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Abstract—The model of a modular multilevel converter (MMC)
determines the extent of critical circuit information that electro-
magnetic transient simulations can reveal. In this paper, two MMC
models are proposed for efficient real-time hardware-in-the-loop
(HIL) emulation on the field-programmable-gate-arrays (FPGA).
The nonlinear switch-based model employing the insulated-gate
bipolar transistor (IGBT) dynamic curve-fitting model considers
factors affecting its transient performance so that device-level be-
havior such as power loss and junction temperature can be repro-
duced accurately in the electro-magnetic-thermal simulation of a
power converter for its design evaluation. Meanwhile, regarding
the MMC submodule as a transmission line stub achieves faster
computation speed and enables the formation of a hybrid arm
to save FPGA hardware resources. As the large network that the
MMC presents is burdensome for real-time execution with a small
time-step, circuit simplification based on partitioning and merg-
ing is conducted. Hardware implementation of a three-terminal
high-voltage direct-current system containing an MMC-based dc–
dc converter is carried out and the efficacy of proposed models
is validated by comparing HIL emulation results with the offline
simulation tool PSCAD/EMTDC.

Index Terms—DC-DC converter, electromagnetic transients,
electro-thermal, field programmable gate arrays (FPGA), multi-
terminal direct-current (MTDC), modular multilevel con-
verter (MMC), parallel processing, real-time systems, solid-state
transformer.

I. INTRODUCTION

THE modular multilevel converter (MMC) has prompted
the development of high-voltage direct-current (HVDC)

technique for various applications. Operating as a solid-state
transformer (SST), the MMC-based DC-DC converter enables
the connection of a number of HVDC stations to form a multi-
terminal DC (MTDC) system [1], [2]. Meanwhile, it also brings
other benefits, such as fault isolation, and power flow control
[3]–[5]. The SST is composed of an inverter, a rectifier, and a
transformer, which is designed to be physically isolated from
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the AC grid and can, therefore, operate at a medium frequency
to make the SST less bulky [6]. However, such a benefit is
accompanied by a corresponding rise of switching frequency
and higher switch power loss.

Real-time simulation of HVDC system plays a pivotal role
in validating control and protection strategies as well as provid-
ing a platform for system performance study [7]–[9]. Simple
converter models such as the averaged model can be employed
for gaining speed advantage while the accuracy is compromised
[10]. Modeling the power converter specifically using the ideal
switch model with a fixed low on-state resistance Ron and a high
off-state resistance Roff is sufficient for system-level studies
which can show effects such as switch transition and harmonics
[11], [12]. However, the preference for high power density by
increasing the switching frequency and reducing the converter
volume underlines the necessity of acquiring switching power
loss for converter design evaluation. Consequently, it is better
to include device-level switch models so long as they do not
hinder achieving real-time execution. The inability of the ideal
model in providing any switching transients precludes it from
being employed for electro-magnetic-thermal simulations.

Meanwhile, efforts have been expended in developing con-
trol algorithms to reduce IGBT thermal stresses [13], and with
switching details, determination of an appropriate algorithm
prior to setting up a real converter becomes feasible. Other de-
tailed IGBT models were developed to provide insight into accu-
rate switching waveforms and therefore are frequently referred
to for power converter design assessment [14], [15]. Their main
drawbacks are low computation efficiency due to the solution of
device physics and the tendency of numerical divergence even
the converter scale is small. The curve-fitting model is therefore
favored in large circuits simulation for electro-thermal analysis
where the transient values are programmed in advance or stored
in a look-up table (LUT) [16], [17]; yet the versatility of tran-
sient waveforms to electromagnetic surroundings needs to be
taken into account.

Therefore, a dynamic curve-fitting electro-thermal IGBT
model is proposed in this work on the FPGA, so that more
device-level information can be revealed in real-time for afore-
mentioned purposes that cannot be achieved by the ideal switch
model or detailed models involving a lot device physics. Its static
parameters are extracted from the I-V characteristics provided
by the manufacturer’s datasheet, while the dynamic part is mod-
eled as a function of factors affecting its transient performance.
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Fig. 1. MMC-based DC-DC converter for MTDC system.

Fig. 2. MMC configuration and its submodule models.

A hybrid arm is constructed by taking a number of submodules
(SMs) as a transmission line modeling (TLM) stub, which, with
merits such as lower hardware resource requirement and faster
execution speed, is more suitable than the detailed equivalent
model (DEM) for HIL emulation.

This paper is organized as follows: Section II introduces two
MMC models and the hybrid arm model. In Section III, hard-
ware design of the SST is carried out. Section IV presents HIL
emulation results of an MTDC system and their validation. Con-
clusions are drawn in Section V.

