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Abstract: Detailed device-level models of the insulated-gate-bipolar-transistor (IGBT) and diode are essential for power
converter design evaluation for providing insight into circuit and device behaviours, as well as to shorten the design cycle and
reduce costs. In this study, the non-linear behavioural models of IGBT and power diode are utilised for emulating the modular
multilevel converter (MMC) on the field programmable gate array. For digital hardware-in-the-loop (HIL) emulation, these time-
domain continuous models are discretised and linearised prior to being designed into the corresponding hardware modules
using the hardware description language VHDL that features a fully paralleled and pipelined implementation. A circuit
partitioning approach is adopted according to the MMC structure to enhance computation efficiency and then, detailed
information from the system-level performance to the specific features of individual switches is available. HIL emulation and the
subsequent comparison with results from the commercial off-line simulation tools prove that the complex IGBT and diode
models can be involved in the efficient simulation of large-scale power converters.

1 Introduction
Detailed physics-based analytical device-level models for IGBTs
are available in the literature, which are among the most prevalent
models [1, 2]. Highly exact numerical models based on finite-
element methods [3] and hybrid models [4] combining the
analytical and numerical concepts also exist. Nevertheless, all these
insulated-gate-bipolar-transistor (IGBT) models are seldom used
for time-domain simulation of power converters even though high
accuracy is preferred and demanded [5, 6] since they involve many
non-linear physical phenomena and employing them would
contribute to very long computational time even with a few
devices, at a moderate switching frequency, and for a fraction of
the simulation interval [7]. On the other hand, parameter exaction
is not instantly feasible, even for the lumped-charge model [8] that
is simpler than the Hefner model; an experimental set-up is still
required. The situation is similar in power diode modelling where
the aforementioned methods are also adopted [9–11].

Behavioural models reveal the necessary device static and
dynamic characteristics in circuit simulation while omitting
excessive device physics. Therefore, they gain computational
advantages over the aforementioned models and are better in
accuracy and details than system-level models such as the ideal
model and the averaged value model. There are a number of
variants, e.g. the macro-model [12], the Hammerstein configuration
[13], all of which have an order >5. A considerably simpler first-
order model was proposed in [14]; however, custom experiments
and curve-fitting were used for parameter determination. An
improved behavioural model was presented in [15] to accurately
capture the device behaviour, and the data-sheet-driven feature that
exempts itself from acquiring a long list of inaccessible device-
correlated parameters as in the analytical or numerical models
makes it more applicable.

FPGAs have been successfully deployed for detailed modelling
of complex power system equipment [16–20]. While the hardware
emulation of power converters mainly aims at validating functions
of the converter and its control strategies, non-linear IGBT and
diode models were rarely included due to their complexity even
though they have long been in existence. On the contrary, simpler
switch models prevail. The two-node model having a resistance in
parallel to a current source [21] showed its effectiveness in two-

level voltage sourced converters. Also, the ideal switch model
claimed dominance in various circuit simulation occasions.
Nevertheless, those IGBT and diode models merely reflect the on-
and off-state characteristics and are incapable of providing further
details for converter evaluation. Typical switching transients were
recorded in a curve-fitting based linear switch model [22] and the
look-up table (LUT) method [23]. The accuracy of the former was
compromised due to the omission of non-linearities, and they both
lack versatility as the waveform shapes stored in the field
programmable gate array (FPGA) ROM cannot change along with
the electromagnetic environment, typically the gate driver circuit
conditions, underlining the importance of adaptive models.

The purpose of this study is to propose FPGA-based hardware
emulation of power converters containing non-linear behavioural
switch models, which are first derived by discretisation and
linearisation. Then, parallelism is featured in the process of
hardware design by VHDL under Xilinx® Vivado®. Furthermore,
the detailed device-level models are applied to a modular
multilevel converter (MMC) for medium-voltage direct-current
(MVDC) system hardware emulation to testify that the complex
switch models can be used in large circuit occasions which off-line
simulation tools could hardly achieve.

