pro-
cess. Besides, the transient characteristics of IGBTSs are also
affected by device parameters, the freewheeling diodes, driver
circuits, stray inductance, temperature, etc. [7]-[9]. Therefore, it
is very difficult to implement a transient model both presenting
high-voltage transient characteristics and being utilized in the
practical solid breaker circuit simulations. Fossum, Baliga and
Hefner all presented different IGBT transient models [10]-[12]
and probably the most typical one is the Hefner model in which
some carrier distribution assumptions are still in use in today’s
new IGBTs [13]. For plane gate IGBTs, many transient models
have been implemented in the past years. However, those models
are mainly used in middle/low-voltage applications and may
introduce errors in high-voltage applications [14]. In [15] and
[16], the high-voltage transient model is implemented from
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Fig. 1.  Structure of ABB’s HiPak press-pack IGBTs.

the perspective of carrier lifetime but lacking of considerations
of thermal coupling. Although the electrothermal coupling is
investigated in both modular and press-pack IGBTs in some pub-
lications [17]-[20], those still focus on either one-way coupling
or behavior-based models, which may not be accurate enough
to describe the complicated applications.

In this article, a physics-based transient modeling method
of high-voltage press-pack IGBTS is investigated based on the
press-pack structure. The transient physical model and thermal
model of the high-voltage press-pack IGBTs are proposed based
on the chip semiconductor structure and the package structure
separately. Furthermore, a transient electrothermal simulation
model is established combining the proposed electro and thermal
models. Finally, the proposed model is verified first in single
device double pulse testing and then in a solid breaker cir-
cuit with series-connected press-pack IGBTs under the HVdc
interruption.

II. STRUCTURE OF PRESS-PACK IGBTS

The current package types of IGBTSs can be divided into mod-
ule and press-pack. Being different from the module, press-pack
eliminates the bonding wires and the heat dissipates from both
sides of the IGBT as shown in Fig. 1 [21]. More importantly,
press-pack IGBTs short circuit after failure. Therefore, press-
pack IGBTs have lower thermal resistance, higher operation
temperature, and higher reliability, which are very suitable for
HVdc transmissions.

The following sections will focus on the physics-based high-
voltage electrical modeling and the double-sided thermal trans-
mission modeling as shown in Fig. 2. The electrothermal model
of press-pack IGBTs is then achieved by coupling the electro
and thermal models.

III. ELECTROTHERMAL TRANSIENT MODELING OF
PRESs-PACK HV-IGBTS

A. Physics-Based Transient Model of HVIGBT

Fig. 3 shows a typical structure of IGBT chips, in which
the N+ buffer layer can be replaced by field stop (FS), soft
punch through (SPT), and other new structures. The modeling
coordinate is shown in Fig. 4, where the boundary between P+
emitter and N+ buffer is set as the zero of coordinate x g to
analyze the buffer layer, and the boundary between N+ buffer
and N- base is set as the zero of coordinate x to analyze the base
region.
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Fig.2.  Schematic diagram of the press-pack IGBT. (a) Module structure based

on chips. (b) Heat dissipation of press-pack package.
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Fig. 4. Modeling coordinate of typical IGBTs.

Since the N— base is in the high-level injection under conduc-
tion, the transmission formulas of electron and hole current in
N- base can be written as [22]

d
Jn = nqun B + qDy — (1)
dx
J, = E—qp, %P 2)
p — Pqlp q Py
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Based on the high-level injection, n =~ dn, p ~ dp; thus,
on == Jp. The ambipolar transmission formulas of hole current
in N—base can be derived as
1 dé

pLop

:7!] —
1o T g

where Jp = J,, + Jp, is the total current density, b = p,, /pp, is
2D,D,,
Dp+Dn

J, 3)

the mobility ratio in base, and D = is the ambipolar
diffusion coefficient in base.