II. POWER CONVERTER MODELING

Fig. 1 shows a typical MMC-based front-to-front DC-DC
converter integrated into a three-terminal HVDC system, where
MMC1 is the rectifier station, and MMC2 and MMC3 are
inverter stations. The SST comprises of two MMCs, denoted as
MMCH and MMCL , and one medium frequency transformer
(MFT). The configuration of the MMC is given in Fig. 2, which
also shows two half-bridge submodule models: the device-level
model employing nonlinear IGBT models, and the ideal model
which represents the switches as two-state resistors with distinct
off- and on-state resistances.

The model of MMC determines the speed of electromagnetic
transient (EMT) simulation. The ideal-switch-based DEM has
been proven by EMT tools and is prevalent for achieving faster
simulation speed compared with traditional models [18]. It is

Fig. 3. MMC TLM-stub model: (a) SM on-state/blocked state, (b) SM off-
state/blocked state, and (c) general representation.

based on the following equations:

Req =
R1R2 + R2ZC k

R1 + R2 + ZC k
, (1)

Veq (t − Δt) =
R2VC eqk (t − Δt)
R1 + R2 + ZC k

, (2)

where ZC k and VC eqk compose the Thévenin equivalent cir-
cuit of the submodule capacitor, R1 and R2 are resistances
of the two complementary switches, and Δt is the simulation
time-step. However, it lacks device nonlinearities and is only
suitable for system performance preview. On the contrary, non-
linear switch models are highly inefficient for CPU simulation
and usually require large amount hardware resource for FPGA
implementation due to the iterative nature of the solution. Thus,
a hybrid MMC model which features more circuit details and
computational efficiency is proposed.

A. MMC TLM-Stub Model (TLM-S)

As shown in Fig. 3(a) and (b), when an arbitrary submodule
numbered k is under on-state, the capacitor is being charged
through a small resistance, and if the submodule is off, the
equivalent circuit is a small resistor. Thus, an on-state resistance
is always in the conducting path during operation. The existence
of the SM capacitor can be determined by the gate signal of the
upper switch, deemed as a binary, i.e., Vgk = 1 for on-state and
Vgk = 0 for off-state. For the blocked state, simply ordering
Vgk = 0 and R2 = Roff omits the free wheeling diode effect,
just as the DEM. To enable correct SM ON/OFF mode of the
blocked state, the gate signal is determined by the direction of
the arm current iSM : if it flows into the SM through node a,
which is defined as the positive direction, then Vgk = 1; oth-
erwise, Vgk = 0. This criterion leads to two equivalent circuits
similar to Fig. 3(a) and (b). For the former state, the submod-
ule impedance equals to Ron +ZC k , while this value is Ron for
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the latter. Correspondingly, the capacitor voltage vC k alternates
between iSM · ZC k + VC eqk and VC eqk . Nevertheless, to sim-
ulate the high-impedance mode of the blocked state when both
diodes are off, vSM and vC are required to judge whether the
upper diode should be turned on. Applying TLM-stub theory
[19], the capacitor voltage and its iterative incident pulse vi

C k

can be written as

vC k (t) = Vgk (t) · iSM (t) · ZC k + 2vi
C k (t), (3)

vi
C k (t + Δt) = vC k (t) − vi

C k (t). (4)

The Thévenin equivalent circuit of an SM can be obtained as
in Fig. 3(c), where

Req (t) = RSM + Vgk (t) · ZC k , (5)

Veq (t) = 2Vgk (t) · vi
C k (t). (6)

where RSM equals to Ron for all states except high-impedance
mode when it should be Roff .

Then, for an MMC arm containing N submodules, the
Thévenin equivalent circuit can be expressed as

Varm eq (t) =
N∑

k=1

Veqk (t) = 2
N∑

k=1

(Vgk (t) · vi
C k (t)), (7)

Rarm eq =
N∑

k=1

Req (t) = NRSM + ZC k

N∑

k=1

Vgk (t). (8)

B. MMC Nonlinear Switch-Based Model (NSM)

When the operation frequency of MFT increases for a higher
power density, the switching frequency should follow, incurring
larger IGBT power loss and higher junction temperature. How-
ever, MMC models based on the ideal switch are incapable of
electro-thermal calculation. Thus, the datasheet-driven dynamic
curve-fitting model (DCFM) involving switching transients is
proposed.

