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Detailed Device-Level Electrothermal Modeling of
the Proactive Hybrid HVDC Breaker for Real-Time
Hardware-in-the-Loop Simulation of DC Grids

Ning Lin

Abstract—This paper proposes a series of proactive hybrid high-
voltage direct-current (HVDC) breaker (HHB) electromagnetic
transient models that can be implemented in hardware-in-the-loop
(HIL) emulation for real-time execution on the field-programmable
gate array (FPGA). To achieve high fidelity, an HHB model should
have the same configuration as the real one, and three different
models for an insulated-gate bipolar transistor (IGBT), i.e., a two-
state switch model, a curve-fitting model, and an improved non-
linear behavioral model, are proposed to satisfy different accuracy
and simulation speed requirements. Since designing an HHB with
hundreds of IGBTSs in a massive array would lead to an extremely
heavy computational burden as well as to a high FPGA resource uti-
lization, circuit partitioning is applied to each model, which enables
decomposition into a number of physically independent subcircuits
with smaller matrix dimension to exploit parallel implementation.
Meanwhile, low hardware resource demand is achieved by using
one of the subcircuits to represent the rest since they are identical.
As the IGBTSs produce a significant amount of heat, which in turn
affects their performance, an electrothermal network is added as
part of the model to provide specific information about the device’s
operation status including the junction temperature. The models
are applied to a three-terminal HVDC system, where line faults
are simulated to activate HHB protection sequence. Comparison
of device-level and system-level performance from HIL emulation
with those of commercial offline simulation tools validates the ac-
curacy of the proposed models as well as the efficacy of the solution
approach.

Index Terms—Field-programmable gate array (FPGA), hard-
ware design, high-voltage direct current (HVDC), hybrid HVDC
breaker (HHB), insulated-gate bipolar transistor (IGBT), modu-
lar multilevel converter (MMC), multiterminal HVYDC (MTDC),
parallel processing, partitioning algorithm, real-time systems.

NOMENCLATURE
CFM  Curve-fitting model.
LCS Load commutation switch.
MB Main breaker.
MOV  Metal oxide varistor.
NBM  Nonlinear behavioral model.
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RCB  Residual current breaker.
TLM  Transmission line modeling.
TSSM Two-state switch model.
UFD  Ultrafast disconnector.

I. INTRODUCTION

ULTITERMINAL HVDC (MTDC) is turning into real-
M ity with the development of landmark proactive hybrid
HVDC breaker (HHB) technology [1]-[3]. In a point-to-point
HVDC system, when a long-term line fault that hampers energy
transfer is acknowledged, the ac breakers open to protect the
electrical equipment. However, in MTDC networks, tripping ac
yard breakers on the rectifier station side when one of its lines
subjected to fault will lead to supply interruption that engulfs
part of or the whole dc system and, consequently, is impractical.
The HHB is able to isolate the fault within several milliseconds
[4], [5] to reduce its hazardous impact on the power system to
a minimum. Meanwhile, its merits such as quick response and
low conduction power loss make it a new favorite compared to
a mechanical circuit breaker and solid-state circuit breaker that
is either too slow or extremely energy consuming [6], [7].

Due to the aforementioned advantages, it is meaningful to in-
clude an integrated HHB model as a fundamental component in
the libraries of various electromagnetic transient (EMT) tools,
which have been playing a pivotal role in validating models or
control algorithms instead of an experimental setup [8]—[11] that
is highly cost ineffective. Hitherto, precise HHB models suitable
for fast simulation or capable of real-time hardware-in-the-loop
(HIL) execution are yet to be developed. To withstand high volt-
age and large current exert on the dc circuit breaker during the
protection process, hundreds of insulated-gate bipolar transis-
tors (IGBTs) in the main path of the HHB are constructed in
series and parallel [3]. Nevertheless, for the purpose of fast sim-
ulation, much of the previous modeling work has focused on a
scaled-down model, i.e., the number of IGBTs in the main path
is only one or two for unidirectional and bidirectional HHBs,
respectively [12]-[16], which is far less than that of a real dc
breaker. Such a simplification is reasonable and could provide
good results for system-level grid studies, as the main interest is
to validate the control and protection concepts. In the meantime,
the IGBTs and their auxiliary circuits such as the snubber are
also omitted. One benefit of this model is that the number of
meshes or nodes can be kept at minimum, avoiding matrices
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of large dimension in the simulation process that would take
an extraordinarily long time for the CPU or FPGA to com-
pute. However, these models lose specificities and, therefore,
fall short of providing guidance on the HHB design, typically
the snubber circuit that has a significant impact on the HVDC
grid performance, and the state of components or devices within
the breaker for operation monitoring.

On the contrary, a full-scale HHB model contains the exact
number of IGBTs and other devices so that more system-level
details can be shown [17]-[19]. However, hundreds or even more
circuit nodes of this model significantly slows down offline sim-
ulation speed as the corresponding large matrix equation costs
a long computational time [19]. Similarly, it is impractical for
real-time simulation platforms to test control and protection
strategies of an MTDC system in real time due to extremely slow
speed and high hardware resource utilization reasons. Moreover,
despite all components having been included in the model, the
fidelity is still not high enough because the TSSM employed is
insufficient to evaluate IGBT’s device-level behavior, such as
switching transients, power loss, as well as the junction temper-
ature, which affects the performance of the HHB.

Therefore, modeling of the HHB can be carried out from
two perspectives: system level and device level. A precise HHB
model should be a full-scale model so that internal details can
be investigated, and circuit partitioning is applied to alleviate
the computational burden. TLM [20] and the voltage-current
source coupling method [21], [22] both introduce a unity delay
but achieve splitting a large circuit into a number of subcircuits.
The inclusion of IGBT models can further improve simulation
results by providing more details. The predominant model, as
stated above, is the TSSM, which only has two nodes to achieve
fast circuit computation. The CFM is also a two-node switch
model, whose on-state resistance is obtained from the static
I-V characteristics and the dynamic waveforms acquired di-
rectly from experimental measurement or indirectly from the
device datasheet [23], [24]. Thus, the calculation of steady-state
and transient power losses is more accurate. Its major short-
coming is that the stored values for transient waveforms need
to be adjusted repeatedly along with the variation of electro-
magnetic environment for accurate results. The NBM is widely
used in offline device-level tools such as SaberRD to provide
every detail of the circuit accurately [25], [26]. Another merit
is the versatility: the model is deemed to be able to represent a
real IGBT under most of the conditions without changing its pa-
rameters. The drawback is that its complexity leads to inefficient
solution of a circuit, since the nonlinear model contains multiple
nodes solved usually by many iterations of the Newton—Raphson
(N-R) method, making it prone to nonconvergence and sensitive
to initial conditions.

In recent years, FPGAs have been extensively used in real-
time simulation of power system and power electronic devices
[27]1-[33]. In this paper, three types of full-scale HHB models
with high fidelity—classified according to IGBT models they
contain—are proposed for efficient real-time HIL emulation of
HVDC grids on FPGAs as well as for achieving fast EMT cal-
culation by offline simulation tools. The Type-1 model is based
on the TSSM that has been developed in the past, but this work
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overcomes its original drawbacks of slow simulation speed and
high resource utilization so that this new model can be exe-
cuted in real time. The Type-2 model based on the curve-fitting
technique is a further improvement to realize two goals simulta-
neously: it can be used in real-time HIL emulation, and device-
level phenomena are included to enable the model to provide
more details. The second-order NBM-based dc breaker is also
introduced as the most accurate one and is categorized as the
Type-3 model. Like its curve-fitting counterpart, an electrother-
mal network is created to enable the acquisition of operation
status such as IGBT power loss and junction temperature and,
consequently, the HHB design including the selection of IGBT
type and its number can be evaluated. To reduce FPGA hard-
ware resource utilization caused by a large quantity of IGBTs,
circuit partitioning is first applied, and based on that, one of the
subcircuits is used to represent all other identical ones.