The paper is organised as follows: Section 2 elaborates device-
level behavioural modelling of the power diode and IGBT and their
hardware design. The methodology for efficient power converter
emulation on FPGA is narrated in Section 3. Section 4 presents
comparison and analysis of hardware-in-the-loop (HIL) emulation
results, and Section 5 provides the conclusions.

2 Non-linear behavioural device model
2.1 Power diode non-linear behavioural model

The power diode is simplified with only static features and the
reverse recovery dynamics preserved while other negligible
components in the original full behavioural model [24] are omitted,
as shown in Fig. 1a. 

2.1.1 Model description: The diode static characteristics
represented by the symbol NLD reflects an exponential relationship
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between the static current Id and the junction voltage V j, as
expressed by

Id = Is(e(V j/Vb) − 1), (1)

where Is is the leakage current and Vb the junction barrier potential.
Its discrete-time Norton equivalent circuit, which is shown in
Fig. 1b, becomes available by taking the partial derivative and
subsequent linearisation, as expressed by

Gj = ∂Id
∂V j

= Is
Vb

e(V j/Vb), (2)

I jeq = Id − Gj ⋅ V j, (3)

respectively, where Gj and I jeq are the conductance and equivalent
current contribution of NLD.

The reverse recovery phenomenon is attained by the RL − L pair
and the voltage controlled current source with a coefficient of K.
Backward Euler integration is adopted due to its lower latency in
hardware implementation compared with other integration
methods. The Norton equivalent circuit of the linear inductor L is
derived by the following equations:

GL = L
Δt , (4)

ILeq(t) = iL(t − Δt), (5)

where Δt is the simulation time-step and the iterative inductor
current iL(t) takes the form of

iL(t) = ILeq(t) + GL ⋅ vL(t) . (6)

Hence, the matrix equation of the simplified diode model is

GDiode ⋅ vDiode = Ieq
Diode, (7)

where the 3 × 3 admittance matrix is given by

GDiode =
Gj K − Gj −K

−Gj Gj + GL + GRL −GL − GRL

0 −GL − GRL − K GL + GRL + K
, (8)

vDiode is a vector of diode nodal voltages, and the equivalent current
source contribution vector is

Ieq
Diode = −I jeq, I jeq − ILeq, ILeq

T . (9)

2.1.2 Hardware architecture design: The hardware design
conforms to the parallelism and pipelined structure. Fig. 1c shows
the architecture of the proposed simplified diode hardware module
which is composed of four subunits with each enclosing a
controllable start input port and a done signal output port. The
structure of the static model unit is taken for instance to illustrate
the way mathematical models are being materialised as hardware
modules by algebraic operators and registers on the FPGA. For the
entire diode module, once the outer start command is received by
the subtracter, at Stage 1 voltages of internal components are first
calculated, followed by the concurrent calculation of the static
model and reverse recovery unit. Then, formations of the diode's
admittance matrix and current contribution vector begin
simultaneously at Stage 2. This strictly organised execution
sequence is realised by two-dimensional flip-flops, which, as part
of the finite state machine, translate the internal done signals to
start orders in one clock cycle for subsequent hardware modules.

2.2 IGBT non-linear behavioural model

2.2.1 Model description: The IGBT behavioural model is shown
in Fig. 2a, where PWLD denotes a piecewise linear diode, Rg is the
resistance to the gate, and elements such as voltage controlled
current sources imos and itail as well as inter-electrode capacitors Cce
and Ccg are non-linear. 

The basic operation can be summarised as when the collector-
emitter voltage vCE is less than the threshold voltage Von, PWLD
remains off and the collector current iC is zero; when the value of
vCE is between Von and the saturation voltage Vsat, the device is
represented by imos in the quasi-linear region; then, when vCE is

Fig. 1  Power diode model for HIL emulation
(a) Simplified power diode model, (b) Linearised discrete-time equivalent circuit, (c)
Architecture of hardware module

 

Fig. 2  IGBT EMT model
(a) IGBT non-linear continuous-time behavioural model, (b) Linearised discrete-time
equivalent circuit
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greater than Vsat, iC will mainly depend on the gate-emitter voltage
vge and vce [15]. The tail current itail, which is controlled by the
internal parallel Rtail − Ctail pair, only emerges during the turn-off
process. Using the IGBT tool in SaberRD®, the static and dynamic
parameters can be determined based on the corresponding
characteristics and curves provided by the device data-sheet [25].