1) IGBT Dynamic Curve-fitting Model: Piecewise lineariz-
ing the IGBT static I-V curves provided by the manufacturer
into 6 segments, the collector current in the jth segment can be
written as

IC = kj (Tvj )VC E − bj (Tvj ), (9)

where bj and kj given in the Appendix are linear functions of
junction temperature Tvj since data at two different tempera-
tures are available. Taking the IGBT under steady-state as a
resistor, its value can then be deduced as

rs =
VC E

IC
=

IC + bj (Tvj )
kj (Tvj )IC

, (10)

It should be pointed out that the IGBT off-state accounts for
one of the 6 segments. Meanwhile, switching transients must be
included as part of the model. In addition to Tvj , the rise and fall
times generally denoted by tr,f are also affected by factors such
as gate resistance Rg , and collector current IC , each of which,
according to device datasheet, can be expressed by a piecewise

Fig. 4. IGBT transient waveforms from a bridge-structure test circuit:
(a) turn-on process, (b) turn-off process, and (c) coefficient K determination.

linear function

tr,f (xi) = Aixi + Bi, (11)

where xi represents either Tvj , Rg , or IC , and Ai , Bi are coef-
ficients. However, when two or more factors are combined, the
relationship is still nonlinear; therefore, the overall effect can be
described by a polynomial function

tr,f (x1 , x2 , x3) = k0 ·
3∏

i=1

(xi) +
i �=j∑

i,j=1→3

kixixj

+
3∑

i=1

bixi + b0 , (12)

where ki and bi are coefficients that are obtained in a way that
sets two variables constant and forces the function to be equal
to (11) with the remaining variable, i.e.,

tr,f (xi) = tr,f (xi, xj , xk ) |xj ,xk =C . (13)

The values then become available, as listed in the Appendix.
Note that the gate driving voltage does not appear in (12) because
for specific applications its amplitude is fixed. Nevertheless, it
can be added to (12) if the tr,f -Vg relationship is provided by
the datasheet.

The shape of IGBT transient waveforms is influenced by the
test circuit. Thus in Fig. 4(a) and (b), the turn-on and turn-off
waveforms of 5SNA 2000K450300 StakPak IGBT module are
obtained from a bridge-structure test circuit which provides the
same electromagnetic environment to that of an MMC submod-
ule [20], [21] to ensure the applicability of the fitted model.
As a result, the diode reverse recovery reflected by current
surge in Fig. 4(a) is automatically included in the IGBT tran-
sient waveforms. Fig. 5(a) and (b) is the transient model for
IGBT in which the output of a per-unit circuit is amplified by
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Fig. 5. Dynamic IGBT electro-thermal model: (a) VCCS for descending
curves, (b) CCCS for rising curves, and (c) electro-thermal network.

K times. The voltage-controlled current source (VCCS) and
current-controlled current source (CCCS) are able to reproduce
simulated curves that virtually fit with those measured exper-
imentally, as shown in Fig. 4. The descending curves can be
modeled as the capacitor voltage of a discharging RC circuit
with a time constant τ . Take the collector current for instance,
the fall time tf , defined as the current dropping from 90% to
10% of the initial value along an extrapolated straight line drawn
between the time instants when the current is 90% and 60% of
its initial value [20], is located on a virtually straight line. To
achieve that, the initial capacitor discharging rate idisc should
be controlled at

idisc = C
dvC

dt
= C

(90% − 10%)vC (0)
tf

. (14)

After vC drops to about 33% of its initial value, the curvy tail
current emerges. Then, the control object shifts to the resistance
while the capacitance is kept constant, and in the jth nonlinear
segment of the curve, it is

iC j = K · vC j (0)e−
t

τ j , (15)

where vC j (0) denotes the initial capacitor voltage of that seg-
ment, and coefficient K is the last steady-state value for turn-off
current, while for turn-on current K is the instantaneous arm
current, as shown in Fig. 4(c).

Similarly, the rising curves are realized by an RL circuit. The
overshoot is achieved by charging purely the inductor while
introducing a time-varying resistor forces the curve to decline
with a certain slope. The rise time, defined as the time between
instants when the collector current rises from 10% to 90% of the
final value, decides the inductance. Since the segment where tr
locates is a straight line, the inductance can be derived as:

L = U · dt

di
=

tr (Tvj , Rg , Ic) × 1(V )
(90% − 10%)(A)

. (16)

The heat is diffused through an electro-thermal network
shown in Fig. 5(c), where the transient thermal impedance equa-
tion in the datasheet is modeled as a combination of resistors
and capacitors [22]. The IGBT power loss Ploss acts as the input
current source whose terminal voltage is deemed as the junction

Fig. 6. MMC hybrid arm model with V -I couplings.

temperature, i.e.,

Tvj (t) =

(
4∑

i=1

Ploss(t) + 2vi
C i(t)GC i

GC i + R−1
i

)
+ Te, (17)

where Te = 25◦C is the ambient temperature, GC i = Δt/2Ci ,
and

vi
C i(t) =

Ploss(t) + 2vi
C i(t − Δt)GC i

GC i + R−1
i

− vi
C i(t − Δt) (18)

constitutes the EMT model of a capacitor. Then, Tvj is fed back
to the IGBT model to update its parameters.