This paper is organized as follows. Section II discusses a
three-terminal HVDC system. Section III describes the mod-
eling method of the HHB and the specific IGBT models. The
hardware design for the HHB is presented in Section IV. Sec-
tion V compares results between the real-time HIL emulation
and offline simulation tools for validation, and in Section VI,
conclusions are presented.

II. MTDC SYSTEM
A. MTDC Schematic

Fig. 1 shows a three-terminal HVDC system, in which func-
tions of the HHB can be evaluated. The configurations of the
three converter stations are symmetrical. STN; (REC) is set
as the rectifier station, while the other two, denoted as STN,
(INV1) and STN3 (INV2), are inverter stations. The former is
in charge of power, while the latter controls individual dc-bus
voltage. Iy, 112, and I3 are rectifier-side dc currents, and I5;
and I3, represent inverter-side dc currents. Ly, L3, Loy, and
L3, are current-limiting inductors in dc yards, which, together
with symbols Bjs, Bi3, Ba1, and Bsq, constitute HHBs. The
line-to-ground fault with a resistance 2y can be simulated on
both transmission lines linking inverters’ station with the recti-
fier station.

As modular multilevel converters (MMCs) are gaining pop-
ularity and presumed to be dominant in future MTDC projects,
the proposed HHB models are inserted in the dc yards of such a
system. Considering that the main focus is on the performance
of HHBs and since a proper modification of discounting ac-side
reactance and resistance into dc side enables the MMC averaged
value model (AVM) to predict system-level behaviors when dc
line fault occurs [34], [35], it is adopted to achieve low computa-
tional burden. Furthermore, the installation of an appropriately
designed HHB guarantees the dc fault current from an AVM-
based MTDC system to be similar to that of a detailed equiv-
alent model based on a period longer than the HHB protection
time.

The overall control scheme of the MMC is shown in Fig. 1,
which illustrates that the strategies for the rectifier and inverter
are largely the same, except that the control objective is chosen
according to the state of the converter station. Meanwhile, the
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scheme based on the dq frame is identical to that of other grid-
connected voltage-sourced converters, except that the modula-
tion signals v3;5 ¢, are sent to an additional inner-loop controller,
which, in this case, adopts a phase-shift strategy [36] to generate
driving pulses denoted by the vector Vg,te. In the AVM, the
output voltage of a submodule is determined by the state of its
upper switch. Thus, the combined output voltage of submodules
in one arm of an (/N+1)-level MMC can be uniformly calculated
by

Udc
N (M

N
o upper
Vy,d = § VgJ X
1

where V'7"*" is a binary number indicating the ON/OFF state of
the upper switch in the ith submodule by 1 and 0, respectively,
and Uy, denotes the converter-side dc line voltage.

B. DC Line Protection

The dc line protection (LPR) concepts for MMC-HVDC sys-
tems share a great similarity with line-commutated-converter-
based HVDC, which means that a variety of criteria, such as
voltage derivative protection (VDP), undervoltage protection,
and overcurrent protection (OCP), can also be applied to judge
line faults. The difference lies in the fact that isolating the faulty
section is mainly achieved by HHBs on both inverter and recti-
fier sides. In Fig. 1, two popular protection concepts for HHB
testing [3] are shown.

1) Voltage Derivative Protection: VDP has a fast reaction to
line faults. The principle is: when the dc line contacts ground via
asmall resistance I2y, the voltage drops instantly from hundreds
of kilovolts to close to zero or a negative value. Thus, the voltage
change rate DUDT is extremely large, which is calculated by

dUqc ()

DUDT = ———= = 2
7 @

where 0t is the digital sampling rate, and consequently,
Uuq.(t — 6t) indicates dc line voltage of the previous sampling.

Uqe (t) — Uge (t - 5t)

Schematic of a three-terminal monopole HVDC system and its control and protection concepts.

The protection threshold du* should be far larger than the DUDT
value under the steady-state condition and during the start or stop
of the converter. Even so, to avoid maloperation, a width com-
parison section is introduced: if DUDT keeps larger than du*
for a preset time dt*, then a trip order will be issued to activate
the HHB protection process.

2) Overcurrent Protection: OCP has a relatively slower re-
sponse to line faults compared with VDP, and consequently,
it has a higher requirement on the breaking capability of an
HHB. Nevertheless, it is still useful in protecting electrical fa-
cilities and can be used as a backup. The principle consists of
the following: when the line current rises beyond the setting,
a tripping pulse with a predefined width will be issued, which
will be followed by HHB operation sequence.

III. PrROACTIVE HHB

Fig. 2(a) shows the scaled-down model of a unidirectional
HHB, which, as the real equipment does, contains six essential
parts: a current-limiting inductor L, an RCB, an UFD, an LCS,
an MOV, and an MB with the snubber circuit. Under normal
conduction, the LCS accounts for the majority of energy con-
sumption. On the contrary, when dc LPR is triggered, the power
loss of LCS is negligible compared with that caused by the MB
as well as the MOV, which absorb most of the energy stored
in the energy transmission corridor [37], including the current-
limiting inductor. Thus, an accurate device-level IGBT model
is necessary for the MB so that the switching power loss can
be calculated for HHB design evaluation, while for the LCS, its
steady-state power loss is more concerned.

As part of LPR concepts, the operation sequence of the HVDC
breaker is shown in the right corner of Fig. 1. After receiving
the trip order, the LCS gate signals are immediately retrieved
and the UFD is commanded to open, which takes around 2 ms
to complete. The MB gate voltages should vanish as soon as the
previous actions are confirmed. The protection procedure ends
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RCB

Fig. 2.
of the HHB full-scale model using v—i coupling.

with the opening of the RCB when the line current declines to
zero so as to protect the varistor from overheating.

A. EMT Model of the Proposed HHB

The design theory and the operation principle of the HHB
have been illustrated in detail under the assumption that all IG-
BTs in the MB chain are synchronized, which is reasonable
and also implies that all internal nodes are well balanced. In
a scaled-down model, the MB and the LCS are taken as two-
state resistors, with on- and off-state resistances R,, and R,
and the snubber circuit is rarely included. Thus, the total node
number is 3 as the UFD and the LCS can be merged into one
resistor so that the internal node between them is eliminated.
For further simplification, the UFD-LCS branch is merged with
the MB branch, and this constitutes the simplest HHB model
for EMT simulation [1], [2]. When a fault occurs on the trans-
mission line, this model can give an approximate performance
of the HHB. However, as stated above, it is unable to provide
further information of the circuit breaker and may give inaccu-
rate results. In Fig. 2(b), the full-scale HHB model is depicted,
which has the exact configuration as that of a real one, and two
types of commonly used snubber circuits for the circuit breaker
are employed [38], [39], i.e., RC and RCD, the latter is shown
in the subfigures.

Depending on the requirement of HHB capacity, an IGBT
symbol for both the LCS and the MB in the full model may
actually consist of only one or a number of such devices that
are organized in an N XN array. As indicated in Fig. 2(c),

RCB / UFD |—H—| LCS Transmission line / UFD I_H_I LCS
y— N\ A >
A s + MOV To
MOV
¢ —I_ Rf L —I— DC
L D = line
Snubber
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T UFD, == T
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1 % i‘%

..............

Models of unidirectional HHB for EMT simulation. (a) Scaled-down model. (b) Conventional full-scale model. (c) 3x3 IGBT array. (d) Decomposition

a 3x3 array of SSNA 2000K450300 StakPak IGBT Module
(Vegp = 4500 V, I = 2000 A) [40] is able to endure a dc
current of 6000 A. However, modeling the circuit breaker as
it actually appears would result in a large system admittance
matrix due to hundreds of IGBTSs in the MB branch, and their
snubber circuits that yield a similar number of nodes, making
the original HHB model highly time- and resource-inefficient
for commercial offline as well as real-time EMT simulation
tools to solve. Therefore, the voltage—current-source coupling
method is applied for circuit partitioning to achieve speedup in
simulation; as shown in Fig. 2(d), the V},—J, coupling enables
all HHB units to be physically separated but electrically linked
to the power transmission corridor. The UFD and the LCS are
equally divided to have the same number of HHB units, and so
are their resistances. It should be stressed that one IGBT unit in
Fig. 2(d) denotes an IGBT unit, i.e., three IGBTs in parallel, and
the MOV in the MB unit is also equally divided and denoted by
MOV, since the three IGBT units’ sharing, it has been forcibly
disassembled.

