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ABSTRACT Real-time device-level hardware-in-the-loop (HIL) emulation of a complete high-speed rail
system is challenging due to its complex modeling and high computing demand. With higher energy-
efficient and switching frequency semiconductor material being found and adopted in the power electronic
electrified traction application, there is a need to develop such new material based real-time device-level
power electronic models in the modern and future traction system to estimate and verify the device switching
transients, energy efficiency, and power quality improvement capability. This paper proposes a real-time
SiC IGBT model based on the Wiener-Hammerstein configuration. A complete Beijing-Shanghai AC
traction application is utilized as the study case, implemented on the hybrid multiprocessor system-on-
chip (MPSoC) and field-programmable gate array (FPGA) platform, to verify both the system-level and
device-level performance of the proposedmodel with comparisons to commercial software PSCAD/EMTDC
and SaberRD. The dedicated hardware implementation enabled model execution at 10 ns for device-level
transients and 10 µs for system-level transients.

INDEX TERMS Behavioral model, device-level, electro-thermal, field-programmable gate array (FPGA),
hardware-in-the-loop (HIL), high-speed rail (HSR), insulated-gate bipolar transistor (IGBT), modular
multi-level converter (MMC), real-time systems, silicon carbon (SiC), system-on-chip (SoC), wideband
gap (WBG).

I. INTRODUCTION
High-speed rail (HSR) delivers fast, efficient, and reliable
transportation in all weather conditions, fosters economic
development in second-tier cities along train routes, links
cities together into integrated regions that can then function
as a single stronger economy, broadens labour markets and
offers populace a wider network of employers to choose
from [1], and has been specifically researched for stability
and compensation [2]–[4], control [5], design optimization
[6], and hardware-in-the-loop (HIL) application [7]. In the
twentieth and the twenty-first century, HSR has achieved
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some noticeable achievements regarding test speed and oper-
ation scale. In 1903, Marienfelde–Zossen HSR line reached
200km/h for the first time and demonstrated the feasibility of
the modern electrified HSR [8]. With tremendous advances
of HSR field speed tests, research and development pushes
the world’s fastest train to the limit with a speed record of
603km/h on Japanese SCMaglev in 2015. Meanwhile, China
has extended the HSR network to the operation scale of
25,000 km which is still growing rapidly today.

The future HSR system relies on high efficiency, oper-
ating temperature and switching frequency next-generation
power semiconductor. The invention of the silicon (Si) power
device inexorably paved the way for the modern HSR era.
Silicon carbide (SiC) and gallium nitride (GaN), both wide
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bandgap (WBG) semiconductors, have emerged as the front-
running solutions to make inroads into high power, high-
temperature segments [9]. The SiC characteristic enables
dramatic reductions in conduction loss by the improvement of
low-impedance packaging technology and switching loss by
the significant reduction of reverse recovery phenomenons,
and prevents the flow of leakage current at high temperature
by the higher breakdown voltage in nature [10]. Innovative
SiC power module may lead the way of advanced HSR
transportation for a low-carbon sustainable future. With the
advantages mentioned above, there is a growing need to
model the SiC power device in the existing HSR AC traction
scenarios to test and evaluate the performance of the control
and protection algorithm and circuits, and controller in a
device-level non-destructive environment repeatedly. For this
purpose, real-time HIL emulation of the HSR power system
can be a promising answer in this application. To maximize
the HIL emulator performance, both high sequential clocking
and massive parallel compute devices have been utilized in
previous works.

HIL application requires real-time capable models to ful-
fill the timing constraint. System-level power switch mod-
els, which neglect device-level transients, are applied in
the commercial HIL application. In this work, a real-time
device-level SiC model is developed with proper consider-
ation and order-reduction to meet the real-time application
requirement. Currently, SiC device-level models are available
in three categories, starting from the simplest behavioural
model to the most compute resource demanding numerical
model: 1) Behavioral models [11]–[14], which simulate the
device transients without considering the physical mech-
anism and require the least compute resource to conduct
the modeling calculation; 2) Physics-basedmodels [15]–[17].
These models solve the detailed nonlinear physics equa-
tions related to thermal and electrical issues; 3) Numeri-
cal models [18]–[20], which provide accurate device-level
details using finite element simulation but become extremely
computationally intensive; also, detailed device geometry
information and material properties are necessary for this
type of model. The nonlinear physics-based model requires
multiple Newton iterations for convergence and it extends
the execution time in the compute hardware, which makes
this type of model difficult to be applied in the real-time
device-level emulation. For material properties and geome-
try based numerical model, it is unrealistic to get access to
the detailed manufacturer fabrication information for every
power electronic device, not even mentioning the enormous
complex calculation for its real-time application. Therefore,
the behavioural model seems to be the only option to realize
the real-time device-level SiC power electronic emulation.
The electro-thermal behaviors usually change very slow com-
pared to the electrical characteristics. Thus, in the imple-
mentation of electro-thermal model, the thermal counterpart
can exchange its information with the electrical counterpart
at the system-level time-step. In the literature, a wide range