2) MMC Hybrid Arm Model: The introduction of nonlinear
switch model leads to a more complicated MMC network, for
which the aforementioned submodule merging approach is not
instantly feasible. Voltage-current source coupling enables sub-
modules to be split from MMC arms, as shown in Fig. 6, where
voltage sources are placed on the linear arm side. The hybrid
arm can contain a flexible number of split submodules while the
rest adopt TLM-S for efficient computation and less hardware
utilization when deployed to FPGA. Then, the arm’s Thévenin
equivalent circuit is

varm (t) = iSM (t) · ZLu,d + 2vi
L (t) +

n∑

k=1

vSM k (t − Δt)

+ iSM (t) ·
N∑

k=n+1

Reqk (t) +
N∑

k=n+1

Veqk (t − Δt),

(19)

where ZLu,d and 2vi
L is the TLM stub model for an arm inductor.

vSM k is the voltage coupling of kth submodule, and the number
n ∈ [1, N -1].

On the nonlinear submodule side, the computation approach
relies on switch state. Under steady-state, both switches of the
SM are taken as resistors, then
[

vC k (t)
vSM k (t)

]
=

[
Z−1

C k + R−1
1 −R−1

1

−R−1
1 R−1

1 + R−1
2

]
·
[

vi
C k (t) · Z−1

C k

iSM k (t − Δt)

]
,

(20)
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where vSM k (t) is the voltage to be sent to the opposite side.
The SM blocked state is a special steady-state, where R1 and
R2 are determined by the arm current: a positive iSM indicates
that the upper diode is on and R1 is small, otherwise R2 has a
small resistance. During transient state, the IGBT is taken as a
controlled current source, and the current in the complementary
switch, defined as flowing from collector to emitter is given as:

i
′
C (t) = iC (t) ± iSM (t − Δt). (21)

Lastly, knowing the branch currents enables the calculation of
circuit other variables, such as vC k (t) and vSM k (t).

The partitioning method induces a unit delay to both sides.
At the instant t-Δt, iSM (t-Δt) is obtained by solving the matrix
equation corresponding to the left circuit, and it is sent to the
SM. Then, instant t begins. On the SM side, based on iSM (t-Δt)
it just received, vSM k (t) can be derived. Thus, vSM k is one time-
step ahead of iSM on the SM side, while the reverse is the case
for the MMC arm. Nevertheless, the fact that the circuit com-
putation frequency is much higher than that of the arm current
means iSM can be deemed as a constant current source in two
neighboring time-steps and its impact on simulation accuracy is
negligible.

C. Three-Phase Saturable Transformer Model

The matrix equation [23] for a three-phase transformer is
given as:

v = Ri + L · di
dt

, (22)

where R, L are the matrices of winding resistances and induc-
tance, respectively. The discretized form for EMT computation
after using Trapezoidal Rule is

i(t) = Gv(t) + Ihis(t − Δt), (23)

where the iterative history current takes the form of

Ihis(t) = 2(G − GRG)v(t) + (I − 2GR)Ihis(t − Δt),

(24)

G =
[
I +

Δt

2
L−1R

]−1 Δt

2
L−1 . (25)

The nonlinearity caused by saturation is superimposed on the
nodal voltage vector solved from the linear network,

vF = v0 − RT hev icomp , (26)

where v0 and vF are linear and final nodal voltage vectors,
RT hev is the transformer’s Thévenin equivalent resistance ma-
trix, and icomp , the compensation current injected into the lin-
ear network, is obtained from the saturation curve by Newton-
Raphson iteration [24].

D. SST Electromagnetic Transient Model

Fig. 7 is the basic three-phase SST circuit configuration for
electromagnetic transient simulation. In each phase, the upper
and lower arms of an MMC are connected to a common MFT
terminal, and the Norton equivalent circuit is adopted since (23)

Fig. 7. Three-phase SST electromagnetic transient model.