Fig. 3(a) shows the power transfer corridor, the configurations
on both sides of the transmission line are symmetrical, and,
therefore, only the rectifier station side is shown. The current
source Iy. and the capacitor C, represent the dc part of the
MMC (MMC-DC). By applying transmission line theory, the
equivalent circuit for EMT simulation can be obtained, as shown
in Fig. 3(b), where C. is represented by its TLM link model
for circuit partitioning [20], [41], and both transmission lines
employ the Bergeron line model [42], which adopts a hybrid
Thévenin—Norton structure, leading to a number of one-node
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circuits whose calculation becomes very convenient. The only
exception is the subcircuit where the dc yard is located, whose
matrix dimension is 2, as expressed below

Zoe + RCBy + Z1, + Zy3

—~RCBy — Zy — Zy3
STRCB+2Zp + 5. Zy;
(3)
205 — 205 =SV, + Zis - Iis
205+ 3 Vo = Zaz - s =205 — Y2V, + Zio - Tinno
4)

where v}, v}, and v} are incident pulses of the TLM link and stub
models [43] of capacitor and inductors, respectively. Z¢. and
Zp, are characteristic impedance, Z is the transmission line’s
characteristic impedance, and ) V), , means voltage sources
coupled with HHB units. Thus, the dc yard is linked to MMC-
DC by incident pulses, while it connects to the transmission line
by the coupling between current sources Ij; and I,,,;. Noticing
that line faults are simulated on transmission line 1, a special
line section independent from the dc yard is constructed, while
the model of transmission line 2 has only two sections.

The advantage of such a partitioning method is that HHBs in
the power transmission path will not introduce any additional
mesh; thus, mesh currents, rather than nodal voltages, are taken
as variables, making solution of its corresponding matrix equa-
tion fast.

B. Varistor Model

The varistor is modeled as a nonlinear resistor, whose value
plummets when the current surges. The rating of the virtual
varistor unit MOV,, can be determined from a real one, and since
the current flowing through them is the same, their distinction
lies in the voltage rating. For a 3x3 IGBT array, the voltage
rating of MOV,, should be reduced by two-thirds, and the I-V'

Transmission line 1&2

(b)

HVDC power transfer corridor with HHB separated. (a) Equivalent circuit topology. (b) EMT simulation model.

relation is expressed by

Z'/U = ( ) ' Iref

where k, and «, are coefficients, Vs denotes the protection
voltage, I . is the corresponding current, and v, and %, are
varistor’s voltage and current, respectively.

Based on (5), the Norton equivalent model of the nonlinear
varistor takes the form of

Uy

kv . V;'of ( )

alu Qy - Iref Uy ot
G, =2 = i : 6
av'u k?) : ‘/mf (k@ : V;cf) ( )
. aiv
Lxcq =1y — W)U * Uy (7)

Since (6) and (7) are nonlinear equations, the N-R iteration is
necessary to obtain correct results. However, MATLAB offline
simulation of the HHB showed that calculation of the transient
stage requires over 20 iterations, which is too many and would
significantly prolong the computational time. Thus, the nonlin-
ear function is piecewise linearized into ten sections so as to
reduce the iteration times.

The time HHB takes to block the dc current since line fault
occurs consists of two parts: the reaction time of the UFD,
known as breaking time, which takes about At; = 2 ms, and
the fault clearance time At, that is decided by the inherent
I-V characteristics of the varistor. After a line-to-ground fault
occurs, the dc line current increases and reaches breaking current
at Aty

Aty
G

Ui i’ _ Aty _
If.max = % : (1 —€ 7 ) + g - e (8)
where 7 is the fault path resistance, and to facilitate calculation,
itisdeemed as Ry,and 7 = L /7 is the time constant. To quench
that amount of current within At,, the protection voltage Vs
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should meet the following criterion:
1 f,max * L
Aty

which indicates that the MOV’s protection voltage, reached dur-
ing fault clearance period, should be set higher than Uy...

V;cf = + Udc (9)

C. General HHB Unit Model

Three types of IGBT models are used to meet the different
simulation requirements of accuracy and speed. For real-time
HIL emulation that aims to acquire system-level performance,
the Type-1 model is a good choice, as the simulation speed of
the two-state switch is fast and utilization of FPGA resources
is low. In the case that both high simulation speed and specifics
of HHB are demanded, the Type-2 model with the curve-fitting
IGBT is preferred. When the generality of the IGBT model is
prioritized, the Type-3 model that adopts the NBM becomes the
best alternative.

With regard to the first type, the parallel IGBTs in the HHB
unit can ultimately be replaced by an ideal two-state switch, with
a small on-state resistance R,, and a large off-state resistance
R,z . For the second type, the IGBT is normally deemed as a gate
voltage-controlled time-varying current source. Therefore, both
models have only two nodes and do not introduce any additional
node to the HHB unit. As for the NBM that supposedly has N
nodes, it adds an extra /N-2 nodes to the originally four-node
unit. Therefore, the total number of nodes reaches N+2, among
which one is considered the virtual ground, as shown in Fig. 2(d).
To achieve real time with a time step in the scale of hundreds of
nanoseconds, the smallest matrix dimension is favored. Thus,
the internal nodes in the UFD-LCS branch and the snubber
circuit are merged. For the former, it is naturally eliminated
by taking the branch as one resistor, while for the latter, the
diode is dominant when the capacitor C is quickly charged
during the turn-off stage of the MB, and when it turns ON, R,
decides the rate of discharging. Based on this, the RCD snubber
is equivalent to the RC snubber, whose discretized model, by
applying the backward Euler integration method, can be written
as

At
Req = Rp + C. (10)
R,p — R, R,
Ih(t)zwws(t)—f— Don(t—At) (A1)
Req RCQ

where Ryp is the equivalent resistance of R,—D pair, v, (t)
is the voltage over the snubber, [;,, which is iterative, repre-
sents the history current of C;, and At is the simulation time
step.

Noticing that all HHB units are identical, it is not necessary
to model all of them. Instead, an arbitrary unit is selected for
conducting the modeling work, bringing in a significant speedup
for offline simulation, as well as a great reduction in hardware
resource utilization when the HHB model is deployed on the
FPGA. Furthermore, the parallel IGBTs in an IGBT unit are
identical and synchronized, indicating that they can be repre-
sented by one of them to avoid additional nodes caused by the
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Fig. 4. (a) IGBT TSSM. (b) Steady-state representation of the IGBT CFM.
(c) Controlled current source for the turn-off of the IGBT CFM.

rest. Then, the matrix equation for the N-node HHB unit can be
generally written as

G mGi, mGiy - Jp
mGL,  mGi, mGl mJi
Unnus = .
mGhy mGly . omGhy | LMy
(12)
where elements (G;; and J; take the form of
Gi1 =G, + R, + (UFD + LCS) ™" + mG1, (13)
Ji = Jo(t) = Leq(t) — I (t) + mJi . (14)

In (12), m is the number of IGBTs in parallel. The elements
from the IGBT, which are distinguished by superscript I, are
multiplied with m since these parallel IGBTS are identical.

D. Two-Node IGBT Models

Both the TSSM and the CFM have only two nodes. As one of
the most popular models in EMT simulation for its simplicity,
the TSSM realizes the function of an IGBT by shifting between
R, and R,g when it is commanded to turn ON and OFF, re-
spectively, as shown in Fig. 4(a). Thus, the switching transient
cannot be shown by this model, and the on-state voltage and cur-
rent are not sufficiently accurate for power loss calculation, let
alone thermal analysis. However, in this case, (12) is 1-D since
only one node with unknown voltage is left in the HHB unit,
and it can easily be obtained by solving the following algebraic
equation:

U(t) = szg)

_ I (t) - Ii’()q(t) —1Ip (t)
o 1 1 G -G (15)
Omics T R, T Go + Gus
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where Gyp is the conductance of the IGBT unit and, conse-
quently, is a reciprocal of its resistance.

