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Comprehensive Physical Commutation Characteristic
Analysis and Test of Hybrid Line Commutated
Converter Based on Physics Compact
Model of IGCT

Zhanging Yu
and Rong Zeng

Abstract—In order to mitigate commutation failure of high volt-
age direct current (HVdc) system, a novel hybrid line commutated
converter (H-LCC) based on integrated gate commutated thyristor
(IGCT) and thyristor has been proposed. To verify the proposed
scheme’s effectiveness and correctness, the physics-based compact
model of reverse blocking IGCT (RB-IGCT) and physics-based
model of thyristor are established in this article. By comparing
the features of physics-based model with other simulation meth-
ods, it can be observed that the former has obvious advantages.
On the basis, a simulation study of proposed H-LCC based on
physics compact model of RB-IGCT and physics-based model
of thyristor is conducted to analyze the physical commutation
characteristics comprehensively, which is verified by equivalent
commutation tests. The H-LCC can mitigate commutation failure
of HVdc effectively and physics-based model of H-LCC is expected
to be applied in the simulation of dc grid equipment and provide
reference for commutation characteristics analysis and snubber
parameter optimization that need rapid and multiple simulations.

Index Terms—Commutation characteristicc IGCT, line
commutated converter, physics-based compact model, thyristor.

I. INTRODUCTION

HE line commutated converter based high voltage direct
T current (LCC-HVdc) system has become a promising so-
lution for long-distance and large-capacity power transmission.
It has advantages of low power loss, low manufacturing cost,
and reliable operation [1], [2], [3]. However, the outstanding
disadvantage of LCC-HVdc is that commutation failure may
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Fig. 1. H-LCC topology structure and applying power devices.

occur. It will influence the safe and stable operation of power
grid when commutation failure occurs [4], [5], [6]. Thus, a novel
hybrid line commutated converter (H-LCC) based on integrated
gate commutated thyristor (IGCT) has been proposed in [7]. The
topology structure of H-LCC is presented in Fig. 1. It utilizes
reverse blocking IGCT (RB-IGCT) and thyristor in one bridge
arm to form new hybrid commutation characteristic. The physi-
cal commutation characteristics including voltage establishment
characteristic and current transferring characteristic are of great
importance for engineering application of H-LCC and need to
be investigated in depth. Therefore, the physical characteristic
analysis of H-LCC should be on the basis of physics model
simulation of high-power devices.

At present, due to different analysis requirements, various
simulation models of high-power devices have been proposed
and have different accuracy and speed. The analysis models,
which have been reported can be divided into five levels [8],
ideal switch model, circuit element model, lumped charge
model, physics-based compact model, and finite element
simulation model.

The ideal switch model and circuit element model do not
involve the physical mechanism of power device, so they can
not accurately describe the dynamic characteristics of the device
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[9], [10], [11], [12], [13]. Both the lumped charge model and
the physics compact model are based on the simplified physical
equation of the device. The latter uses the bipolar diffusion equa-
tion to replace the lumped charge description, which has higher
accuracy and is more suitable for circuit level simulation [14],
[15], [16], [17], [18], [19]. The finite element model solves the
basically complete semiconductor equations, and the physical
description of the device is the most accurate, but the calculation
speed is slow.

Relevant studies are mainly focused on 2 and asymmetrical
IGCT. Two-dimensional (2-D) and 3-D simulation for asym-
metrical IGCT devices are proposed in [20] and [21], adopting
a complete bipolar diffusion equation and considering thermal
model and ionization model. However, its calculation speed is
too slow and not for RB-IGCT. Thus, it is not appropriate for
H-LCC analysis. A physics-based compact asymmetrical IGCT
model is proposed in [17], and introduced Fourier method to ac-
celerate the solution. However, the doping structure and physical
mechanism of RB-IGCT are different from asymmetrical IGCT
device, and the relevant asymmetrical IGCT model cannot be
directly transferred to RB-IGCT. In particular, the reverse recov-
ery dynamic process of RB-IGCT is more complex. It is urgent
to establish a high-precision physics-based simulation model of
RB-IGCT, which is very important for physical characteristic
analysis of H-LCC.