The PWLD can be deemed as a binary conductor whose on- and
off-state conductances are gon and goff, respectively. Thus, its
Norton equivalent model for electromagnetic transient (EMT)
simulation is

Gpwld =
gon (vpn > Von),
goff (vpn ≤ Von),

(10)

Ipwldeq = − Gpwld ⋅ Von, (11)

where vpn is the voltage across PWLD, Von is its forward threshold
voltage.

Using a similar procedure illustrated in the diode section, all
internal components can be turned into their EMT models, and the
outcome is shown in Fig. 2b, in which linearly passive elements are
calculated by

GCx = Cx
Δt , (12)

ICxeq = − GCx ⋅ vCx(t − Δt), (13)

where Cx is referred to either Ctail or Cge. With regard to non-linear
capacitors Cce and Ccg, they are treated in the same fashion as
taking Ccg for example

GCcg =
ccgo 1 + (vCcg/vcgo) −M

Δt (vCcg > 0),

ccgo
Δt (vCcg ≤ 0),

(14)

iCcgeq = qCcg(t) − qCcg(t − Δt)
Δt − GCcg ⋅ vCcg(t), (15)

where M is the Miller capacitance exponent coefficient that affects
the current rise and fall time.

Since imos and itail are dependent on voltages over other
components, their EMT models are taken as a combination of
equivalent current sources and conductance or transconductance.

The voltage controlled current source imos reflecting the turn-on
and -off behaviours is the most complicated component, as
expressed by

imos =

0, (vCge < Vt) | | (vd ≤ 0)
a2 ⋅ vd

(z + 1) − b2 ⋅ vd
(z + 2), vd < (y(vCge − Vt))(1/x),

(vCge − Vt)2

a1 + b1 ⋅ (vCge − Vt)
, (others),

(16)

where a1, b1, a2, b2, x, y, and z are internal parameters, Vt is the
channel threshold voltage, and vd the potential difference between
Inode1 and Inode2. It indicates that imos can branch off
conductance Gmosvd and transconductance Gmosvcge derived by
taking partial derivatives with respect to vd and vCge, i.e. (∂imos/∂vd)
and (∂imos/∂vCge).

Thus, its equivalent current Imoseq takes the form of

Imoseq = imos − Gmosvd ⋅ vd − Gmosvcge ⋅ vCge . (17)

Similarly, the equivalent current contribution from the itail unit can
also be found as an expression of transconductance

Itaileq = itail − Gtailvdvd − GtailvcgevCge − Gtailvtailvtail, (18)

A 5 × 5 admittance matrix GIGBT and current source contribution
vector Ieq

IGBT can be constructed according to the discrete model,
and the IGBT nodal voltage vector vIGBT is obtained by

vIGBT = GIGBT −1 ⋅ Ieq
IGBT, (19)

2.2.2 Hardware architecture design: As shown in Fig. 3 where
all subunits are horizontally scaled with respect to latency, the
overall process is completed within three stages. At the first stage
are the simultaneous start and implementation of the six
independent subunits. Stage 2 which commences only when Stage
1 is completed is set up particularly for itail, since it has a sequential
relationship with imos. At the last stage, all calculated conductances
and current contributions are grouped according to their positions
to form GIGBT and Ieq

IGBT. Then, the done signal indicating the
completion of one cycle is issued and the IGBT module remains
idle until a new start order arrives. 

To sum up, the total latency is about 79 clock cycles according
to its critical path. Circuit nodal voltages are the inputs to the IGBT
hardware module, and so are two history signals qCce(t − Δt) and
qCcg(t − Δt). After the Newton–Raphson (N–R) iteration converges
in the current time interval, qCce(t), qCcg(t) can be correctly
calculated and all history values should be updated for the next
time-step.

3 Power converter HIL emulation
Device-level IGBT and diode models are commonly seen in the
simulation of simple power converters. However, they are rarely
involved in large-scale circuits due to low computational efficiency
and numerical divergence. Therefore, the HIL emulation of the
MMC is carried out as an instance on the Xilinx® Virtex®-7
VC707 XC7VX485T FPGA platform. Table 1 lists the FPGA
resource utilisation of the designed IGBT and diode hardware
modules, respectively. 