The CFM overcomes aforementioned shortcomings, as its on-
state resistance can be obtained from the IGBT static character-
istics and the switching features can be preset in the program. As
shown in Fig. 4(b), the V—I relation of the IGBT is embodied
by a piecewise linear resistor that can be expressed by a set of
functions taking the form of

VCE 1

Rssz’ = 5 =
T Ie k(1))

bi (1))
ki(T;) - Ic

(16)

where the subscript ¢ means the <th linear segment, and k; and
b; are linear functions of junction temperature.

While its turn-off voltage shape is prone to change, the ro-
bustness of the shape of IGBT turn-off current becomes critical
to establishing its CFM for transient stage [23]. These current
values, measured at different times by either experiment or sim-
ulation of commercial software and stored in a lookup table
(LUT), are programmed as a time-controlled current source so
that its value after a given number of time steps can be accessed,
as depicted in Fig. 4(c). Although during the steady state, (15)
is still applicable to the CFM-based HHB, its model for turn-off
stage distinguishes itself from the TSSM, with the nodal voltage
expressed by

U(t) = ZZJ((;) _ ) = o) = 50 = () (o

s + 1% +G,
where g is the programmed current source representing IGBT.
A combination of (15) and (17) makes CFM a little more com-
plex than the TSSM because the way nodal voltage should be
solved is dependent on the operating conditions of the switch.
Thus, as a status indicator, ¢ is introduced to decide which of
the two equations should be used.

E. IGBT NBM

One prominent merit brought by the aforementioned two-
node models is efficient computation. However, they both have
limitations, i.e., the TSSM is incapable of showing switching
details and power calculation is not accurate, and the CFM lacks
versatility since its transient current waveform will not change
along with the electromagnetic environment, and consequently,
the curve should be amended. There are models that have gener-
ality while, at the same time, provides details of a switch, such
as the fourth-order NBM. The main disadvantage is the com-
plexity and relatively slow computational speed. To facilitate
HIL emulation as well as simulation of circuits comprised of
such models, it is simplified in a way that maintains its accuracy.

1) IGBT Fourth-Order Behavioral Model: Fig. 5(a) shows
the full behavioral model of the IGBT, which can mainly be
categorized as the metal-oxide semiconductor field-effect tran-
sistor (MOSFET) behavior represented by voltage-controlled
current source iy, and interelectrode capacitors Cy., Cy., and
Ceg, tail current i¢,5 that controlled by vy,i1, the voltage over
Ctanl and Ry,;, and a piecewise linear diode D that sets the
minimum on-state collector—emitter voltage drop.
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Fig. 5. (a) IGBT fourth-order NBM. (b) IGBT second-order NBM. (c) Gen-
eral representation of the IGBT behavioral model. (d) Linearized discrete-time
equivalent model for EMT analysis.

The two controlled current sources are the main compo-
nents deciding the IGBT’s static and dynamic performance.
The MOSFET behavior is described as [44]

0, (Vege < V4)

fl (UCge> : UéZJrl) - f2 (UCge) . U((1Z+2)7

imos = (’Ud <y- (UCge — Vvt)(l/l))
(a- (UCgrf - Vi) + 0)71 +b- (UCgﬁ -Vi) - c,
(others)
(18)

where V; is IGBT’s gate threshold voltage; a, b, x, y, z, and C
are static parameters; vq and ve 4. are terminal voltages of 7y,
and Cy,, respectively, and fi (vcge) and fa(vege) given by

z+2 _ 20—z 1
fi (UC!IG) = T (a+b(UC,qe - V;‘)) L ('U(/'ge - V;‘) i
y k3
(19)
. z+1 _ 2022
fa(vege) = =z (a+b(vege = Vi)™ - (veoge = Vi)~ 7
Y
(20

are nonlinear functions of the voltage over Cy., which shares
the collector—emitter voltage with the nonlinear capacitor C,,,
meaning that nonlinearities from IGBT capacitances are con-
sidered. The tail phenomenon that appears only when the IGBT
turns OFF is dependent on both vy,j; and 4y, 05

(ﬁ < Z'mos)

) Oa

Ltail Utaj T '
Lrail __ 4 - R
(B‘:jl Zmos) rats (R:)‘il =

where . 1s a ratio that decides the emergence of tail current.

For transient simulation purpose, the model needs to be dis-
cretized. Since the diode D represents the minimum on-state
voltage drop, it is deemed as a constant voltage source V,,,. As a
crucial part of the IGBT EMT model, the conductances of four

2

imos)
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capacitors Ggeg, Goge, Geouwil and G can be obtained in-
stantly by dividing their capacitances by the simulation time step
regardless of linearity, i.e., C'/At, while the equivalent current
sources in their Norton models are

Ieeg(t) = ic(t) — Ge -ve (1),

In contrast to the nonlinear capacitors, current SOUrce %y, s
does not merely depend on its own terminal voltage v,, but also
the voltage over Cy., as shown in (18), meaning both small-
signal conductance and transconductance are included in its
model. Therefore, the current contribution of the Norton equiv-
alent circuit Inoseq is obtained by

(22)

Imoseq = Imos — Gmosvd * Vd — Gmosvcge *VCyge- (23)
where
Oimos
Gmow | = —F— 24
il = (24)
Oimos
Gmosvcge = 8’che . (25)

The tail current component, ¢.,i1, is decided purely by voltages
over other components, which are viai1, v4, and ve e, yielding
three small-signal transconductors G'aitviail, Graitvds and Gty cge
that can be acquired by partial derivative similar to (24) and (25).
Then, the equivalent current source is

Ilaileq = tail — Guilvd * Va — Glailvcge *Vcge — Glailviail * Vrail -
(26)

As can be seen, the full model contains five nodes, which
means any circuit containing it will yield at least a 4 x4 admit-
tance matrix, and solving its corresponding equation requires
multiple N-R iterations, and more often than not, it is prone to
divergence. Thus, model simplification is carried out to improve
its computational speed as well as robustness to divergence.

2) Parameters Extraction: Different IGBT model types are
distinguished by the parameters, which can be extracted from
the device datasheet using the IGBT tool in the offline simula-
tion tool SaberRD. Similar to the CFM, the parameters of the
IGBT NBM can be categorized as the static set and the dynamic
set reflecting individual characteristics. The former mainly con-
centrates on i,,,s, while the latter is applied to the remaining
components.

It should be pointed out that the curves and data in the device
datasheet are experimentally measured, which means that the
linearities and nonlinearities, including the nonlinear nature of
IGBT capacitances, are fully considered and can be reflected
by the NBM. A number of curves from the device datasheet,
including typical on-state characteristics, typical transfer char-
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acteristics, output characteristics, are imported into the IGBT
tool for extracting static parameters such as a, b, x, y, z, Vi,
and R,. In the meantime, dynamic features, such as the re-
lationship between typical capacitances and collector—emitter
voltage, turn-on time, and turn-off time, are used for obtain-
ing the remaining parameters shown in Appendix to ensure that
transient characteristics are sufficiently reflected and properly
modeled as well. Specific procedures for parameter extraction
are provided by SaberRD [45].

3) Sensitivity Analysis: As canbe seen from the IGBT NBM,
each node links to several branches, making the element G/ ; In
the admittance matrix a sum of individual admittances. Thus,
when calculating the matrix, a considerable amount of time will
be spent on addition and subtraction operations. Based on Ja-
cobian sensitivity analysis, the matrix can further be simplified.
To attain that goal, the weakly coupled items, which can be
identified by putting the IGBT into a test circuit, have to be
distinguished from those that are dominant.

At an arbitrary node that connects to /V branches, if the con-
ductance or transconductance of the kth branch is negligible at
any time compared with the sum of the rest, that is,
iy =
Ofi(v1,v2,...)