Thus, in this article, the physics-based compact model of
RB-IGCT and physics-based model of thyristor are established.
Based on physics simulation methods, the advantages of charac-
teristics analysis are extracted by comparison with ideal switch
model and finite element model. Furthermore, the physical
commutation characteristics of H-LCC are analyzed in detail
and verified by tests. The physical commutation characteristics
of H-LCC are proven to be of correctness and effectiveness for
prosperous engineering application.

II. PROPOSED PHYSICS-BASED SIMULATION MODELS

To analyze the comprehensive physical commutation char-
acteristics of the proposed H-LCC, the high-precision models
of RB-IGCT and thyristor are built in this section, including
physics-based compact model of RB-IGCT and physics-based
model of thyristor.

A. Physics-Based Compact Model of RB-IGCT With Double
Depletion Layers

As mentioned in the last section, a physics-based compact
asymmetrical IGCT model is proposed in [17] and [23], like
Fig. 2(a), which includes the modeling of N*-emitter, P-base,
Jo depletion layer, carrier storage region (CSR) in N-base, N-
buffer, and P*-emitter. On the basis of it, the anode P-base region
replaces the N-buffer region in an RB-IGCT chip, as shown in
Fig. 2(b). Thus, the P-N junction J; needs to be considered, and
the two adjacent areas, N-base and P -anode regions, need to be
reconstructed.

J1 depletion region causes different boundary conditions of
CSR in the N-base region. The positions of the moving bound-
aries x1, xo (as shown in Fig. 2) are determined by the widths
W41 and Wy of depletion layers of J; and J5 layers. The widths
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Fig.2. Diagram of physical modelling comparison of IGCT. (a) Asymmetrical

IGCT (b) RB-IGCT.

and boundaries can be derived as carrier injection conditions (1)
and (2) in [17], where Ejq, Ejo are the electric fields inside the
depletion layers, eg; is the dielectric constant of silicon, Ny,
is the doping density of N-base region, vs,y is the saturation
velocity, and Wy, is the width of N-base region. The essence is
that the drift charge generates the electric field of the depletion
layer. It is considered that impact ionization only occurs in a
small area near J; and Jo, so the impact of impact ionization on
the overall electric field distribution is ignored. Then, W4; and
Wqs are calculated from the relationship between the electric
field intensity and the voltage

__ alNw [Tp1l  |Timpa]
En= Esi esi Avsa esi Avsa

_ 2Va1 1)
Wdl - E_]l (
xr1 = Wd1

_ 9N 2| [Limp2|
Eyp = Esi + esi Avsa esi Ava
Wyg = |/ 2%z 2

Ej2

xy = Wnp — Waa.

The voltages of depletion layers, V41 and Vg2, can be derived
using feedback from the boundary carrier density, px; and ps,
as presented in (3) and (4) in [22] and [23], where F is a constant.
These equations establish the relationship between carrier and
voltage. F is an artificially introduced correction factor, which
has no practical physical significance, but can greatly improve
the simulation speed

. 0 Px1 > 0
le n {_prl Px1 <0 (3)
0 Px2 > 0
Vao = 4
4 {pr2 DPx2 S 0 ( )
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The CSR in N-base region is considered in high injection
level, whose boundary carrier equation will change from single
depletion layer to double. Thus, the excess carrier density can
be described as (5) in [17] and [23]. It is a diffusion equation
considering double boundary conditions. At the same time, the
ADE method is used to ignore the convection equation and
improves the simulation speed. In addition to some constant
coefficients, the carrier concentration and thickness of each
layer in the model need to be adjusted according to the actual
device, which should be given by the device designer. Therefore,
device design optimization and physics-based compact model
simulation are complementary.

The compact model of RB-IGCT is implemented in MAT-
LAB/Simulink and the outline block diagram of the model is
shown in Fig. 3. The modules and circuits in Fig. 3 represent
different layers and carrier relationship between them in Fig. 2
respectively, adding J; region and anode P~ region compared
with the asymmetric IGCT model in [17]. When the current
passes through, the carrier concentration is positive, so the width
of the depletion layers is 0. When the device is turned OFF, I,
first becomes negative, resulting in negative V., which causes
the current to reverse from the cathode to the gate, and the J5 be-
tween the gate and cathode will establish a positive voltage, thus
causing I, to decrease to 0. Using this physics-based compact
model of RB-IGCT, it can not only be seen what the voltage
and current of this model are, but also how the carrier moves
through RB-IGCT chip by extracting the change of p and x in
Fig. 3, which will play a great role in analyzing the physical
characteristics of H-LCC in different processes.