Fig. 4a shows the topology of a three-phase MMC, and Fig. 4b
shows the structure of a sub-module (SM) consisting of one direct
current (DC) capacitor and two switches S1 and S2, each of which
may consist of a number of identical IGBTs and diodes in parallel
to enhance the current capacity. The instant consequence is a
dramatic rise in the number of nodes which leads to inefficient
EMT simulation. However, that numerical solution always yields a
wanted well-balanced condition meaning that all the corresponding
nodes can be deemed as connected and consequently, the total node

Fig. 3  Hardware architecture of IGBT non-linear behavioural model
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number remains the same, as demonstrated by the IGBT in Fig. 4b.
All terminal nodes tagged as j and k, as well as three internal nodes
abbreviated by n1, 2, 3, are connected. Thus, for m parallel IGBTs,
their equivalent admittance and current matrices are simply
multiplied by that coefficient, i.e. m ⋅ GIGBT and m ⋅ Ieq

IGBT, and the
matrix equation for the IGBT portion is established as

mGIGBT +

Gj1 ⋯ 0
0 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ Gk5

U = mIeq
IGBT +

Jeq1

0
0
0

Jeq5

, (20)

where Gj1, Gk5, Jeq1, and Jeq5 are conductances and current
contributions from the external circuit. The benefits are the
hardware resource requirement for m parallel switches is the same
to a single switch, and the computational time is greatly shortened
compared with solving each device individually. 

Meanwhile, the many SMs connecting to each other also
introduce plenty of meshes and nodes, making the direct
computation of the converter still impractical. One solution is
illustrated in Fig. 4c, where a coupled voltage–current source pair
is inserted between each SM and the remaining circuit – named as
the main circuit – so that a group of independent sub-circuits can
be constructed [26]. Therefore, the original large admittance matrix
for the MMC is split into a number of smaller matrices and parallel
computation can be achieved on the FPGA to accelerate HIL
emulation.

The difference between the original SM and its partitioned
counterpart lies in that for the latter, a unit mismatch on both sides
of the V − I coupling is introduced. Nevertheless, it has a
negligible impact on the accuracy of simulation due to the fact that
the change of iSM in one time-step is so small that can be deemed
constant. For a single phase (N + 1)-level MMC, 2N sub-circuits
and one main circuit will be formed, which are computed in
parallel. The main circuit can be solved by a single calculation
since non-linearities are excluded after partitioning, and the SM is
decisive on the latency of the hardware design since it is more
sophisticated. Therefore, the speed remains the same even though
only one SM contains behavioural models while others employ
ideal switches considering that the FPGA board has limited
resources. Once the N–R iteration converges, this SM exchanges
information with the main circuit for the next time step.

A two-terminal MVDC system is configured in Fig. 5a. The
specific parameters of the system are listed in the Appendix and the
control strategy is carried out in the d–q frame, as shown in
Fig. 5b. Station 1 is in charge of power flow regulation, while
Station 2 controls DC voltage. The driving pulses denoted by
vector VG are produced in the MMC controller, whose
corresponding hardware module designed with Vivado HLS® has a
latency of 116 clock cycles if the phase-shift strategy [27] is
adopted. The EMT model of Station 2 is shown in Fig. 5c, where
all MMC arms are merged and represented by one voltage source
and one resistor. The equivalent circuit of an arm is shown in
Fig. 5d, which assumes an arbitrary number of partitioned SMs
containing non-linear behavioural models, whose coupling on the
arm side is merged. Meanwhile, for an ideal SM, it can be
simplified as [28]

Req = R1R2 + R2ZCSM
R1 + R2 + ZCSM

, (21)

Veq(t − Δt) = R2VCSM(t − Δt)
R1 + R2 + ZCSM

, (22)

where ZCSM is the equivalent resistance of the SM capacitor, and
VCSM is the voltage contribution in its EMT model. Therefore, the
remaining ideal SMs can also be added together. ZLu and vL

i

represents the transmission line stub model [29] of an arm inductor
so that a Thévenin equivalent circuit based main circuit can be
constructed. The transmission line can be replaced by its hybrid
Thévenin–Norton equivalent model, which brings one benefit to
system solution, i.e. the two converters can be calculated
independently as they are physically separated but electrically
linked. Thus, as denoted by currents Im1 − 6, a three-phase converter
contains only six meshes. 