S
j=1 Of;j(vi, vz, )

Then, that item can be removed from the admittance matrix for
fewer algebraic operation times. The analysis outcome showed
that Gilvd, Gailvege, and G can be omitted. Similarly, sen-
sitivity analysis of J I Jeads to a removal of aiteq-

4) Model Parallelization: Noticing that the IGBT behavior
can be largely categorized into two types, i.e., MOSFET behav-
ior determined by v¢ 4. and v, and the tail current phenomenon
that can be deemed as solely dependent on v,; according to
sensitivity analysis, parallelization of the full behavioral model
can be achieved. The former mainly includes components such
as tmos, Ceg, Cye, and Ry, while the latter is a combination of
Riails Chrail, and 4¢,;. Thus, the overall model can be deemed as
a superposition of both behaviors, and consequently, it is pos-
sible to detach these two parts from each other so as to reduce
the number of nodes in each part. Since ¢;,;; can be deemed
as a current- and voltage-controlled current source, which its
own terminal voltage has no impact on, there is no necessity to
physically connect it to other circuit components. Therefore, the
tail current itself constitutes an independent circuit. With regard
to the parallel R;,;;—C},;1 combination, the voltage across them
is so small compared with that of i,,,s that their existence has
negligible influence on the MOSFET behavior. Thus, it can also
be detached. Then, the superposition model of the IGBT can

< 27)

_Gmosvd + Gch Gmosvcgfi - GC(:g _Gmosvcge - Gmosvd

GI — _Gch GCge + Gch + R;l _GC’ge - Rg;l (28)
L _Gmosud _Gcge - R;I - Gmosvcge GCge + Gmosvd + Gmosvcge + R;I
- V V

JI = _*Imoseq - ICCgeancheq + Ri‘Z - ICgffeqv ICgeeq + Imoseq - FZ (29)
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Fig. 6.
network.

Equivalent circuit model for the IGBT inherent electrothermal transient

be derived as a collection of several submodels, as shown in
Fig. 5(b). The second-order MOSFET subcircuit is the only part
that participates in circuit nodal voltage calculation, while the
other three are used for result correction, as shown in Fig. 5(c),
the general representation of IGBT behavioral model. Hence,
the collector current is calculated as

iC = imos + ich + Z.tail (30)

where ip,,5 and ic ., are obtained through solving the circuit in
which the MOSFET part locates, and 4t,;; is calculated directly
by (21). Similarly, the device’s voltage can be deemed as a
summation of V;, and vy. In Fig. 5(d), the discretized and
linearized circuit for the MOSFET part, which contains merely
one transconductance Gosvcge i shown, where the arrow with
a dashed line indicates that Gyosycqe is related to the node it
points to. Based on that, (28) and (29) shown at the bottom of
the previous page, can be obtained, and the dimension of the
matrix equation reduces to 3.

Such improvements of the full model leads to multifold ben-
efits: the new model is as precise as its original counterpart, and
the number of N-R iterations reduces substantially due to fewer
nonlinearities as well as smaller matrix dimension; meanwhile,
the maximum time step to compute the model is also increased
so that simulation can run much faster.

F. Electrothermal Network

The heat induced by IGBT power loss will raise the junction
temperature, which in turn affects the HHB performance. Mean-
while, determination of the size of the IGBT array in the LCS
and the MB unit also relies heavily on the junction temperature.
Thus, an inherent electrothermal network is established as part
of an accurate IGBT model, as shown in Fig. 6. The cooling sys-
tem is not included [1] in the MB for the reason that the selected
IGBT type usually has enough capacity to withstand the dc line
current for 2 ms, while the adoption of a cooling system in the
LCS can be determined by calculating the IGBT junction tem-
perature using the electrothermal network. It should be pointed
out that this network is suitable for all the three proposed HHB
models, and only one detailed electrothermal network corre-
sponding to the selected IGBT is established due to the fact that
all IGBTs including their electrothermal networks are identical.
Therefore, their operation status such as the junction tempera-
ture is immediately known when computation of the selected
HHB unit is completed.
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TABLE I
IGBT PARAMETERS AS A FUNCTION OF JUNCTION TEMPERATURE

Parameter Coefficient k Coefficient p
Vi —0.012221 8.018885

a 38.3699 x107° 0.004176

b —0.7738 x 1076 464.9903 x107°
T —0.0013681 1.353853

y —852.9 x1076 1.475723

z —982.22 x10°¢ 1.062776
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Fig. 7. Experimental setup with an FPGA-based hardware emulator for the
MTDC system with HHBs.

The IGBT power loss is modeled as a current source, whose
terminal voltage represents the junction temperature 7. The
dynamic junction to case thermal resistance is represented by an
RC network, which can be discretized into an R;;—1I},; network,
as shown in Fig. 6, and 7 is ambient temperature set at 25 °C.
Thus, the junction temperature is calculated as

4 -1
1 2’7’2‘
Ty =" | (Boss + i) x <R+R»At> +T. @)
i=1 ‘ ‘

where R; and 7; are constants provided by device datasheet,
and I;; is the current source contribution of the capacitors’
TLM stub model, written as

27}‘

I =2-ter 7

(32)

in which ¢/, is the incident pulse of capacitor’s TLM stub model

and is updated by

i ]- 27'1'
oy () = mm+hﬁx(R

—1
-+ Rm) — i (t— Ab).

(33)
As shown by the device datasheet, the junction temperature
has a significant impact on IGBT static performance. Thus,
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TABLE II
LATENCIES AND HARDWARE RESOURCE UTILIZATION OF PRINCIPAL HARDWARE MODULES IN THE THREE-TERMINAL HVDC SYSTEM

Hardware Module Description Latency LUT FF DSP
ABCDQ abc-dg transform 7718 Te 1k 4723 (1.56%) 3044 (0.50%) 34 (1.21%)
DQABC dg-abc transform 75-76 Te1 1 4628 (1.53%) 3041 (0.50%) 34 (1.21%)
LPR Line protection 4T 665 (0.22%) 308 (0.05%) 2(0.07%)
MMC MMC controller 38Tk 6362 (2.10%) 4323 (0.72%) 35 (1.25%)
REC/INV Rectifier/Inverter controller 35Tk 867 (0.29%) 697 (0.11%) 10 (0.36%)
DCYARD Rectifier dc yard 43Ty 3235 (1.07%) 1984 (0.33%) 18 (0.64%)
DCYARD-1 Inverter dc yard 33Tk 2156 (0.71%) 1569 (0.26%) 17 (0.61%)
TL Line fault 31Tk 1646 (0.54%) 1135 (0.19%) 10 (0.36%)
MMC-AC MMC ac part 23Tk 3588 (1.18%) 2021 (0.33%) 15 (0.54%)
MMC-DC MMC dc part 13Tk 486 (0.16%) 409 (0.07%) 8 (0.29%)
ITAIL IGBT tail current 26 Teqn 1291 (0.43%) 737 (0.12%) 5(0.18%)
THERM Electrothermal network 31 Teqn 2893 (0.95%) 1779 (0.29%) 15 (0.54%)
HHB-1 TSSM-based (Type-1) 40T 5431 (1.79%) 2233 (0.37%) 23 (0.82%)
HHB-2 CFM-based (Type-2) 38Tk 5032 (1.66%) 2662 (0.44%) 26 (0.93%)
HHB-3 NBM-based (Type-3) 67-125T¢q 14471 (4.77%) 6502 (1.07%) 106 (3.79%)

these static parameters should be expressed as functions of the
temperature. Linear functions that have the form of

y(T;) =k-Tj +p (34
are applied to the calculation of these parameters because in
datasheet only two temperature curves, at 25 and 125 °C, are pro-
vided. However, if more data are available, nonlinear functions
can be employed so as to describe the dynamic electrothermal
features more precisely. The coefficients of the thermal network
are listed in Table I.