During the switching transient, N— base still satisfies the high-
level injection and low-gain condition. The continuous formula

of excess carriers under ambipolar diffusion is

d*(6p) _ op 1 d(dp)
de2 L2 D dt
For the high-voltage press-pack IGBT in this article, the base
width is bigger than that in middle-to-low voltage IGBTs. This
leads to different results during the HVdc transient modeling.
For middle-to-low voltage IGBTs, all the excess carriers flowing
through N— base can be assumed to be swept out of base
during the switching transient because of the narrow base width.
However, for high-voltage IGBTs, the base width W, is much
bigger and the ambipolar diffusion length L is no longer larger
than W7,. Therefore, the recombination of excess carriers in the
base region must be considered during the switching transient.
This difference can be shown as Figs. 3 and 5.
According to the derivation of typical IGBTs [23], the distri-
bution of excess carriers in N— base at steady state is

sin (%)

sin h (%) '

“

op(z) = Pro (5)

Assuming the redistribution of base charge is a small pertur-
bation adding to the charge control term during the switching
transient, the charge accumulation during the base charge redis-
tribution can be considered doing approximately linear variation
(first-order approximation), as shown in Fig. 6. This case is
especially fitted in HVdc interruption applications which have
very large switching current.
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Fig.6. First-order approximation of the hole concentration in the quasi-neutral
base of IGBTs.

Making the first-order approximation to (5) and inserting it
into (4), the hole concentration in N— base can be written as

x ]_ Pro(t) dW(t)
WO T Dwe &

y [x?_:cW(t) 3 }

op (z,t) = Pro(t) {1 -

2 6  3W()
x? 23 aW (t)
T Fro(®) [2L2 W (L2 3L } - ©®

Equation (6) shows that the third term in the right side needs
to be considered in HVIGBTSs, which is related to the carrier
recombination in base during the switching transient because of
the wide base width. This is different from that in typical IGBTSs
[12], [13].

The hole current in base can then be obtained as (7) by
inserting (6) into (1)

o Pro(t) — Pro(t) dW(t)
Tpwv(@) = 7= Tr —qAD {— W Dow
W) a?
8 [“” 6 W(t)}
+ PLO(t) [LQ - 2W(t)L2 a 3‘[(/2):| } (N

where IT = IpHV + In,HV-

Besides, during the large current switching, the carrier ex-
traction of the depletion region is significant. Therefore, the
calculations of both junction capacitors and quasi-neutral base
width need to consider the influence of base current on the charge
distribution in the depletion region [23]. W(¢) and Cpcj () are
thus written as follows:

2e5; (Vg () + Vi)

Wa= )
Ip n
q <NL + qA'Usat,p o qA'l{sat,n>

2e4: (V& t) + Vi

W(t) =Wy, — ( o ) bl) ©)
q (NL + qAU;Dat,p o qA'U:at.n)
Acg;

Ciey () = —=. 10
Bey (t) 7 (10)
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Q1 (t) is defined as
o qAW Prg
T2

From (7) to (11), the hole current in the N— base region of the
HVIGBT is calculated as

W(t)
Qut)= [ ad-plat)ds (a1
0

Ir (2D CpeydVac 2
I = = R— R —
parv(@ =0) =977 <W2 305 dt 3TL) Qe
(12)
Ir (2D CpeydVac 1
Ly (= W) = 2D -
prvie=W) =5+ <W2 305 dt 3 )
(13)

where Qg = ¢AWN .
The total charge of the base and N+ SPT layer is defined as

Qr = QL+ Qn.

The hole current in the base region is also related with the N+
SPT layer. Since the doping concentration in the N+ SPT layer
is lower than that in PT structure, it is at high-level injection with
low gain during conduction. Therefore, hole current density in
the N+ SPT layer is calculated as

(14)

d((SpH)
1+ bH d.’tH '

To solve the carrier continues equation, the boundary con-
ditions: Py (xy = 0,t) = Pyo(t) and 0Py (xy = Wy, t) =
Prw (t) are used, and at the boundary between N+ SPT layer
and N- base, the following relation should be satisfied:

Paw - (Paw + Ng) = Pro - (Pro + Np). (16)

Based on the high-level injection in both N+ SPT layer and
base, the above equation can be simplified as Ppyw = Pro, as
shown in Fig. 7.