In Fig. 6, the iterative HIL emulation process of the MMC SM
containing non-linear behavioural IGBT and diode models is
depicted. It should be noted that the V–I coupling module is
designed specifically for the converter part with circuit
partitioning. 

Table 1 FPGA resource utilisation of IGBT and diode
hardware modules
Resources IGBT Diode Total available
LUT 29,064 (9.57%) 5555 (1.83%) 303,600
LUTRAM 168 (0.13%) 20 (0.02%) 130,800
FF 21,070 (3.47%) 4722 (0.78%) 607,200
BRAM 6.50 (0.63%) 2.50 (0.24%) 1030
DSP48 518 (18.5%) 100 (3.57%) 2800
I/O 98 (14.0%) 98 (14.0%) 700
BUFG 1 (3.12%) 1 (3.12%) 32
 

Fig. 4  MMC SM architecture
(a) Configuration of an MMC, (b) SM with behavioural switch models, (c) Partitioned
SM

 

Fig. 5  MMC-based MVDC system
(a) System configuration, (b) Station control scheme, (c) EMT model of MMC, (d)
Equivalent circuit for an arm
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4 HIL emulation results and validation
To showcase the versatility of non-linear behavioural models, HIL
emulation results from the device level to the system level captured
by the Tektronix DPO 7054 Digital Phosphor Oscilloscope are
validated by off-line simulation tools running under 64-bit
Windows® 7 Enterprise SP1 operating system with 3.40 GHz
Intel® Core™ i7 CPU and 8.00 GB RAM. The employed IGBT
and power diode models have been experimentally verified and are
available in SaberRD® [30], as also listed in the Appendix.

4.1 Islanded MMC performance

The MMC topology in Fig. 4a is used as an inverter with DC link
voltage Vdc = 3 kV and alternating current (AC) side inductive load
5 Ω − 6 mH for demonstrating the performance of non-linear
behavioural IGBT and diode models. In the device-level
simulation, the selection of a switch type should consider the
device's capacity. The BSM300GA160D IGBT (1600 V/400 A)
[31] is suitable for this DC voltage rating and thus is chosen. The
frequencies of switches and AC output are 2.0 kHz and 60 Hz,
respectively.

Due to the non-linearities in a SM, a minimum of five N–R
iterations are needed for convergent results, and each iteration has
a latency of 209 clock cycles. The HIL emulation time-step is set
as 200 ns and FPGA clock frequency is 100 MHz. Table 2
summarises the time some EMT simulators and the HIL system
need to conduct the computation of a number of circuits for a 100 
ms period. To achieve high fidelity, multiple switches are
considered. The time SaberRD® needs to complete simulation of
simple circuits, e.g. a single diode and IGBT, is acceptable, and the
hardware speedup is medium. However, it rises dramatically along
with the circuit scale and the number of parallel switches. Thus, the
speed-up SP1 for a three-phase five-level MMC is 65 times while it
reaches 275 for 11-level MMC. Meanwhile, the HIL system has a
similar, or even faster simulation speed than PSCAD/EMTDC® in
single three-phase MMC cases even though the time-step in the
latter tool is 20 μs. Thus, it can be inferred that with higher voltage

levels, more converters, or parallel devices, the speed-up becomes
more significant because the MMC latency remains the same. 