B. Physics-Based Model of Thyristor With Controlled Reverse
Recovery Current

In the simulation of H-LCC converter, the reverse recovery
current is a significant characteristic of thyristor, which affects
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Fig. 4.  Schematic diagram of physics-based simulation model of thyristor.

the current and voltage on the devices (including RB-IGCTs
and thyristors) in the commutation process. The physics-based
model of thyristor, compared with ideal switch, shows better
performance on reverse recovery characteristics. As shown in
Fig. 4, the physics-based thyristor model consists of main part,
trigger circuit, where the voltage of R, controls ON and OFF
of Si1, and current source generator. This model has the same
performance as ideal switch in the process of turning ON, but
when the current is reduced to 0, it works differently.

When the current through anode and cathode decreases to
0, the current source generator begins to work. The controlled
voltage source V, charges the inductor L when S5 is ON and
Se is OFF, and then L is discharged through the resistance R
and the diode D, with Sy OFF and Sg ON. With the control of
S4, S5, and I, the reverse parallel controlled current source
output a reverse recovery current through anode. The waveform
of reverse recovery current, including di/dt and reverse recovery
time T, depends on V,, L, R and turn-ON time of S5. Besides,
Ry, D,, and D,,, mean OFF state resistance, reverse maximum
withstand voltage, and unidirectional current characteristics.

Compared with RB-IGCT, thyristors do not have the ability to
actively turn OFF current. They only reflect the characteristics of
reverse recovery in H-LCC topology, so more complex models
are not required. The thyristor model proposed in this chapter
has advantage of fast calculation speed, and the reverse recovery
characteristics can be adjusted according to the measured values.

Connecting the physics-based compact model of RB-IGCT
and the physics-based model of thyristor in series, a new equiva-
lent model of H-LCC bridge can be obtained. Both models adopt
the optimization scheme that can show their characteristics, so
the simulation speed will be faster than finite-element method,
which can be of great help to the parameter design of the H-LCC.
H-LCC model can help analyzing the characteristics of both
thyristors and IGCTs during the commutation process under
different conditions. The reverse recovery characteristics of the
actual thyristor and RB-IGCT are always different, and the
difference will be reflected in the recovery time, which will affect
the dynamic voltage sharing between devices. It is necessary to
keep the difference of reverse recovery characteristics in the
simulation, and observe the voltage distribution with different
recovery characteristics through simulation, so as to provide
reference for the engineering application of devices.
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Fig. 5. Test waveforms of RB-IGCT. (a) Triggered turn-OFF process.

(b) Reverse blocking process.

III. COMPREHENSIVE CHARACTERIZATION OF PHYSICS-BASED
METHOD

A. Physics-Based Method Verification by Single-Pulse Test

In the application of RB-IGCT and thyristor, the states of
devices are divided into steady state, including ON and OFF,
and transient state, including turning ON, turning OFF (only
for RB-IGCT) and reverse blocking. Among these processes,
steady state and turning ON process are simple, without complex
transient process, so turning OFF and reverse blocking processes
deserve more attention. Fig. 5 shows the typical turning OFF
and reverse blocking experimental waveforms of IGCT. The
main characteristics include turning OFF speed, trailing current,
reverse recovery current, and overvoltage. It should be veri-
fied that the physics-based model has those characteristics by
single-pulse test. Therefore, the parameters of testing RB-IGCT
compact model are designed for a 6.5 kV RB-IGCT. Turning
OFF process under forward voltage and reverse blocking process
under reverse voltage are simulated in MATLAB/Simulink.