of methods devoted to thermal modelling can be found:
1) Lumped model, which links up the high-order nonlinear
behavioral and analytical electrical model or utilizes transfer
function to represent the physical heat flow transmit by mea-
surement [21]–[28]; 2) Numerical modeling: finite difference
[29], finite element [30], boundary element approaches [31],
etc. were employed. In the proposed model, the electrother-
mal model based on the device datasheet (Foster model) is
developed.

For simplification of the device-level behavioural model,
Wiener-Hammerstein configuration, consists of two linear
dynamic blocks in the front and the back with a sand-
wiched linear static block in the middle, is employed as
the behavioural modeling tool for separating the static and
dynamic characteristics in this work [32]. After generations
of development in nonlinear system identification theory, the
Wiener-Hammerstein-basedmodels have been applied in var-
ious areas, such as system identification [33]–[35], hysteresis
phenomena [36], [37], power electronics [38]–[39], and elec-
trical drives [40]. Different from the Wiener-Hammerstein
model, the configuration extends the linear time-invariant
(LTI) nonlinear static block to linear or nonlinear time-variant
static one, which is considered to have little impact on the
model accuracy and execution efficiency.

This paper proposes real-time electrothermal behavioural
models for the SiC hybrid IGBT module via the Wiener-
Hammerstein configuration with the equivalent electrical
component representation in the study case of Beijing-
Shanghai HSR AC traction system based on the hybrid multi-
processor system-on-chip (MPSoC) and field-programmable
gate array (FPGA) platform. The parameters of the Wiener-
Hammerstein configuration model is extracted from the
dedicated device datasheet from the manufacturer. The
performance of the proposed real-time model is tested and
validated with commercial software at both system-level and
device-level. This paper is organized as follows. Section II
describes the construction of the Wiener-Hammerstein con-
figurations for SiC IGBT module. Section III explains the
details of the Beijing-Shanghai HSR. Section IV shows the
detailed hardware implementation on hybrid MPSoC-FPGA
platform. Section V gives the real-time emulation results
and validation. Section VI concludes the contribution of this
paper.

II. OSCILLATION MECHANISM AND
WIENER-HAMMERSTEIN CONFIGURATION
MODELING OF SiC IGBT MODULE
This section introduces the oscillation mechanism of the
SiC IGBT module and the detailed modeling method based
on the Wiener-Hammerstein configuration which includes
the carrier charge dynamic characteristics, operating static
characteristics, and operating dynamic characteristics. The
voltage reconstruction is explained in the last subsection.
The device datasheet utilization is listed in Table 1 for the
Wiener-Hammerstein configuration modeling procedure.
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FIGURE 1. Oscillation mechanism of hybrid SiC IGBT module: (a) Oscillation Scenario 1. (b) Oscillation Scenario 2.

TABLE 1. Wiener-Hammerstein Configuration Modeling Procedure.

A. OSCILLATION MECHANISM OF SiC IGBT MODULE
Due to the advantage of the SiC material, it enables the lower
resistance and capacitance in high power switching device,
which introduces the oscillation problem during both turn-on
and turn-off. The low resistance worsen the damping effect
while the low capacitance increases the oscillation frequency
compared to the Si-based switching device.