The oscilloscope results in Figs. 7a–c show starting of the five-
level MMC. Slightly irregular in the first two cycles, the output
voltage later stabilises with an evident level of 5. DC capacitor
overcharge is observed in all SMs, with those in the lower arm
having larger amplitudes to around 1200 V, but finally, all of them
manage to maintain around 750 V, as shown in Fig. 7b, indicating
proper functioning of the controller. Fig. 7c shows two arm
currents, the opposite phase relation explains the SM capacitor
voltages in the upper and lower arms reaching their peaks
alternately. Moreover, a momentary current surge at the beginning
explains the overcharge in DC capacitors. The impact of the
number of behavioural SMs in an MMC is also tested by setting all
of them non-linear, and the results are given in the middle, which
are verified by SaberRD® using the same configuration in the
bottom. The ideal switch model leads to some minor differences in
the output voltage around the third cycle; other than that, its
outcomes are virtually the same to the other two rows, indicating
that the proposed MMC arm structure has a high fidelity. 

From the perspective of a real converter design, switching dead-
time is always set to protect switches in a SM, and the gate driver
circuit also affects their safe operation. Fig. 8a shows the turn-on
waveforms of an IGBT without dead-time, and a gate voltage
VG = + 15 V/0 V exerted on the device via a gate resistance of
10 Ω. A collector current surge up to over 1200 A appears due to
the overlapped conduction of the two complementary switches and
consequently, the energy stored in the DC capacitor discharges
dramatically through that path. To avoid the hazardous current
which may damage the switches, as well as to demonstrate the
versatility of the behavioural model, different gate driving
conditions are set. As depicted in Figs. 8b and c, the current surge,
caused by diode reverse recovery, witnesses a remarkable
mitigation to about two times the amplitude of the steady-state
current by simply setting a sufficient dead-time to 5 μs. Reducing
the off-state gate voltage VG

off would lose the requirement on dead-
time, as shown in Figs. 8d and e. By setting a 2 μs dead-time and
VG

off = 0, a current surge up to 1000 A can still be observed. In

Fig. 6  Hardware architecture and its signal flow routes for the MMC SM with non-linear behavioural switch models
 

Table 2 Simulation execution times from EMT simulators and HIL systems
Execution time, s

Tool m Diode IGBT 5L-MMC 11L-MMC
SaberRD® m1 = 1 2.96 4.2 340 715

m2 = 2 4.15 6.5 528 1060
m3 = 3 5.10 8.6 620 1430

PSCAD/EMTDC® 1 0.3 0.3 4.5 17.5

HIL system m1, 2, 3 0.68 2.2 5.2 5.2
Speed-up SP1 m1/m2/m3 4.3/6.1/7.5 1.9/2.9/3.9 65/101/119 137/204/275
Speed-up SP2 m1, 2, 3 0.44 0.13 0.87 3.37
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contrast, it disappears when VG
off = − 10 V. Fig. 8f shows the

overview of switching waveforms of the upper and lower IGBT-
diode pairs in a SM. During Stage 1, the arm current is positive and
consequently, the upper diode conducts to charge the DC capacitor,
as can be noticed from the rising envelopes of vCE1 and vCE2.
Reverse recovery accompanies the diode operation, and
correspondingly, current overshoot is induced to the lower IGBT.
At Stage 2, the arm current becomes negative so the upper IGBT is
ordered to turn on repeatedly, and the lower diode acts in concert to
discharge energy stored in the DC capacitor. These device-level
results prove that the non-linear behavioural model has a high
versatility to variations of electromagnetic environment since its
switching waveforms can change accordingly along with external
circuits without any adjustment on its parameters once they are
obtained; on the contrary, the ideal switch model and the averaged
value model do not exhibit transients. It is also impractical to
enable the curve-fitting model to have that capability because
potentially there could be numerous switching cases, and selection
of an appropriate case is difficult. Moreover, it is also restricted by
the availability of hardware resources when implemented on the
FPGA. 