The simulation waveform of turn-OFF process under forward
voltage is shown as Fig. 6. The RB-IGCT is triggered to turn
off at 550 ps, when the current is 2000 A and anode voltage is
2000 V. It can be observed that the cathode current is transferred
to the gate rapidly, anode voltage is increasing while anode
current is decreasing, and there is the tail current as well. The
simulation results are in good agreement with experimental
waveform abovementioned, which proves the effectiveness of
the physics-based compact model of RB-IGCT during turn-OFF
under forward voltage.

Observe the reverse blocking characteristics of RB-IGCT
compact model and physics-based thyristor model. The simula-
tion waveform of reverse blocking process under reverse voltage
is shown as Fig. 7. There is obvious reverse recovery current
before the voltage is built up. Besides, the characteristics can be
accurately extracted by adjusting the parameters.

Considering H-LCC working condition, RB-IGCT needs to
meet the ability to turn OFF 5500 A under the arrester voltage
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Fig. 6. Simulation waveforms of triggered turn-off process under forward
voltage of RB-IGCT.
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clamping of about 6000 V. At the same time, the snubber capac-
itor commonly used in the system is 1.6 to 2.2 uF, with a small
adjustable range, which does not affect the turning-OFF process
greatly. Therefore, authors pay more attention to turning-OFF
under different snubber resistors. The following Figs. 8 and 9 are
waveforms of turning-OFF 5500 A under 1 2 and 36 2 snubber
resistance, respectively. It can be observed in Fig. 8 that after
the cutoff command is issued, the snubber branch works first,
so the IGCT current l1gcr first drops. When the voltage rises
but the arrester branch current Iyiov has not yet appeared, the
current will be switched back to the IGCT. Only when the voltage
rises to the starting value of arrester, /;gcr Wwill be gradually
transferred to /oy, accompanied by the tailing current. It can be
observed from Fig. 9 that when the snubber resistance increases
to 36 €2, the snubber effect almost disappears. Therefore, after the
cutoff command is issued, It Will not decrease immediately.
IigcT can only be transferred to Iyjov after the voltage rises to
the starting value of the arrester. The simulation results are in
good agreement with the experimental results.
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B. Physics-Based Method Advantages

On the basis of single-pulse test, physics-based methods,
including RB-IGCT compact model and thyristor model, are
verified. Compared with the other simulation methods, such as
simpler ideal switch model and more complex finite-element
model, physics-based models have incomparable advantages.

Ideal switch model is generally used for large-scale systematic
simulation design and multidevice system control simulation
due to its great advantage in computing speed. The compact
model can reflect some physical characteristics and has the
advantage of good computing speed. It is generally used in
circuit parameter and system parameter design, and has good
applications in device driving design, topology design and ther-
mal characteristic calculation. The finite element model is very
accurate in the extraction of physical characteristics, which is
mainly used for the prediction of device failure and aging, as
well as the accurate structure design of devices. But due to the
long simulation time, it is not suitable for circuit and system
simulation.

There are only two states of the ideal switch, the ON state
with a voltage drop and the OFF state with infinite impedance.
The transition time between the two states is 0 or depends
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on the simulation step to facilitate numerical conversion, as
shown in Fig. 10. The finite element method is very precise
for the calculation of physical processes in semiconductors, and
the convection diffusion (6) is used for the motion of carriers,
where ¢ means the parameter to be solved, ¥ means moving
speed, « is thermal diffusivity. The equation can be decomposed
into convection (7) and diffusion (8). Compared with the diffu-
sion equation, the calculation of convection equation is much
slower, which is also a key factor limiting the speed of finite
element simulation. Compact model is improved to this point. It
only solves the diffusion equation, does not solve the convection
equation, but uses the mathematical method for equivalence,
which can greatly improve the simulation speed in the case of
similar accuracy, as shown in Fig. 11

Do Bp  dp

E + U% = @ (6)
dp ~ Op

5 Tugs =0 @)
dp 0%

ot = o7 ®
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TABLE I
COMPARISON OF DIFFERENT MODELS

Model Ideal Physics-based  Finite-element
switch method method
Time Seconds Sec_o nds to Hours to days
minutes
Accuracy Inaccurate Relatively Accurate
accurate
Application System Equipment Device
Carrier behavior No Yes Yes

The simulation step of compact model is adaptive, so its cal-
culation results are more robust. The accuracy of the ideal model
depends on the simulation step size, which is not true. Mean-
while, with accurate physical characteristics, compact model
can be used to assist in the analysis of safe operating areas and
tap the potential of devices. Compared with the finite element
model, the computation speed of compact model is nearly 1000
times faster. During the simulation of scanning RC parameters
required by the project to extract the best combination, it is
often necessary to simulate dozens of groups of parameters. The
workload can be completed in several hours by compact model,
and the finite element method may take several weeks. Due to the
huge amount of computation, finite element method often needs
high-performance servers, while compact model has a moderate
amount of computation, which will greatly reduce the demand
for computing equipment.