In Fig. 1 (a) (b), the scenario of positive and negative
current inside the MMC submodule for the turn-on and turn-
off can be observed. During the turn-on transient, the IGBT
receives a current injection from both MMC submodule ter-
minal and SiC diode reverse recovery current which creates
an oscillation loop inside the submodule. The detailed oscil-
lation loop of the MMC submodule can be seen in Fig. 1
(a) (b) with parasitic components where the diode symbol
is considered as the ideal diode. The equivalent oscillation
circuit is given in the subplot of each oscillation scenario
and the parasitic parameters of the circuit in the oscillation
Scenario 1 are given as:

ω ≈
1

√
Ls′Coes(VR))

, Ls′ = LC1 + LE1 + LS + LC2,

(1)

RGon = RInt + RExt(ON ) = 1.3�, (2)

Cies = CGC2 + CGE2, XG = RGon +
1

jωCies
, (3)

Req =

∣∣∣∣ XG · jωLE1XG + jωLE1
+ RON2

∣∣∣∣ ≈ 1.5�. (4)

where LC1, LE1, LS are the IGBT module 1 collector and
emitter parasitic inductance and circuit stray inductance,
respectively. ω is the oscillation frequency. RG, RInt , RExt(ON )
andRON2 are the total gate resistance, internal gate resistance,
external turn-on gate resistance and turn-on static resistance,
respectively. CGC2, CGE2 are the IGBT module 2 gate-
collector and gate-emitter capacitance, respectively.Req is the
equivalent RLC oscillation circuit resistance. For oscillation
Scenario 2, the calculations of the equivalent RLC compo-
nents are similar.

B. CARRIER CHARGE STAGE
The carrier charge stage, shown in Fig. 2, is the prerequisite
condition before the IGBT’s turn-on and turn-off. The IGBT
consists of three nonlinear capacitors CGC , CGE , and CCE ,
between the three nodes: collector, gate, and emitter. When
the gate signal of IGBT is on, CGE and CGC start charging
with the nonlinear characteristic, which can be simplified to
the equivalent first-order RC circuit. The resistance of the
charge state is referred to as the internal and external gate
resistor while the capacitor is the nonlinear node capacitor
inside the IGBT module. The equivalent charging capacitor
value is calculated by the turn-on and turn-off delay time
Td which equals to 2.2τ=2.2RGeqCeq. Thus, the Ceq value is
obtained by the relation given as:

Ceq =
Td

2.2RGeq
, (5)
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FIGURE 2. Carrier charge stage of SiC-IGBT.

FIGURE 3. Static characteristic of SiC-IGBT.

TABLE 2. Thermal Impedances for CMH1200DC-34S Thermal Network.

C. STATIC CHARACTERISTIC
In Fig. 3, the static characteristics of IGBT and diode are
shown with detailed component representation. IGBT and
diode can be represented by a conductance gION and gDON
in parallel with a voltage controlled current source (VCCS).
Both the conductance and the VCCS are temperature sensi-
tive and change over timewith the dedicated dynamic thermal
circuit, shown in Fig. 4 and Table 2. vION and vDON is the
collector-emitter saturation voltage and diode forward volt-
age, respectively. iION and iDON are the Nodal representa-
tion of vION and vDON in the static characteristics. In static
operating condition, the capacitive characteristic inside the
SiC-based diode is negligible with the reduction of the corre-
sponding component representation. The temperature sensi-
tive relation of the nodal representations are given as:

gON (Tvj) =
Tvj − Tlow
Tlow − Thigh

(gTlowON − g
Thigh
ON )+ gTlowON , (6)

vON (Tvj) =
Tvj − Tlow
Tlow − Thigh

(vTlowON − v
Thigh
ON )+ vTlowON , (7)

iON (Tvj) = vON (Tvj) · gON (Tvj). (8)

where Tvj, Tlow and Thigh are the junction temperature,
datasheet low experimental temperature, and the datasheet
high experimental temperature, respectively.

FIGURE 4. Thermal circuit of SiC-IGBT module.

D. DYNAMIC CHARACTERISTIC
In Fig. 5, the dynamic characteristics of the hybrid IGBT
module are shown with three stages in turn-on transients in
Fig. 5 (a) and two stages in turn-off transients in Fig. 5 (b).
In the turn-on Stage 1, the IGBT module employs a first-

order approximation in the calculation. The VCCS of IGBT
is set to zero while its conductance utilized the first-order
approximation which is calculated by the turn-on rise time.
Stage 2 of turn-on uses the triangle shape to calculate the peak
value of the reverse recovery current where the period time
is obtained from the oscillation frequency and the capacitor
charge value is from the device datasheet. The transient cur-
rent of Stage 3 is calculated by the equivalent RLC circuit.