In Table 3, some static and dynamic features of IGBT and diode
models are validated by SaberRD® simulation. It shows that the
reverse recovery time of diode lasts up to 2 μs, much longer than
IGBT's turn-on and -off period, which are around 200 and 640 ns,
respectively. The conduction power loss distinguished by subscript
“cond” is measured at a collector current of 300 A. The error with
respect to SaberRD® is negligible because essentially, it is a
comparison of the static I–V characteristics, which is easy to
model. The transient power dissipation covers the overall switching
period, i.e. from the time prior to the process to the switch's re-
entry into steady-state. Thus, the power loss is calculated by the
consumed energy ETr over TTr – the duration of switching period

PTr = ETr
TTr

= 1
TTr∫0

TTr
(v ⋅ i) dt, (23)

In HIL emulation, the forward Euler integration method is
applied to the above equation, leading to

PTr =
∑i = 1

NTr (vi ⋅ iiΔt)
TTr

, (24)

where the entire duration TTr is divided into NTr = TTr/Δt intervals.
Though the mathematical model for the switching transients is
more complex, the power loss from HIL emulation is still precise,
with diode reverse recovery power dissipation having the largest
error of 5.4% and IGBT turn-off loss next to it, at 3.4%. Moreover,
the numerical results explicitly illustrate that transient power losses
are much higher, underlining the importance of device-level non-
linear switch models for evaluation of the safe operation of a
converter.

4.2 MMC-MVDC performance

To enable a higher DC voltage with the same five-level MMC
configuration, IGBTs with a larger capacity, such as the 5SNA
2000K450300 StakPak IGBT Module (4500 V/2000 A) [32], are
used in this case study. HIL emulation of a 10 kV/0.8 kA MVDC
system is conducted while result validation relied on PSCAD/
EMTDC® as SaberRD® was unable to simulate such a large
system for a long period. In Fig. 9a, the system start is conducted,
after a few oscillations at the beginning, the DC voltages stabilise
at around 1 s, with the rectifier station slightly over 10 kV. At t = 2 
s, pole-to-pole fault lasting 5 ms occurred at the centre of the
transmission line, as Fig. 9b depicts, the DC voltages fall
immediately, and the transmission line sees a large current, from
the initial 500 A to ∼1 kA. In Fig. 9c, power reversal is carried out.
The power reference in the rectifier station is ordered to ramp
down from −5 to 3 MW in a time interval of 10 s, and
consequently, the DC line current Idc declines from ∼+500 to −300 
A. Therefore, before t1 = 10 s, the energy is transferred to the
inverter side, and the DC voltage at rectifier station Vdc1 is slightly
higher than Vdc2 at the inverter station to ensure energy flow. Then,

Fig. 7  System-level performance of MMC with non-linear behavioural models from proposed models (top, middle) and SaberRD® simulation (bottom).
Oscilloscope y-axis: (a) 396 V(A)/div., (b) 155 V/div., (c) 155 A/div.; x-axis: 50 ms/div
(a) Output voltage, (b) Capacitor voltages, (c) Arm currents
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Idc starts ramping down, accompanied by a minor decrease of DC
voltages at both terminals. At t2 = 20 s, the process is ceased and
noticeably, the numerical relationship between the two DC voltages
has also reversed. These results prove that the decoupled hardware
modules of the non-linear behavioural switch models can be

effectively employed for system-level studies when the fully
iterative solution provides the same results as a transient simulation
tool PSCAD/EMTDC® performing a non-iterative solution using
ideal switch models, particularly when an obvious speed advantage
is witnessed, i.e. it takes around 752 s for the latter tool to simulate
a 10 s interval with a much larger time-step of 20 μs, while the HIL
system only requires 520 s even though its time-step is 100 times
smaller. 

5 Conclusion
This study presented the hardware emulation of device-level non-
linear behavioural IGBT and power diode models, which can be
applied to various power converters to obtain their precise
performance for circuit design evaluation that otherwise cannot be
achieved by ideal switch models. Also, compared with curve-
fitting methods, the non-linear behavioural models are more
versatile to electromagnetic environment variation. Meanwhile,
approaches for simulating power converters containing these
models are specified. Based on the circuit partitioning
methodology, the hardware design is carried out. The consistency
between HIL emulation results and those from off-line simulation
tools indicates that the proposed non-linear behavioural IGBT and
diode modules have a wide application prospect ranging from
device-level behaviour evaluation to system-level performance

Fig. 8  Performance of MMC with non-linear behavioural models from HIL emulation (top) and SaberRD® simulation (bottom). Oscilloscope y-axis: (a) 156 
V(A)/div., (b)–(e) 130 V(A)/div., (f) 255 V(A)/div.; x-axis: (a)–(e) 5 μs/div., (f) 10 ms/div
(a) IGBT turn-on without dead-time, (b),(c) Switching transients with 5 μs dead-time, (d), (e) Switching transients with 2 μs dead-time, (f) Operation of complementary switches in a
SM from HIL emulation