IV. HARDWARE IMPLEMENTATION ON THE FPGA

The hardware design of the proposed HHB integrated into the
MTDC system is targeted onto the Virtex 7 FPGA xc7vx485tffg
1761-2, which has 303 600 LUTs, 607 200 flip-flops (FFs), and
2800 DSP slices. As shown in the setup in Fig. 7, the FPGA
board is connected to the oscilloscope via DAC34H84 EVM,
which converters digitals into analogs so the results can be
displayed as waveforms. To achieve a pipelined structure, the
overall system is divided into a number of subcircuits, and hard-
ware modules are designed specifically for each one of them,
such as three types of HHBs and the thermal network, transmis-
sion line with fault stimulus, the controllers for rectifier as well
as the inverter and their dc yards, and MMC inner loop con-
troller and its specific circuits. Vivado HLS is employed, which
enables C/C++ coding of a subcircuit in the form of a function
whose input and output variables are turned into corresponding
hardware module’s physical ports after being synthesized and
exported as an IP core. Therefore, organizing gate-level logic
circuits manually can be avoided and the design period is signif-
icantly shortened. Table II shows individual latencies obtained
from Vivado HLS synthesis as well as FPGA resource utilization
of some key modules of the design.

It demonstrates that the longest hardware delay in the MTDC
system employing either HHB-1 or HHB-2 can be attributed to
the abc-dg transform module, with takes up to 78 clock cycles.
However, it is not the factor that determines whether the design
can attain real-time execution; instead, the HHB module is deci-

sive because at least one N-R iteration is required in calculating
the transients that take place after activating LPR. Therefore, the
actual latencies for HHB-1 and HHB-2 are doubled to around
80 T, considering that a few intervals are inserted between
two calculations. Hence, to attain the goal of real time, the time
step should be larger than that value. In contrast, the NBM HHB,
which, according to Table II, has the largest maximum latency of
125 T7.;; among all of the components and is the determinant of
HIL emulation speed. The varying latency makes output results
last for different periods at different stages, leading to distorted
waveforms. To avoid that, a timer is included to unify the actual
latency of Type-3 model to a fixed 125 T,;.. Meanwhile, each
type of HHB module has a very low percentage of resource
utilization compared with the power converter. And since only
one HHB unit containing one IGBT model is necessary to be
designed into a hardware module, the resource utilization for
HHB-3 is quite low, let alone the other two types where much
simpler IGBT models are employed. The Type-2 model nor-
mally requires more resources than the Type-1 model, but after
transferring calculation of (16) to the electrothermal network, it
has a similar scale to the latter and its latency is also reduced
from over 50 T.;;. to 38 T

Fig. 8 depicts the pipelined hardware structure of a portion of
the MTDC system as well as signal exchange routes, in which all
hardware modules sealed in blocks achieve parallelism. Those
modules related to the MMC AC part and its control are repre-
sented by the module Grid-connected M M C', which receives
reactive and active power or dc voltage orders and generates ac-
side current and voltage information in the dq frame for the dc
part of the MMC, where the transmitted power is obtained and
converted to dc current and voltage. Then, the incident pulse v}
is calculated and sent to the rectifier dc yard so as to obtain two
mesh currents, based on which, other variables, such as dc line
current, can also be acquired. The module for the Type-3 circuit
breaker is shown as an example in the figure, while the other
two types have the same ports. The dc line current acts as an
excitation, and based on the status of the IGBT, the nodal volt-
ages can be calculated. The signal ¢ is introduced specifically
for the Type-2 HHB, for indication of operation status, and con-
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sequently, the transient current can be ascertained in the LUT.
The voltage and the current obtained directly or indirectly are
delivered to the electrothermal network so that the power loss
and the junction temperature can be obtained, which are in turn
sent to the circuit breaker module to update IGBT parameters
for the next time step. The virtual block N—R Iteration is nota
hardware module designed by Vivado HLS. In fact, it is realized
by VHDL coding in Vivado, where all modules are arranged
and connected to each other to form the top-level module.

A proper operation sequence for hardware modules is coor-
dinated by a top-level state machine, as shown in Fig. 9 for the
MTDC system with Type-1 and Type-2 HHBs. With regard to
Type-3, the only difference is that the criterion in State S5 should
change to whether the calculation of HHB-3 has been com-
pleted. The overall system starts to operate under the command
rst that is generated by pressing the reset button on the FPGA
board. External signals such as three-phase ac grid voltages and
carriers for MMC modulation are stored in ROM, and those
data are accessed prior to the operation of all hardware mod-
ules. State S5 takes 43 T since the start order is given, which
ensures that at the end of that state, HHB-1 and HHB-2 have
already completed their first computation and have been waiting
to enter a new phase. Then, if the results converge, those finished
modules will keep idle in State S until one time step runs out,
and by the time Park’s transformation and its reverse have also

Hardware design of the HHB integrated with the MMC in a pipelined structure on the FPGA and signal flow routes.

Top-level
State Machine

Start HHB
Operation

Iter_done='1"?

Fig. 9.
modules.

Top-level state machine for coordinated operation of MTDC hardware

been finished. On the contrary, if the results are not convergent,
only the nonlinear HHB module will be executed again until
it converges or the maximum number of iterations have been
reached. For Type-1 and Type-2 HHBs, the maximum iteration
number can be set to 2, while for NBM-based HHB, three it-
erations are required. The selection of operation frequency is a
tradeoff between time step and FPGA capability. For the first
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two types of models, the frequency is set to 100 MHz, which
means 7, =10 ns, and consequently, the minimum time to wait
to synchronize to real time in State S is approximately 100 ns.
Since the nominal latency of the Type-3 model is unified to 125
111, the frequency is chosen as 125 MHz so that T};;, =8 ns and
the design will execute three times slower than real time.

V. HIL EMULATION RESULTS

The functions of the HHB in guaranteeing normal operation
of healthy power transmission corridors and isolating the faulty
section are tested by HIL emulation of the three-terminal HVDC
system, in which the center of transmission line 1 is subjected to
short circuit, while line 2 keeps operating, as indicated in Fig. 1.
The reaction of the overall system and the performance of some
of its components—especially the IGBT—are investigated and
validated by comparison with results from industry standard
transient simulation tools PSCAD/EMTDC and SaberRD, re-
spectively. The reason is that the former tool is well known for
its accuracy and reliability in system-level simulation, and sim-
ulation by the latter tool is always conducted for verification of
a power converter design prior to constructing a prototype since
the semiconductor switch models in its library have been ex-
perimentally validated [46], [47] and, consequently, are deemed
sufficiently accurate. The MMC model established in such tools
are AVM based, since they are particularly inefficient or even
unable to compute a circuit with nearly a thousand nodes if
the detailed switching function model is applied to the 17-level
MMC adopted in the simulation together with two conventional
full-scale HHBs. Specific parameters of the MTDC system are
given in the Appendix, which shows that the combined protec-
tion voltage of all MOVs is 340 kV, and the number of HHB
units is 100, which means that the protection voltage of MOV,
is 3.4 kV. It can be estimated by applying (9) that the fault
clearance time is close to 4 ms considering that the actual MOV
voltage during that period is a little lower than its protection
voltage.

A. Device-Level Performance

The device-level behavior of the HHB mainly includes the
voltage and current waveforms of its interior components as well
as IGBT’s junction temperature. SaberRD is chosen for results
validation since it provides detailed nonlinear behavioral IGBT
models with a thermal network, such as the chosen igbtl_3x
model.