Table I sorts out the comparison of the three models from var-
ious aspects. The physics-basic model has obvious advantages
over the other two models.

C. Applications of Physics-Based Compact Model

First, the physics-based compact model can help to analyze
the safe operating area of RB-IGCT cutoff process. As shown
in Fig. 12, (1), (2), and (3) are RB-IGCT cutoff process curves
under different snubber parameters by physics-based compact
model. Among them, Fig. 12 (1) shows that the larger the clamp-
ing voltage of the arrester is, the larger the area of the cutoff curve
will be, which will increase the risk of cutoff failure. Fig. 12
(2) shows the scanning of snubber resistance. The smaller the
snubber resistance value is, the smaller the turn-OFF curve areais.
Fig. 12 (3) shows the scanning of snubber capacitance. The larger
the snubber capacitance value is, the better the snubber effect
will be, so as to reduce the risk of cutoff damage. Predicting the
risk in advance by means of simulation can reduce the possibility
of experimental damage and save experimental costs.

Second, the physics-based compact model can be used to ex-
tract the internal carrier movement characteristics of RB-IGCT.
As shown in Fig. 13, when the bus voltage or turn-OFF current
are different, there are differences in the carrier distribution and
junction formation process of RB-IGCT. Fig. 14 shows that
the smaller the resistance or the higher the capacitance, the
stronger the snubber effect and the smoother the curve. Fig. 15
indicates that the current change rate plays an important role
in the reverse blocking process. The carrier characteristics can
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be extracted quickly and accurately by using the physics-based
compact model, which is convenient for more physical analysis.
In addition, the physics-based compact model can build a
bridge between circuit simulation and the physical process of
devices to help analyze the physical characteristics of LCC
commutation process, which will be described in Section I'V.

IV. COMPREHENSIVE PHYSICAL COMMUTATION
CHARACTERISTIC ANALYSIS AND TEST

In the H-LCC converter, there are two different working
conditions. On one hand, when a slight fault occurs in the ac grid,
the voltage drop amplitude is small. At this time, the current on
the converter valve can decrease to 0, as shown in Fig. 16(1),
but the voltage will become positive during the recovery pe-
riod of the thyristor. If there are only thyristors, they will be
retriggered, resulting in commutation failure. Butin H-LCC, due
to the shorter reverse recovery time, RB-IGCTs can withstand
the positive voltage preferentially to avoid commutation failure
caused, called recovery enhanced characteristic. In this working

characteristic. (b) Commutation enhanced characteristic.

Li :
A\

Bridge: |

Fig. 17.  Equivalent commutation test circuit.

condition, RB-IGCTs take the forward voltage for about 400 us,
which is longer than the reverse recovery time of thyristors. After
this, thyristors begin to withstand voltage.

On the other hand, when a serious fault occurs in the ac grid,
the voltage may directly drop to 0. At this time, the current on the
converter valve may rise rapidly, and the continuous commuta-
tion failure will occur in the LCC system, resulting in dc locking
and large losses. In order to avoid continuous commutation
failure, RB-IGCTs are used to turn OFF the current, as shown in
Fig. 16(2). When turning OFF RB-IGCTs, current transfers from
switches to the arrester, resulting in a high voltage of RB-IGCTs
and the decrease of thyristor’s current. During the time between
t1 and 19, the voltage is the residual voltage of arrester. Thyristor
begins to withstand voltage after the current becomes to 0 and
the reverse recovery is completed. The current of bridge; can be
commutated to bridge,, which is called commutation enhanced
characteristic.