Therefore, I,,ii (z5) can be obtained as

Jr —qDg

Jpou = (15)

1 qADH
= + W (Pro — Paw)
1 Qu 2 Wy
= —Ir+—-—— 17
T R QL a7
2
where Qp = quVH (Pro + Paw), Ty = zvng'
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Since the hole current flowing in and out of the boundary
between N+ SPT layer and base are equal, the (), can be derived
from (12), (14) and (17)

1
Qr — (1Tb 1+bH> I77Hy
Qr= 14+ 2DTHb + TaCBCI dVAc + 27Hp + 2WH
3QB 37
w2 1 1
= |Qr— (5 ——— ) I 18
WE, {QT <1+b 1+bH> TTHb} (19
where
WeQH -1 + 2D7—Hb THbCBCJ dVAc 2THb QWH
w2 W2 3QB dt 3TL w '
(19)

Considering the displacement current in the junction capaci-
tors during the transient process, the electron current at the edge
of the quasi-neutral region in N— base can be solved as [23]

dVas dV
Inuv(z =W) = Inos + (Cpsy + Cap) d;l —Cep d(;s
(20)
where
dV 1 C dVie
GS _ G n GD be @1
dt Cgs + Cep Cas + Cgap dt

Carrier recombination and the reverse injection of the P+
emitter satisfy the charge control equation, as shown in (22).
The last term in the right side of (22) represents the minority
charge in N+ SPT layer under thermal equilibrium condition

d
DO~ v =) - LD

qAWHn?
T, HN H '
(22)

Finally, the voltage and current characteristics of HVIGBT at
switching transient can be obtained through (12)—(22) and the
external circuit constraint. To solve the numerical convergence
problem when the N— base of IGBT is in the punch through
mode, Wis set to a very small value instead of zero which cannot
affect the result.

As described above, the proposed electro model takes account
into the carrier recombination during switching transient be-
cause of the wider base region of HVIGBT. In addition, different
injection-level condition in buffer layer is applied since the
doping concentration of buffer layer in the SPT structure is much
lower than typical PT IGBTs. Furthermore, a treatment of the
quasi-neutral region width in the N— base is helpful to present
the punch-through mode of N— base under high-voltage during
the model calculation.

Fig. 8 shows the external circuitry including the load and
freewheeling diodes. The proposed HVIGBT model is for single
chip and multiplied by the number of chips in package (32 IGBT
chips in the tested module) to represent one press-pack device.
In addition, the inner gate resistance and stray inductance are set
for the whole module. This could make the device simulation
more efficient while still maintain good accuracy. The model is
successfully implemented in Saber using Mast programming to
achieve the flexible simulation.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 6, JUNE 2020
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B. Thermal Model of Press-Pack Package

As shown in Fig. 2(b), press-pack IGBTs have double-sided
heat dissipation structure. Therefore, the thermal network (TN)
of press-pack is different from that of the modular package as
shown in Fig. 9. Because the press-pack structure investigated in
this article is asymmetric as shown in Fig. 1, the heat dissipation
ratio of two sides are different.

To build the TN of the investigated press-pack IGBT, the
thermal resistance in the up and down sides are first assumed
as Rip,up and Ry, qn. Then, the equivalent thermal resistance
Rin(je) in the datasheet can be written as

Rin(je) = Renupl[Rendn- (23)

Assuming the ratio of heat dissipation to up and down direc-
tions is A1 and X9 separately, and the total power consumption is
Py, then the heat dissipated to up and down directions as Py,
and Py, is written as follows:

Pup = A Pout 24)
Pdn = )\2P0ut (25)
A+ Ay = 1. (26)

Assuming the temperature difference between the junction
and case is AT, then

AT AT 1
Ripup = — = — Rin(e_ 27
thoup Pup klpout )\1 th(e=3) ( )
AT AT 1
Ripdn = — = = — Ry 28
thd Pdn )\2Pout )"2 h(e=1) ( )
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Fig. 10.  Principle of electrothermal coupling of IGBTs.

TABLE I
TEMPERATURE DEPENDENCES OF THE MODEL PARAMETERS

Parameter Temperature dependency [12], [13]

T.\7
Hy(T) 1 (T) = g (—J]
Ty
T. -v
#p(T) mxn:mm(iJ
Ty
To\2
K, KpocKpo-(F)
]
T \*
T =1y el
Ty
E,
n; . =3.87x10"°7" exp(——&
i ;i x exp( 2kT)

Besides, since the two-sided heat dissipation equal to the
equivalent thermal dissipation, the time constant of TN should
be the same. Thus, (29) and (30) are satisfied

Cup = 11 Ceq
Cun = 72Ceq.