 
Table 3 Validation of IGBT and power diode non-linear
behavioural models by SaberRD® simulation

SaberRD® FPGA Error, %
transient time

trrDiode 2080 ns 1970 ns 5.2

trIGBT 200 ns 205 ns 2.5

tfIGBT 640 ns 600 ns 6.6

power dissipation
Prr

Diode 3572 W 3378 W 5.4

Pcond
Diode 1117 W 1119 W 0.2

Pr
IGBT 16.53 kW 16.46 kW 0.4

Pf
IGBT 94.08 kW 90.87 kW 3.4

Pcond
IGBT 1012 W 1012 W <0.1
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preview. Significant speed-ups are obtained over commercial
device-level simulation tools, and the HIL emulation is also faster
than system-level simulation tools even when the emulation time-
step is much smaller.
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8 Appendix
 
The MVDC system parameters are Vdc = 10 kV, Pdc = 8 MW, CSM 
= 1 mF, Lu,d = 20 mH, Vg1,2 = 5.5 kV/60 Hz, feed-in resistor r1,2 = 
0.4 Ω, feed-in inductor L1,2 = 1 mH (Table 4). 

Fig. 9  MVDC system-level performance from HIL emulation (top) and PSCAD/EMTDC® (bottom). Oscilloscope y-axis: (a) 2.58 kV/div., (b) 1.73 kV/div.,
272 A/div., (c) 1.72 kV/div., 246 A/div.; x-axis: (a) 1 s/div., (b) 100 ms/div., (c) 10 s/div
(a) System start, (b) Line-to-line fault response, (c) Power reversal
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Table 4 Behavioural IGBT and diode parameters provided
by SaberRD®

Siemens® BSM300GA160D model parameters
roff = 109 Ω, goff = 10−12 S, gon = 106 S, rg = 5 Ω, vce1 = 4.8 V,
vge1 = 9 V, ic1 = 225 A, vce2 = 1.8 V, vge2 = 7 V, ic2 = 20 A,
vce3 = 4 V, vge3 = 17 V, ic3 = 400 A, Vt = 6.3 V, Von = 0.8 V,

vce4 = 10 V, vce5 = 4 V, vce6 = 800 V, vge4 = 10 V, vge5 = 20 V,
itrat = 20, crss1 = 30 nF, crss2 = 1.6 nF, coss1 = 42 nF, coss2 = 5 nF,

q1 = 400 nC, q2 = 2000 nC, q3 = 3500 nC, τ = 10 μs, M = 0.5,
Rtail = 1 μΩ, Ctail = 10 F, a1 = 0.0217, a3 = 91.705, b1 = 0.00395,
b3 = 3.221, x = 0.973, y = 1.428, z = 0.369, icsat3 = 1.789 kA,

cceo = 12 nF, ccgo = 110 nF, cgeo = 40 nF, vceo = 0.873 V,
vcgo = 0.0189 V

 

 
ABB® 5SNA 2000K450300 StakPak IGBT model

parameters
roff = 109 Ω, goff = 10−12 S, gon = 106 S, rg = 1.2 Ω, Vt = 7.71 V,

Von = 0.43 V, itrat = 4, a = 0.00514, b = 445.6 μm, x = 1.32, y = 1.45,
z = 1.04, ittau = 1 μ, cres0 = 30 nF, cres1 = 25 nF, cres2 = 4 nF,

coes0 = 40 nF, coes1 = 32 nF, coes2 = 10 nF, cies0 = 40 nF, M = 0.5,
V1 = 12 V, V2 = 20 V

 

 
Behavioural diode model parameters

ron = 10 mΩ, roff = 100 kΩ, Von = 0.7 V, IFo = 10 A, 
dIr
dt = 50 × 106,

Irrm = 10 A, trr = 2 μs, K = 9.883 × 104, L = 10 × 10−12 H,
RL = 1.279 × 10−5 Ω
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