In the turn-off Stage 1, the IGBT module employs both a
first-order approximation and the linearly decrease calcula-
tion. The conductance of IGBT is set to zero while its VCCS
utilized the first-order approximation which is calculated by
the turn-off rise time. But the stage 1 is approximated by
the two cross points of linearly decrease curve and first-
order approximation curve. After the cross point of linearly
decrease curve and the first-order approximation curve, the
transient current waveform utilized the combination of first-
order approximation curve and oscillation circuit result in
stage 2 of turn-off. The oscillation initial current is set to the
previous cross point value. In the static state, the dynamic
characteristics are neglected and blocked. And the whole
IGBT module is set to the form of Fig. 5 (c).

During the turn-on or turn off transient, it is assumed
that the RLC sub-circuit loop introduces the oscillation
waveform. The RLC circuits equations are given as:

uC + uR + uL = 0, (9)

uR = RiL , uL = L diL
dt , uC =

Q
C , iL =

dQ
dt , (10)

LCp2+RCp+1 = 0, p = − R
2L±

√( R
2L

)2
−

1
LC . (11)

where uR, uL , and uC are the transient voltage of the RLC
components. R, L, and C are the resistive, inductive, and
capacitive component of RLC circuit, respectively. The accu-
rate representation of RLC transient current with the initial
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FIGURE 5. Dynamic characteristics of Si and SiC IGBT modules for: (a) turn-on, (b) turn-off, (c) hybrid IGBT module Norton circuit
representation.

current injection at the peak is given as:

i = I0e−δtcos (ωt) , I0 = Irr = 4Qrr fosc, δ =
R
2L

(12)

ω =

√
1
LC
−

(
R
2L
,

)2

≈

√
1
LC

, R� 2

√
L
C
. (13)

where i is the transient current of the RLC circuit; I0 is the
initial current for the inductor current which is actually the
reverse recovery current peak value Irr ; Qrr is the reverse
recovery charge of the IGBT module; fosc is the oscillation
frequency of the RLC circuit. The change of the conductance
and accompanied current value of first-order approximation
in the switching transient can be estimated, given as:

H (s) =
1

τS + 1
, S =

2
1t
·
1− z−1

1+ z−1
, (14)

h(t) =
1t +1tz−1

1t + 2τ + (1t − 2τ) z−1
. (15)

where the H (s) is the transfer function of the first-order
approximation. Bilinear transformation is utilized with the
simulation timestep1t . h(t) is the time domain transfer func-
tion. τ can be calculated by utilized of the value of 90.03% for
0.105τ and 10.01% for 2.302τ , which is the definition value
of the rise and fall time in the datasheet.

E. VOLTAGE RECONSTRUCTION
The transients turn-on and turn-off power loss of hybrid SiC
IGBT module are shown in Fig. 6 under specific circum-
stance from the datasheet. From which, the transient voltage
waveform can be obtained via the relationship of V=P/I . The
current, voltage and the power loss waveform has been nor-
malized to percentage level based on their maximum value.
Both the turn-on and turn-off waveform consist of a linear
or polynomial region and a mixed region of the first-order
approximation and the oscillation. The turn-on and turn-off
power loss are given as

PON =
∫ t2

t1
(A1x + D1)+

∫ t3

t2
(B1x2 + E1x + F1)

+

∫
∞

t3
((C1x + G1)e

−
x
τ1 cos(ωx)), (16)

POFF =
∫ t4

0
(A2x + E2)+

∫ t5

t4
(B2x + F2)

+

∫ t6

t5
(C2e

−
x
τ2 + D2e

−
x
τ3 cos(ωx)+ G2), (17)

where PON and POFF are the total power loss during the turn-
on and turn-off transient, respectively. t1 - t6 indicate the start
time of specific region; A1, A2, B1, B2, C1, C2, D1, D2, E1,
E2, F1, F2, G1, G2 are the parameters for fitting; τ1 - τ3 are
the parameters for the first-order approximation.
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FIGURE 6. Voltage reconstruction of SiC-IGBT module for: (a) turn-on,
(b) turn-off.

FIGURE 7. Complete topology of Beijing-Shanghai HSR network.

III. CASE STUDY: BEIJING-SHANGHAI HSR NETWORK
A. HSR PROTOTYPE
The 1318 km length Beijing-Shanghai HSR, which
includes 27 power stations and 26 section posts, is selected
as the study case in this work. A complete topology of the
power station, AT substation, and section post is shown in
Fig. 7 with up and down track. The connection among the
section post, AT substation, and the power station employs
the distributed travelling wave transmission line model.