(29)
(30)

Based on the testing results of thermal resistance from the
device supplier and datasheet, 1, and A, can be obtained.

Therefore, the total TN of the press-pack IGBT is established
as Fig. 9, where Pigpr is the power consumption of the IGBT.

C. Proposed Electrothermal Coupling Model

Based on the proposed physics-based electromodel and
double-sided TN of the press-pack IGBT, the electrothermal
coupling model can be obtained by the connection between the
power consumption and the junction temperature, as shown in
Fig. 10. The power consumption is calculated through the elec-
tromodel under the initial temperature. The junction temperature
is then calculated with this power consumption through the TN
and feeds back to the electromodel to update the power con-
sumption at a new temperature. The temperature dependences
of electromodel parameters are shown in Table I.

The power consumption of the IGBT is calculated as

PigpT = icE - VCE- (31
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Fig. 11. Electrothermal coupling structure of single and series-connected
press-pack IGBTs.

Considering the HVdc applications, the electrothermal model
of the single IGBT and the structure of series-connected IGBTs
is shown in Fig. 11. Because of the series connection of press-
pack IGBTs, the device TN is also in cascade connection.

For the heatsink in the series-connected IGBTSs, it needs to
be set as two RC network connecting with the two IGBTs of
its two sides. As shown in Fig. 11, Rgink up (Csink up) and
Reink_dn (Csink_dn) are the equivalent RC TN of one heatsink
splitting into two for the IGBTs at each side of the heatsink,
Rgink (Csink) are the total RC value for one heatsink, and 7', is
the ambient temperature. To simplify, thermal resistance of case
to heatsink has been included into the thermal resistance of the
heatsink.

Normally, the equivalent RC TN of each side of the heatsink
can be set half of the total RC of the heatsink if the heat of its
two sides is the same. Otherwise, the equivalent RC of each side
needs to be adjusted according to the ratio of the heat of the two
sides of the heatsink.

For liquid cooling system, the RC TN could also be considered
the same way as heatsink. The ambient temperature is set as the
average temperature of the in and out water. The RC value can be
calculated according to the size and structure of the water cooling
heatsink. Normally, the water temperature in one heatsink can be
considered even although there is small difference between in out
water. Therefore, Rsink up (Csink_up) a1d Rgink_dn (Csink_dn) Of
liquid cooling system could be half of the total RC of the liquid
cooling heatsink without considering the ratio of heat generation
at its two sides.

Therefore, the presented TN gives a clear view of how to build
the whole electrothermal coupling circuit for IGBTS in serial.

IV. MODEL PARAMETER EXTRACTION

Model parameter extraction is important to utilize the model.
In this article, different ways are used to extract the model
parameters such as datasheet, empirical values, and testing
waveforms [23]. During the extraction, parameters are also
calibrated according to the sensitivity of characteristics of the pa-
rameters. The tested device in this article is ABB 2000K451300
4500 V/2000 A press-pack IGBT and the model parameters
extracted are shown in Table II.

The Cauer TN in Fig. 9 is calculated from the Forster TN in
device datasheet and the heatsink structure used in this article.
The transferring method from Forster to Cauer network is con-
ventional and not mentioned here. In this article, only heatsink
is used because the interruption time is short and nonperiodic.
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TABLE IT
KEY PARAMETERS IN THE PROPOSED IGBT MODEL
Parameter Value
7 Sus
T 0.2 us
N 1.6 x 108 cm?
Ny 1x10"%cm?
Wy 440 pm
W 20 um
A 0.15
A 0.85
er
Fig. 12.  Freewheeling diode model in simulation.

TABLE III
COMPARISON OF SIMULATION AND DATASHEET OF THE PROPOSED MODEL

Tj 25°C 125°C
Parameter Proposed datasheet Proposed datasheet
model model
taon (148) 0.73 0.82 0.64 0.69
te (us) 0.56 0.53 0.60 0.54
taotr (1S) 32 3.99 4.00 441
te(us) 0.73 0.71 0.88 0.80
Eon (mJ) 7680 8110 10260 9960
Eorr (mJ) 7860 7670 10910 9790

V. EXPERIMENT RESULTS

A. Model Verification of Single Device

The simulation circuit is shown in Fig. 8 and the simulation
condition is the same as that in the datasheet: Vpc = 2800 V,
Icg = 2000 A, Ly = 200nH, Cgr = 330nF, Ry, = 1.8 Q, Rogr
= 8.2 Q, and L, = 25nH. The diode simulation model of D1
and D2 in this article is shown in Fig. 12. The parameters of
diode are extracted by curve fitting in Saber using the datasheet
values.