For the recovery enhancement process, the most important
thing is to reflect the role of RB-IGCT in mitigating commutation
failure with shorter recovery time. Obviously, the ideal device
cannot complete this job. For the commutation enhancement
process, more attention should be paid to the electrical stress
on different components during RB-IGCT cutoff, so the cutoff
process should be more physical. The physics-based model can
complete the simulation of these two working conditions with
high accuracy. At the same time, the simulation speed is fast so
that it can be used in multiple simulation.
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The test platform is built and circuit is shown in Fig. 17. It is 3000 : ; ; ‘ ; ;
the hybrid converter of thyristor and RB-IGCTs in the red dotted s L—tocttn =~ ocram —Vcnn - Vonams —Viocren =+~ it am]
line with snubber RC and arrester, where S, represents a thyristor 2000 = = -
and A;-As represent RB-IGCTs. In LCC condition and in the
demand of voltage balance, snubber RC is indispensable. And
when turning OFF, arresters are necessary to limit overvoltage
and absorb energy, without which IGCTs will get overvoltage
breakdown. The starting voltage of arrester must be higher than 500
the maximum value during normal operation, and the protection 1000 -
voltage must be lower than the withstand peak value of IGCTs. 1800 b ——
Bridges is the auxiliary switch to assist commutation of bridge, Time (ms)
which is composed of thyristors and diodes. There is the charging (a)
and discharging circuit of C; in the yellow dotted line. By i ‘ S S -
controlling switches and the voltages on two capacitors C; and [ fioctaes ~~~ fiocraim = Vscruen ==~ Yscrsms — Yiacrame === Yiaeram] | 100
C», two different working conditions of H-LCC can be realized. 3000 ‘_’”—'—\ 5000

In the following tests and analysis, the recovery enhanced ‘ TN 000
characteristic and commutation enhanced characteristic are
studied.
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A. Recovery Enhanced Characteristic Analysis and Test 1000

The main reason for the commutation failure of LCC is that i ‘ ‘ || | | | 000
thyristors withstand positive voltage in advance due to the insuf- S S D o
ficient extinction angle. Under most conditions, current flowing
through thyristors can decrease to 0. o ' ‘ ‘ ‘ ‘ ‘ ‘

It can be simulated using the circuit in Fig. 17. First, charge 50007‘7"“7"“' -~ hocrim — Yscren =~~~ Ysctesim ——Yiactses ==~ Viaersim- 3000
the capacitors C; and Cy through the dc source, and then turn
ON the switches on bridge; to discharge the capacitor C; to the
inductor L;. Next turn ON the switches on bridges and use the
resonance of Cy and L. to commutate the current on bridge; to
the bridges. By controlling the capacitor voltage and switching ; :
time, the devices can bear the positive voltage immediately 0 ‘ ’U NLEED gk
after the current is reduced to 0, so as to observe the recovery 1000/ 15556
enhancement Cha‘raCteriStiC 720003 3.‘2 3‘.4 3.‘6 3‘.8 “1 4.2 4‘.4 4.‘6 4‘.8 5

Fig. 18 shows the experimental and simulation results, which Time (ms)
are consistent in trend. When the current drops to 0, IGCTs (©
preferentially bear the reverse voltage, which indicates that the
reverse recovery time of IGCT is shorter than that of thyristor.
After voltage turns positive, IGCTs also take priority to bear it,
which indicates that IGCT has shorter forward recovery time and 6O0E+2 T — —_
is conducive to resisting commutation failure. When the thyristor -lps
voltage begins to rise, the IGCTSs’ voltage rise rate decreases. Of : (1) ﬁ:
course, there are some differences between the experimental and —_— 2 s
simulation waveforms because the parameters in the simulation I i Ko
are fixed, but those in experimental are floating, such as stray =
parameters, manual adjustment error, and so on.