B. DETAILED HSR TRAIN POWER SYSTEM
MMC-based motor drive system has been increasingly
adopted in recent years [41], [42]. A complete SiC-based
MMC train system is illustrated in Fig. 8. The train receives

FIGURE 8. Detailed HSR traction system configuration.

the energy from the contact wire with the help of the pan-
tograph system, and scales down the voltage from 27.5kV
to 3kV by the single-phase transformer. Then, the rec-
tifier converts the AC power to the DC connection of
MMC-based induction machine drive system. The recti-
fier employs the proportional-resonant controller while the
MMC-based induction machine is controlled by the outer
induction machine drive control system.

IV. HARDWARE IMPLEMENTATION OF HSR SYSTEM
A. MPSoC-FPGA PLATFORM
Two VCU118 boards and one ZCU102 MPSoC board are
utilized for HIL platform (Fig. 9) for the complete HSR
system emulation. The Xilinx R© ZCU102 development board
features a Zynq UltraScale+ MPSoC device with a quad-
core ARM R© Cortex-A53, dual-core real-time Cortex-R5
on 16nm FinFET+ programmable logic fabric while the
Xilinx R© VCU118 board provides the highest performance
and integration capabilities in a FinFET node with four
times larger hardware programmable logic resource capac-
ity of ZCU102. The ZCU102 utilizes the QSFP connectors
with Aurora communication protocol to exchange data from
board to board, which can achieve with 650ns latency in the
implementation.

B. DETAILED SYSTEM DECOMPOSITION
A comprehensive HSR topology is implemented in the
MPSoC-FPGA platform with both device-level and system-
level model. The detailed device-level SiC MMC-based
drive train model, with nanosecond-level transient waveform,
is emulated in the ZCU102 MPSoC system along one com-
plete section including a power station, AT substation, and
section post (SP). The other two VCU118 FPGA boards
emulate the system-level AC traction system. The MPSoC
communicates with the two VCU118 FPGA boards for train
distance information.

VOLUME 8, 2020 122353



T. Liang et al.: Real-Time HIL Emulation of High-Speed Rail Power System With SiC-Based Energy Conversion

FIGURE 9. Hybrid hardware platform configuration of HSR system.

V. RESULTS AND DISCUSSIONS
Fig. 10 gives the SaberRD R© offline (fixed line) and the real-
time experimental results (black point) comparison under
datasheet standard. Fig. 10 (a) shows the turn-on current
waveform. In the static state, the submodule is operated
at 100ns. After which, the first-order approximation is
employed to execute the circuit emulation also at 100ns time-
step wise. In the oscillation region, the equivalent RLC circuit
utilized the pre-restored historical current in the circuit emu-
lation which results in much faster emulation speed for the
single-node circuit for 6ns per time-step. The prerequisite of
applying the fixed pre-restored historical current is that IC has
little influence on the reverse recovery chargeQrr . All device-
level results are executed in the processing system’s 1.3Ghz
capable ARM R© cores for real-time emulation in this case.
In the case of IC equals to 168A, only one first-order approx-
imation circuit calculation (100ns per time-step) is needed
while it requires the most RLC circuit emulation results
of 62 points (6ns per time-step) in the emulation. Thus the
total emulation time delay is 100ns+62*6ns =472nswhile the
its turn-on delay time is 500ns, which means the emulation is
real-time capable. The time-delay for the case of IC equals
to 1206A is 2*100ns+43*6ns = 458ns. In Fig. 10 (b), the
turn-off current waveform is divided into two parts: linearly
decreasing region andmixed oscillation region. In the linearly
decreasing region, the first-order approximation calculations
are also emulated simultaneously. After the cross point of
linearly decrease and the first-order approximation, the tail
current waveform is combined by the oscillation circuit result
and the first-order approximation. But in Fig. 10 (b), the α is
fixed for all the current ratings which introduces higher error

rate for the oscillation region under low current rating. In the
final device tail current implementation, α has been adjusted
to the cross point percentage value for better fitting result.
Fig. 10 (c) (d) are the turn-off current and the reconstructed
VCE based on the previous normalized transient power loss
waveform by utilizing the relationship of V=P/I .
Fig. 11 compares the proposed normalized power loss and

the datasheet standard power loss. The errors are acceptable
which shows the accuracy of the reconstructed switching
voltage transient waveform. The device thermal calculation is
not utilizing the normalized power loss value but the datasheet
standard power loss value to ensure the accuracy of the device
thermal behaviors.