To verify the proposed model, different temperatures are used
as shown in Table III. The key dynamic performances of simu-
lation and datasheet are compared in Table III at 25 and 125 °C.
The simulation results of the proposed IGBT model match
well with the datasheet under different temperatures, which
verifies the proposed modeling method. In addition, simulation
waveforms of the proposed model at 25 °C and the most critical
case 125 °C are supplied compared with testing waveforms [24],
as shown in Fig. 13.

From Fig. 13, the turn-ON and turn-OFF waveforms between
simulation and testing under both 25 and 125 °C match well,
especially for the N— base punch-through part when the tail
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Fig. 13.  Double-pulse simulation and testing waveforms at Vpc = 2800 V,
Ice = 2000 A. (a) Turn-OFF transient: 7; = 25 °C. (b) Turn-ON transient: T); =
25 °C. (c) Turn-OFF transient: T; = 125 °C. (d) Turn-ON transient: 7; = 125°C.

current falls rapidly. There are some mismatches for the turn-ON
current peak, and this can be improved by a physics-based diode
model in future.

B. Model Verification in HVdc Interruption

After verifying the single IGBT model, the HVdc interruption
in this article is then simulated using the proposed electrothermal
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Fig. 14.  Circuit schematic and testing platform of HVdc interruption. (a) Sim-
ulation circuit schematic. (b) Testing platform of ten IGBTSs in series connection.

model and tested in a solid breaker prototype [25] as shown in
Fig. 14. Because there are no efficient ways to direct measure
the junction temperature at fast switching transient, we use an
indirect way to verify the electrothermal effect of the model at
switching transient by comparing the electric waveforms since
the temperature variation is coupled in the electric characteristics
through the TN as shown in Fig. 10. The Cauer TN of the
device itself is directly transferred from the Foster TN in the
device datasheet using the typical method. The TN of heatsink
is also calculated from its structure using the typical method. The
calculation of the TN is actually normal and thus being ignored
in the article.

To be simple, the device under test in Fig. 14(a) is drawn as
one IGBT which is actually several series-connected IGBTs as
shown in Fig. 11. R; is the current limitation resistor which is
eliminated in the large current experiment. Ry is discharging
resistor. L is the inductive load. R is the static voltage balancing
resistor and R, is the dynamic voltage balancing resistor. The
testing includes three conditions: single IGBT, three IGBTSs
in series connection, and ten IGBTS in series connection. The
setting method of the above components is already introduced
in [25]. The series-connected IGBTSs are all switched simulta-
neously in simulations.

1) Single IGBT Testing: The testing condition is: Vpc =
800 V, triggering pulse width is 50 pus, and L = 40 pH. As
shown in Fig. 15, the whole turn-OFF process is 80 ps, and the
simulation and testing waveforms of voltage and current during
HVdc interruption match well. The detailed values are shown in
Table IV.

2) Three IGBTs in Series Connection: The testing condition
is: Vpc = 3000V, triggering pulsewidth is 50 s, and L =40 pH.
As shown in Fig. 16, the whole turn-OFF process is 50 us, and the
simulation and testing waveforms of the total voltage and current
through the three IGBTs during HVdc interruption match well.
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Fig. 15.  Simulation and testing waveforms of single IGBT. (a) Simulated and

tested Vg waveforms. (b) Simulated /cg waveform.

TABLE IV
COMPARISON BETWEEN SIMULATION AND TESTING OF HVDC INTERRUPTION

IGBT Simulation Testing Error (%)
connection Vpeak Ipeak Vpeak Ipeak Vpeak  Ipeak
TIGBT  233kV  1.056kA  23kV _ 1.093kA 13 34
3IGBTs g4y 341kA 88KV 34kA 23 03

1n series
0IGBTs - ye rkv 52kA  2904kV  SkA 15 4

in series

The mismatch during current shifting is mainly introduced by
the RCD circuit. The detailed values are shown in Table I'V.