Fig. 10 shows the transient waveforms of an MB IGBT with an
RCD snubber during turn-off process. The HIL emulation result
of the nonlinear behavioral IGBT model is shown in Fig. 10(a),
which indicates that during the 23-us period, vcg slowly rises
to around the varistor’s protection voltage because the diode is
under conduction state, and consequently, the RCD snubber cir-
cuit is equivalent to a capacitor that is being gradually charged.
Even though the device still turns OFF within about 1.6 us, an
obvious tail current can also be observed. The vcg curve of the
CFM is not shown since the result is identical, while the 7. wave-
form slightly differs with turn-off time of 2.5 us to fit with the
RC snubber case. Fig. 10(d) demonstrates the same process by
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SaberRD, which validates the correctness of the second-order
NBM as well as the partitioning approach. It should be pointed
out that variables shown in the oscilloscope are annotated based
on the actual time the process needs to complete, and there-
fore, the voltage rise time ¢, and the IGBT turn-off time ¢ are
divided by a factor of 3, which is the time of speed that the
HIL emulation runs slower than real time. In Fig. 10(b) and (e),
the turn-off process of the TSSM IGBT is shown to illustrate
the usefulness of complex IGBT models. Although the voltage
rise process is exactly the same as that of the NBM IGBT, the
current waveform is straightened. As a consequence, the power
loss during the transient stage is much smaller, while in the
NBM IGBT case, the power loss soars to 37 kW, as shown in
Fig. 10(c). The power loss at on-state of the CFM and the NBM
is almost the same, with the former having a little closer result
to that of SaberRD. However, the TSSM with the estimated on-
state resistance of the IGBT is incapable of describing the power
loss accurately. The junction temperature variation is shown in
Fig. 10(f). Since a complete loop in the electrothermal network
cannot be formed in the TSSM, its temperature remains slightly
above 25 °C. On the contrary, the IGBT junction temperature
in the other two models rises shortly after 50 ms because of
the power dissipation induced by the dc line current transferred
from the UFD-LCS branch to the MB branch by forcing the
LCS to turn OFF immediately after the protection sequence is
activated by the line fault, which occurs at 50 ms. As can be
seen, both NBM and CFM approaches lead to curves that al-
most agree with the one from SaberRD simulation, meaning
that HHBs employing these two models are sufficient for HIL
emulation. Moreover, in this case, the latter shows its advantage
by running in real time.

In comparison, Fig. 11 shows voltage and current waveforms
of HHBs with an RC snubber. Fig. 11(a) and (b) shows turn-
off waveforms of the MB with NBM and CFM IGBT, respec-
tively, and Fig. 11(d) shows the simulated vcg—i¢c curves from
SaberRD, which validates the proposed models and the parti-
tioning approach. The IGBT turn-off process becomes a little
longer and MB terminal voltage rises more quickly, from ap-
proximately 23 s of the RCD snubber to around 3.6 ps. The two
current curves for RCD and RC snubber cases of the CFM IGBT
are the same: both have a turn-off time of 2.5 us, proving thatitis
incapable of adjusting to variations in the electromagnetic envi-
ronment unless the LUT is modified. With the RCD snubber, vcg
keeps low during the IGBT turn-off process and consequently
the power loss is small, while in the RC snubber case, the rise of
veg occurs simultaneously with the fall of i, and they cross at
about 0.8 kV(kA), which indicates that the power loss is much
larger, as shown in Fig. 11(c). The on-state power loss is virtually
identical to that of the MB with the RCD snubber, and conse-
quently, the junction temperature in both cases is approximately
26.1 °C at the beginning of 52 ms before the IGBT turn-off pro-
cess; nevertheless, its transient power loss reaches over ten times
higher to about 500 kW, leading to an instantaneous junction
temperature jump to around 26.8 °C—an increment of 0.7 °C.
As an obvious comparison, the temperature jump by IGBT turn-
off behavior in the RCD snubber case is much smaller, estimated
at 0.08 °C, indicating the effectiveness of the RCD snubber in
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reducing IGBT switching loss. Thus, the low junction temper-
ature verifies the statement that no cooling system is required
for the IGBT stacks in the MB branch, and the close agreement
with results from SaberRD in Fig. 11(c) and (f) again proves the
accuracy of the proposed models. In Fig. 11(e), the snubber cur-
rents are compared, all three models generate almost the same
waveforms, and therefore they are represented by the Type-3
model. It shows the credibility of HIL emulation, which leads to
results similar to that of SaberRD in both RCD and RC snubber
cases. For the RCD snubber, combined with Fig. 10(a), the MB
and varistor operating process can be derived. After receiving
block order from LPR, the MB turns OFF. In the meantime, the

dc fault current diverts to the snubber, and after its voltage, and
also the varistor’s voltage, increases to the protection voltage, it
again diverts to the varistor where it gradually vanishes. For the
RC snubber, as soon as the MB turns OFF, I?; endures the pro-
tection voltage because the voltage over C; is very low due to a
slow charging rate limited by the resistor. Therefore, the snubber
current is much smaller, but due to an early establishment of a
voltage around 3300 V, the power loss of the MB is high.

The above two cases show that with a proper snubber circuit
and three IGBTs in parallel, the junction temperature rise is
negligible. However, such a benefit is accompanied by adopting
extra IGBTs. With the help of an electrothermal network, evalu-
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TABLE III
ENERGY CONSUMED BY DIFFERENT HHB COMPONENTS

Snubber Type RC snubber/RCD snubber

Models MOV Snubber MB
Type-1 (TSSM)  3.075MIJ/3.114MJ  24.0kJ/7866.9T  288.0J/288.0J
Type-2 (CEM) 3.071 MJ/3.111 MJ 24.0kJ/7866.0]  622.9J/428.8]

Type-3 (NBM)
SaberRD

3.231 MJ/3.254 MJ
3.193 MJ/3.233 MJ

23.9KkJ/8072.01
23.1kJ/8258.31]

627.71/444.5]
633.81/442.11]

5152
4508 At, =4.0ms
3 Fault Clearance
<¢ 3684} E
%‘ 3220 £
= 2576F Aty =2.0ms .
~ X VCcE=Vy
2 1932 ‘ Iy
S 1288f Ic E
-
644} E
o —
o
L NN 20U N 2
(a) 1 div.
5152 Fault Clearance
4508 Breaking Current At, ~4.0ms E
2 3684 E
N
20 ;
S Aty =2.0ms _
L2576 1 VCE=Vy
2 1932F ; §
S 1288f ic ¥ E
-
644} E
0 -
o
L I I I I v <
(b) 1div,
5000F Fault Clearance
Breaking Current \ Aty ~4.0ms
2 4000F
N
3000
K B ~
= At =2.0ms VeE=V,
> 2000
= i
= : v
£ 1000} i
0

L L L L L L L L L
99 100 101 102 103 104 105 106 107
Time (ms)

()

Fig. 13.  Varistor voltage and current during protection. (a) HIL emulation
of the Type-3 HHB model. (b) HIL emulation of the Type-1 HHB model. (c)
PSCAD/EMTDC simulation results. Oscilloscope horizontal axes settings: (a)
5 ms/div, (b) 1 ms/div.

ation of an appropriate size for an IGBT array becomes feasible,
and the CFM is employed in the emulation. In Fig. 12, LPR tests
of two HVDC systems with steady-state dc currents 1 and 4 kA
are conducted to show the significance of the electrothermal net-
work in guiding the HHB design. Fig. 12(a) and (b) shows MB

IGBT junction temperature variations, which indicate that the
chosen IGBT type has enough capacity to construct an MB unit
with a 1x1 IGBT array to protect a transmission line with even
4-kA steady-state dc current since the maximum temperature
is only about 55 °C. The LCS IGBT temperature variation is
given in Fig. 12(c) and (d). The temperature steadily rises after
the HHB starts normal operation, and at the entry into the steady
state at t = 3 s, a line fault is simulated. As can be observed,
a single-IGBT LCS is enough to accommodate 1 kA, while
when the steady-state dc current increases to 4 kA, the junc-
tion temperature could rise beyond 100 °C with self-cooling,
indicating that the margin from safe operation is too small, and
consequently, other types of IGBT arrays, such as 2x2, or an
external cooling system, are required. In the meantime, a com-
parison between MB and LCS junction temperature variation
validates the theory that switching transient modeling is partic-
ularly important for MB IGBTs, while it is negligible for the
LCS, whose static characteristics dominates junction tempera-
ture rise, meaning that even the steady-state part of the CFM is
sufficient to satisfy simulation requirements.

Fig. 13 shows the overall performance of different types of
HHB models. Fig. 13(a) and (b) shows the results from HIL
emulation in which Type-3 and Type-1 models are employed,
respectively. The shapes of these voltages and currents in both
figures are virtually the same, which indicates that the breaking
time is 2 ms and the fault clearance time is approximately 4 ms.
The results of Type-2 breaker are omitted since they are iden-
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Fig. 15.