Another thermal performance comparison is shown in
Fig. 12 with Si-based IGBT module FD1000R171E4. The
submodule is considered to be mounted on one heat sink and
shares the same setup and gate signal from the SiC-based
device. From the result, the temperature variation of the Si-
based device shows higher fluctuation during the ten seconds,
and ranges between 40 and 43◦C which is nearly three times
that of the range for the SiC-based device.

Fig. 13 (a) (b) give the IGBT S2 turn-on and turn-off tran-
sients, respectively. The front carrier charge linear dynamic
block in the Wiener-Hammerstein configuration starts to
operate when gate signal generated. Once charged to the
threshold voltage, the front carrier charge linear dynamic
block triggers the linearized static characteristic block and
the back linear dynamic characteristic block. The linear static
characteristic block computes its device conductance and
VCCS value. The back linear dynamic characteristic block
emulates the first-order delay transient. At the turn-on stage,
the collector current shoots up with the oscillation phe-
nomenon which is mainly introduced by the low capacitance
and resistance by the diode D1. The lower capacitance intro-
duces higher oscillation frequency while the lower resistance
results for worse damping in the oscillation process. The
ARM R© core is only able to perform a 10ns time-step real-
time device-level emulation and 6ns time-step for a 10ns
time-step wise in the RLC oscillation waveform because the
high-frequency oscillation requires smaller time-step to show
the detailed transients. During the carrier charge stage, the
IGBT module is not activated to be turned on, which can be
utilized for calculating the turn-on transient. Thus, the real-
time turn-on transients borrow time for 500ns time-step in
the emulation process. In this case, the ARM R© core executes
the transient calculation under the 100ns time-step for static
state or first-order approximation to emulate ten 100ns time-
step points and RLC oscillation waveform for 10ns time-
step wise. When the turn-off gate signal is generated, the
front linear dynamic block calculates the capacitor discharge
status. Once the gate-emitter capacitor discharge voltage drop
to the turn-off threshold voltage, the linear static block and the
back linear block are triggered and the static state and the tail
current shape can be determined by first-order approximation
and its RLC oscillation waveform. Fig. 13 (c) shows the
device junction temperature within ten seconds. Temperature
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FIGURE 10. Device-level offline (SaberRD R©) and real-time emulation results comparison under datasheet standard for: (a) turn-on current,
(b) turn-off current, (c) reconstructed turn-on voltage, (d) reconstructed turn-off voltage.

FIGURE 11. Comparison of normalized power loss and datasheet power
loss.

cooldown can be observed during the time period with less
power loss for each dedicated device. Due to SiC device
advanced thermal feature, all the devices do not go beyond
41◦C during stable operation.

Fig. 14 (a) (b) show the line voltage and line current,
respectively. They are captured at the time when the train is
cruising between the AT substation and power station. The
voltage results include feeder-rail (FR) voltage on train and
section post (SP) side, catenary-rail (CR) voltage on train and
SP side. The voltage of the SP is slightly smaller than the
one on the train side. The locomotive connects to the traction
network by its catenary-pantograph system. The connected
lines include catenary and its rail from both AT substation
and power station or the source (S) side. From Fig. 14 (b),
iR−S , the current on the rail to the source, shares the equal

FIGURE 12. Thermal performance comparison between Si and SiC IGBT
module.

quantity with the iR−AT which is the current on the rail to the
AT substation. The rectifier inside the locomotive converts
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FIGURE 13. Device-level results for MMC submodule from real-time simulation (top oscilloscope sub-figure) and off-line simulation by SaberRD R©

software (bottom sub-figure) for: (a) turn-on transient current, (b) turn-off transient current, (c) device junction temperature. Scale: (a) x-axis:
200ns/div. (b) x-axis: 100ns/div. (c) x-axis: 1s/div.

TABLE 3. Traction network line voltage in dedicated position and its error (per 1000) comparison.

the AC power from the traction network to DC link and gives
the result in Fig. 14 (c). As seen in Fig. 14 (d) (e), MMC
capacitance forming voltage andmotor voltage are given with
their FFT analysis in Fig. 14 (g) (h) which analyzes the high-
frequency harmonic impact on the grid. Due to the large
inductance inside the motor, the difference of MMC termi-
nal and source voltage are not obvious for comparison. The
most observable high-harmonic frequency is about 4000Hz
and 8000Hz with the negligible amplitude to the 50Hz one.
The high-frequency harmonic is introduced by the 2000Hz
carrier wave in the control system. The capacitance voltages
of the upper arm and lower arm of the MMC sub-module are
shown in Fig. 14 (f) (i), respectively. Vcap,a of the upper arm
varies from 727 V and 742 V while Vcap,a of the lower arm
varies from 726 V and 741 V. The variation percentage of
capacitance in the upper arm is 2.022% while the one in the
lower arm is 2.024%.