3) Ten IGBTs in Series Connection: The testing condition
is: Vpe = 10 kV, triggering pulsewidth is 1.3 ms, and L =
1.5 mH. As shown in Fig. 17, the whole turn-OFF process is
around 1 ms and the voltage is clamped to 23 kV of ten IGBTs
after the metal oxide varistors (MOV) acts. The simulation
and testing waveforms of the total voltage and current during
HVdc interruption match well. The detailed values are shown in
Table I'V.

From Figs. 15-17, the proposed electrothermal model of
the press-pack IGBT exhibits the accurate current and voltage
during the HVdc interruption. The voltage and current peak in
Table IV shows good consistency between the model simulation
and the measurements, which further proves the accuracy at the
switching transient and even in the series connection simulation.

The difference between the test and simulation results as
shown in Table IV is explained as follows. For the current
peak difference, it is mainly caused by the circuit settings
such as Vpc, L, and turn-ON pulsewidth (tpulse) since Ijeax
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Fig. 17.  Simulation and testing waveforms of ten IGBTs in series connection.
(a) Simulated and tested Vo waveforms. (b) Simulated /¢ waveform.

= Vpc/L¥tpulse. L could be a little more sensitive since it is
in the denominator. For the voltage peak difference, it is more
complicated and mainly caused by three factors: 1) the error of
device model itself as shown in Table III; 2) stray inductance of
the IGBT current branch which includes the stray inductance of
the module’s package and of the heatsink; and 3) the inevitable
voltage-sharing unbalance for series-connected IGBTs. Because
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Fig. 18. Junction temperature simulation results of the middle two IGBTs
under case 3.

the equal voltage sharing cannot be guaranteed in practical
applications, the practical turn-OFF sequence of each IGBT could
be a little different. The first turn-OFF device endures higher
voltage, making the total turn-OFF time longer than simultaneous
turn-OFF which is the case in simulations. Therefore, for real
system design in case of much more press-pack modules con-
nected in serial under HVdc interruption event, the simulation
accuracy could be improved from three aspects: 1) improve the
model accuracy especially for turn-OFF transient under specific
HVdc conditions; 2) measure the stray inductance of modules
and heatsink used in the breaker accurately; and 3) considering
the inconsistency of actual gate signals of each IGBT in serial
in the simulation. In addition, effective voltage-sharing strategy
is necessary for large amount of IGBTS in serial, which can also
be accurately designed using the proposed device model.

The method of model verification in this article can be con-
cluded as follows: first, verify the electropart and its temperature
dependence using double pulse testing; then further verify the
TN in the solid breaker under longer interruption time which
reflects the temperature variation; finally comparing the electric
waves to prove the electro and thermal effects because the
temperature variation is coupled in the electric characteristics
during the switching transient through the relationship shown in
Fig. 10.

After the verification of the model, we could evaluate the
junction temperature variation at switching using the proposed
model. We choose case 3 as an example because it has higher
current and longer turn-ON pulse to present more obvious tem-
perature variation. Fig. 18 shows the junction temperature simu-
lation results of the middle two IGBTs (the fifth and sixth out of
the ten IGBTSs) under case 3 using the proposed electrothermal
model configuration in Fig. 11. The ambient temperature is set to
80 °C. The simulated junction temperature rise at the interruption
transient is about 6 K for both devices.

For higher current, this temperature rise could be more be-
cause of the coupling effect in Fig. 10. Furthermore, unbalanced
voltage sharing could also lead to higher temperature rise of
partial IGBTS in serial.

VI. CONCLUSION

In this article, a physics-based electrothermal transient model
of a high-voltage press-pack IGBT has been established based
on the semiconductor structure and the press-pack package
structure. The proposed model of the press-pack HVIGBT
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takes into account the carrier recombination in the wide base
region, the different injection level in the SPT buffer layer,
and the double-sided heat transfer of the package structure.
The presented model is also implemented in common software
and verified first by the double-pulse testing. A solid breaker
with series-connected IGBTs is then built to further verify the
proposed model under HVdc interruptions. The simulation and
testing results of voltage and current show good consistency,
which proves that the proposed model can be used to assist the
accurate design of the solid breaker in HVdc transmissions with
good prediction of the voltage and current margin.
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