The carrier density distribution curve of carrier storage region
under 4000 A is extracted from the physics-based compact
model, as shown in Fig. 19, where 0 ;s means the time when
current decreases to 0. With the decrease of current, the carrier
density shows a downward trend. The carrier density near J;
decreases rapidly and preferentially decreases to 0. The carrier
density near J, decreases slowly. The depletion layer is formed = o= Bi- b i A0 0B O 68 5
and extends in J; with the sweeping out of excess carriers first. Position(pm)

The reverse high voltage is withstood by J; depletion layer. But
soon when J; depletion layer is formed, the voltage changes to  Fig.19. Carrier density distribution variation of N base region during recovery
positive and is withstood by J. enhancement of RB-IGCT.
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Fig. 18.  Recovery enhancement waveforms of thyristor and RB-IGCTs under
different current: (a) 2000 A; (b) 3000 A; (c) 4000 A.
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Fig. 20. Commutation enhancement waveforms under different current con-

ditions: (a) 2000 A; (b) 3000 A; (c) 4000 A.

B. Commutation Enhanced Characteristic Analysis and Test

Under some extreme working conditions of commutation
faults, the current cannot decrease to 0. It is necessary to turn
OFF the current by using RB-IGCTs to force the current to be
commutated to another bridge.

As can be seen from Fig. 17, there are snubber circuit and
arrester connected in parallel with RB-IGCTs. When RB-IGCTs
are turned OFF, the current is transferred to the snubber circuit
first, then to the arresters. In the commutation enhancement,
the voltage reaches the residual voltage of the arrester, which
is a constant lower than the maximum withstand voltage of
RB-IGCTs. Therefore, the current distribution of each branch
deserves more analysis.

Fig. 20 shows the process of current transfer when IGCTs are
turning OFF, where /; means the total current, also the current
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mutation enhancement of RB-IGCT.

of thyristor. The current on the IGCTs drops rapidly and is first
transferred to the buffer circuit, too fast to be shown in Fig. 20.
When the voltage reaches the operating voltage of arresters, the
current is transferred to arresters, whose voltage is maintained
at the residual voltage. During this process, the thyristor is
always on until the current is commutated to another bridge
arm. Meanwhile, with the increase of the turn-OFF current, the
bus voltage also increases, but the residual voltage of the arrester
remains unchanged. Therefore, the voltage on the commutation
inductance will drop and the commutation time will be longer.

The carrier density distribution curve of carrier storage region
around 1 ms during commutation enhancement under 2000 A is
extracted from the physics-based compact model, as shown in
Fig. 21. The carrier density near Jo is quickly swept away, so
that the cathode current is transferred to the gate. At this time,
the forward high voltage has been established. The depletion
layer is formed and extended gradually in J; instead of J; under
this condition of commutation enhancement. The forward high
voltage is withstood by J5 depletion layer.

C. Beneficial Advantages

The physical commutation characteristics of proposed H-
LCC, which is composed of thyristors and RB-IGCTs, are
studied by tests and physics-based simulations. By analyzing
the test results and simulation results, it can be concluded that
the simulation results, with physics-based compact model of
RB-IGCT and physics-based model of thyristor, are in good
agreement with the test results, which proves the effectiveness of
this physics-based method. It is especially appropriate to be used
to design and simulate the parameters of the H-LCC composed
of thyristors and IGCTs, and design optimized parameters of
passive components.

V. CONCLUSION

In this article, a physics-based compact model of RB-IGCT
and a physics-based model of thyristor are established. By
single-pulse test, the accuracy and correctness of physics-based
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methods are verified, including characteristics of triggered turn-
OFF process under forward voltage of RB-IGCT, and char-
acteristics of reverse blocking process under reverse voltage
of RB-IGCT and thyristor. The physics-based methods have
advantages in accuracy and simulation speed and can be applied
on occasions that need rapid and multiple simulation, including
commutation characteristics analysis and snubber parameter
optimization. Carrier behavior analysis is conducted and shows
the detailed interaction between internal behavior of devices
and external electromagnetic transient characteristics. By us-
ing this physics-based methods and implementing equivalent
commutation tests, the comprehensive physical commutation
characteristics of proposed H-LCC are analyzed in detail. By
simulations and tests, it is proved that H-LCC can mitigate
commutation failure of HVdc system. And H-LCC is expected
to be applied in HVdc to improve the safe and stable operation.

It is believed that the physics-based analysis methods can
be further applied into dc equipment based on IGCT. And it
can provide great reference for characteristics extraction and
stimulate engineering applications.
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