System-level performance of the MTDC system during long-term line fault with the proposed and scaled-down HHB models from HIL emulation (top)

and PSCAD/EMTDC simulation (middle and bottom). (a)—(c) Converter-side dc voltages, currents, and active powers with the proposed HHB models. (d)—(f)
Converter-side dc voltages, currents, and active powers with the scaled-down HHB model. Oscilloscope horizontal axes settings: (a)—(c) 50 ms/div.

tical. During the breaking time, the dc fault current is equally
divided among three paralleled IGBTs so that each accounts
for one-third of the total. The main difference between these
two figures is their emulation speed. For the Type-3 model, it
runs three times slower than real time; thus, A¢; and Aty by
the horizontal axis are 6 and 12 ms, respectively, which are dis-
counted into 2 and 4 ms. On the contrary, the other model is
executed in real time. In Fig. 13(c), the simulation results from
PSCAD/EMTDC are given, which have exactly the same shapes
and values as the HIL emulation results.

In Fig. 14, the importance of developing a full-scale HHB
model for HVDC system performance prediction is demon-
strated. It would be misleading that snubber parameters such
as those in the Appendix are applied to a scaled-down model,
since it produces some unexpected oscillations in vy, the cir-
cuit breaker’s voltage, as well as line current that a full detailed
model will not cause, as shown in Fig. 14(a), which gives the
results from real-time HIL emulation and PSCAD/EMTDC sim-
ulation. Therefore, evaluation of the behavior of an HVDC sys-
tem will be inaccurate. On the other hand, the parameters that
enable the scaled-down model to produce device-level wave-
forms, as shown in Fig. 13, are probably inappropriate for the
full model, as can be observed from both HIL emulation and
PSCAD/EMTDC simulation in Fig. 14(b) that some oscillations
are introduced to the breaker’s voltage and line current when the
snubber resistance is altered to 200 (2.

Table III summarizes the energy consumed by the three
main parts of the HHB under two snubber circuits after LPR is

activated. We can see that regardless of the snubber circuit, the
MOV absorbs the majority of remaining energy, slightly over
3 MJ in both cases. However, the amount of energy dissipated
by the other two parts is heavily dependent on the type of snub-
ber. Energy absorbed by the RCD snubber is about one-third
of the RC circuit. On the other hand, all three types of circuit
breakers yield a close energy consumption for the MOV and the
snubber; there is disagreement in the energy consumption of
the MB path. The Type-1 model shows the least energy because
the turn-off process of the TSSM is inaccurate. The Type-2 and
Type-3 models have similar energy consumption, and as can be
observed, the one based on the second-order NBM has closer re-
sults to SaberRD, where the fourth-order IGBT model igbt1_3x
is used, while for the Type-2 model, to attain more precise
power consumption under RCD snubber case, the current curve
of the CFM should be adjusted. Moreover, it can be observed
from the table that different IGBT models can cause minor
differences in energy consumed by the MOV and the snubber,
which underlines the importance of precise switch models.

B. System-Level Performance

All three models are applicable to the MTDC system as they
produce the same system-level results, so the Type-2 model is
used for real-time purpose, and the waveforms are validated by
PSCAD/EMTDC simulation, as shown in Fig. 15.

Before line fault, all converter-side dc voltages are maintained
at around 200 kV, with the rectifier having a small margin over
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the other two to ensure power transfer. Immediately after Line
1 contacts the ground, the dc voltages at all stations sag, and
after the faulty section is isolated by HHBs on both sides within
around 6 ms, the dc voltages are gradually restored since they
are controlled by one of the inverters connecting to the rectifier,
as shown in Fig. 15(a).

Fig. 15(b) shows the converter-side dc currents during the
same period. As can be seen, during breaking time, the line fault
leads to current surges in the Rectifier side as well as Inverter-1
side, which sees a polarity inversion from —1 to over 2 kA, as
the fault forces the inverter, along with the rectifier, to provide
energy to the ground. As a consequence, the energy received by
Inverter-2 reduces, but with a much slower speed since energy
is also stored in the 200-km-long path, including two current-
limiting inductors. After the fault is isolated by two HHBs,
currents flowing from Inverter-1 and the Rectifier to the ground
are interrupted, and therefore, the 2-kA rectifier current diverts
to Inverter-2. In less than 100 ms, the current stabilizes at 2 kA,
asitis still controlled by the Rectifier. Fig. 15(c) shows the power
delivered or consumed by the three stations, and we can see that
during the fault, the rectifier station can provide as much as
1-GW power to the ground, but after completing the protection
process, the power is restored and Inverter-2 receives all that
amount of energy. As a comparison, the results from using the
scaled-down HHB model with the same snubber parameters
are also shown. Fig. 15(d) indicates that the voltages are less
affected by the simplification of the model. However, the current
waveforms have a remarkable difference, with high-frequency
oscillations lasting up to 100 ms and the dc fault currents in
Line 1 are not quenched immediately. As a consequence, the
power transmission is also unstable during that period, with
the Rectifier power reducing to zero momentarily and multiple
energy exchanges between Inverter-1 and the rest of the system.

VI. CONCLUSION

This paper proposed three full-scale HHB models for the pur-
pose of efficient and accurate real-time hardware-in-the-loop
emulation as well as electrothermal transient simulation under
the circumstance that their conventional counterpart is highly
inefficient in simulation and inappropriate for real-time execu-
tion. The approach that partitions the HHB full model into a
number of fundamental and identical subcircuits results in a re-
markable reduction of the dimension of corresponding matrix
equations and, therefore, can be referred to for the modeling
of other power electronic apparatus. On the other hand, FPGA
hardware resource utilization declined drastically by at least
two orders of magnitude compared with the conventional full-
scale model, and the burden of computing the proposed HHB
models is virtually the same as that of the scaled-down model.
Therefore, it substantially accelerates the computational speed
and is feasible for HIL execution to validate control and pro-
tection strategies of an MTDC system. Meanwhile, as a pivotal
part of the HHB, three types of IGBT models were adopted
to give a variety of guidance in the breaker design process. It
is demonstrated by comparison with the scaled-down model
that all three models are capable of verifying whether a selec-
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tion of parameters is reasonable by investigating the impacts
of the designed HHB on the overall system that the latter is
unable to achieve. And particularly, the CFM and an improved
nonlinear behavioral IGBT model are able to provide extra in-
formation unavailable in previous simulation studies of HVDC
circuit breakers, such as IGBT power loss and subsequently its
junction temperature, which is meaningful in the determination
of an appropriate IGBT type and the size of its array for the LCS
and the MB, as well as evaluation of the cooling condition. HIL
emulation results demonstrate that the CFM-based HHB model
can be executed in real time, while the NBM HHB model pro-
vides better versatility. Meanwhile, it shows that precise IGBT
models with switching transients are needed for MB IGBT type
selection, while a simple steady-state model is sufficient for
the LCS IGBT. Moreover, the proposed simplified IGBT NBM
is computationally more efficient and robust against numeri-
cal divergence, so it can be applied for the simulation of other
power converters. Future research in this area is currently be-
ing directed toward adopting the proposed model for real-time
emulation of large-scale MTDC girds.

APPENDIX

The MTDC system parameters are: ac-side impedance
Zae=0.1+511.3 Q, MMC dc-side capacitor C, = 500 pF, total
power P,.. =400 MW, rectifier dc current I1 =2 kA, inverter dc
voltage Ugc1,2 = 200 kV, and inverter dc current Iy(3); = 1 kA.
The transmission line parameters are: impedance ry = 0.012
Q/km, inductance [, = 0.106 mH/km, capacitance ¢y = 0.296
wF/km, and length D = 200 km. The HHB parameters are:
snubber resistor R; = 10 €, snubber capacitor Cy = 30 uF,
MOV overall protection voltage Vier = 340 kV, Lt = 2 KA,
and the number of HHB units N,;;, = 100.

The extracted SSNA 2000K450300 StakPak IGBT NBM
parameters at 7" = 25 °C/125 °C are given as follows:
V; =7.71336 V/6.49126 V,a = 5135.37x1076/8972.36 x 107,
b = 445.644x1075/368.26x10°%, m = 0.75, x = 1.31965/
1.18284, y = 1.4544/1.36911, z = 1.03822/0.94000, vcgo =
0.11V, cgeo = 100 nF, ccgo = 380 nF, and R,=10.16 2.
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