As seen in Table 3, the location of the train results in the
different voltage changes along the line which energized the
train power system. Position 1, Position 5, Position 9 indi-
cate the power station, AT substation, and SP, respectively.
Position 3 and Position 7 are the middle point between the
power station and the AT substation, and the middle point
between the AT substation and the SP substation. Voltage
drop can be observed at the location of the train and its voltage

become the lowest along the line. The comparison of error
(per thousand) with respect to PSCAD/EMTDC R© simulation
is also given in Table 3. The FPGA resource consumption for
study case is illustrated in Table 4 and the highest percentage
usage of resource is the LUT, with 90.92%, 67.47%, 88.55%
on ZCU102, VCU118-1, and VCU118-2, respectively. In
this work, it is considered that only one uptrack and one
downtrack train are cursing inside the traction network that
is energized by one power station. The device-level high-
speed train communicates with first VCU118 to get the cor-
responding voltage and current information from the traction
network.

The average errors are shown in Table 5 where the voltage
average error rates are higher than the current ones. Because
the front part of the normalized transient power waveform
utilized linear approximation which is easier to be interpreted
in terms of the linear delay. If higher order of polynomial
approximation is employed, the error rate can be reduced
to certain percentage but the delay part might be hard to
implement and interpret. The average error of the device-level
transient is less than 4.32% while the one at system-level is
0.217%.

The latencies of hardware implementation is shown in
Table 6. The device-level transient takes 100 ns for the
first-order approximation and 10ns for the mixed oscillation
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FIGURE 14. System-level results for complete HSR traction system from real-time simulation (top oscilloscope sub-figure) and off-line simulation
by PSCAD/EMTDC R© software (bottom sub-figure) for: (a) line voltage, (b) line current, (c) rectifier input and output voltage, (d) capacitance forming
voltage, (e) motor voltage, (f) MMC upper arm capacitance voltage, (g) FFT analysis of capacitance forming voltage, (h) FFT analysis of motor
voltage, (i) MMC lower arm capacitance voltage. Scale: (a) (b) (c) (d) (e) (f) (i) x-axis: 5ms/div. (g) (h) x-axis: 1kHz/div. .
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TABLE 4. FPGA hardware resource consumption for device-Level and
system-Level model on dedicated platform.

TABLE 5. Average error rate of W-H model with SaberRD R©.

TABLE 6. Latencies of hardware implementation.

waveform in real-time with proper precalculation assignment
while the system-level transients need 10 µs to conduct the
emulation.

VI. CONCLUSIONS
The technology of high-speed rail network is constantly
evolving with the introduction of newer power semiconductor
device, and an accurate and efficient hardware-in-the-loop
simulation is necessary. Real-time device-level modeling of
ultrafast power switch is demanding due to high amount
of computation execution and time-sensitive condition. With
proper allocation of the high-sequential clockingARM R© core
and massively parallel FPGA execution resource, real-time
ultra small time-step modeling of detailed power converter
system can be realized for both device-level and system-level
transients. This paper proposed aWiener-Hammerstein based
real-time modelling method for SiC IGBT module emulation
in the energy conversion system of the Beijing-Shanghai HSR
application. Oscillation mechanism for SiC device has been
explained in detail with three dedicated stages: carrier charge
stage, static characteristic, and dynamic characteristic. The
complete HSR prototype and the detailed HSR train power
system have been implemented in MPSoC-FPGA hardware
platform with optimized communication protocol, where the
device-level transients, verified by SaberRD R©, are executed
at 10ns time-step and system-level transients, verified by
PSCAD/EMTDC R©, are emulated at 10µs time-step. This
work can be utilized as the HIL tool to estimate the SiC
material based power switch performance for the increasing

TABLE 7. Parameters of Hybrid SiC IGBT module.

TABLE 8. Parameters of traction power system.

demand of energy-efficient application of the future genera-
tions of HSR.

APPENDIX
Tables 7 and 8.
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