TABLE I
MMC MODEL SIMULATION SPEED COMPARISON

MMC- 5-s simulation duration Latency

Level DEM TLM-S Speedup DEM TLM-S

5-L 7.8 s 6.8 s 1.15 76 Tclk 64 Tclk

11-L 9.2 s 7.7 s 1.19 92 Tclk 80 Tclk

51-L 17.8 s 13.6 s 1.31 108 Tclk 96 Tclk

101-L 28.8 s 21.1 s 1.36 116 Tclk 104 Tclk

501-L 115.0 s 80.1 s 1.44 132 Tclk 120 Tclk

1001-L 222.0 s 153.4 s 1.45 140 Tclk 128 Tclk

is based on nodal voltage. The four branches on both sides have
the same form of admittance and current contribution. Taking the
upper arm for instance, its conductance and current contribution
can be computed as:

GH 1/L1 =

(
ZLu +

N∑

k=n+1

Req (t)

)−1

, (27)

JH 1/L1 = GH 1/L1

(
Vdcu − 2vi

L −
n∑

k=1

vSM k −
N∑

k=n+1

Veqk

)
,

(28)

where the DC voltage Vdcu corresponds to the upper arm, as
shown in Fig. 2. These elements are then combined with inherent
elements of the MFT so that the nodal voltage equation of the
circuit in Fig. 7 can be solved.

III. DC–DC CONVERTER HIL EMULATION

The proposed two MMC models are implemented on the Xil-
inx Virtex-7 VC707 XC7VX485T FPGA platform. As demon-
strated in Table I, the TLM-S enables faster simulation by CPU
and smaller hardware latency on FPGA, making it more suit-
able for real-time simulation, particularly when a small time-
step is required. For instance, DEM is nearly 30% slower than
the proposed TLM-S in simulating a 51-level MMC using a
20-μs time-step when it is run by 64-bit Windows 7 Enterprise
SP1 operating system on the 3.40 GHz Intel CoreTM i7 CPU
and 8.00 GB RAM, while the accuracy of the two models is
the same. Moreover, the resource utilization of DEM is much
higher than TLM-S, for example, Xilinx Vivado HLS estimates
that for an 11-level MMC, one DEM controller takes around
14% of LUT while it is only 4% for proposed TLM-S.

Hardware design of MMCH is taken as an example because
the topology of SST is symmetrical. Vivado HLS which enables
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TABLE II
MMC HARDWARE DESIGN SPECIFICATIONS

Module Latency

Module Description Latency Time-step

NSM nonlinear SM 35 Tclk 500ns
MMCP 1-phase MMC 95 Tclk 15 μs
MFT transformer 205 Tclk 15 μs
DQT abc-dq 78 Tclk 15 μs
OLC outer loop control 110 Tclk 15 μs
PLL phase reference 8 Tclk 15 μs
PSC phase-shift control 1429 Tclk 15 μs
THM thermal network 61 Tclk 15 μs

Hardware resource utilization

Resources 55L-TLM-S (1p) NSM (1SM) Total

LUT 45685 (15.05%) 5848 (1.93%) 303600
LUT RAM 47 (0.04%) 49 (0.04%) 130800
F F 38749 (6.38%) 3140 (0.52%) 607200
BRAM 31.50 (3.06%) 0 (0%) 1030
DSP 426 (15.21%) 32 (1.14%) 2800
BUF G 4 (12.5%) 4 (12.5%) 32

C/C++ functions to be synthesized into hardware modules
was employed to shorten the design cycle. Signals with the
same attribute are grouped in an array, rather than being taken
individually, for a significant reduction in hardware resource
utilization when C synthesis is conducted. The drawback is
that the latency will increase slightly along with the array
size. Therefore, such hardware design strategy is mainly
adopted in controllers which have a good latency tolerance.
The unroll directive provided by the design tool is also chosen
for achieving parallelism of signals in an array.

Table II gives hardware design specifics. Around 15% of LUT
and DSP are required by the 1-phase 55-level MMC and its con-
troller. With a FPGA clock frequency of 100 MHz, the time-step
for PSC should be no less than 13.75 μs according to its 1375
Tclk latency, where Tclk = 10 ns, while it is flexible for the
remaining modules other than NSM, so that all of them can be
set at 15 μs. The parallelism of the 55-level MMC is purposely
weakened to save hardware resources and consequently the la-
tency of TLM-S increases to 95 Tclk . Meanwhile, the time step
for NSM is 500 ns to ensure the accuracy of switching transients.

Fig. 8 illustrates the general hardware structure of MMCH ,
where the input and output ports of MMC and its controller
- grouped as one component - are specifically shown, while
other functional blocks in the top-level are represented by their
simplified forms. As can be seen, manipulating gate-level logics
is avoided with Vivado HLS, and only the input and output ports
of a component are required during hardware design. Since
the hybrid arm is used in the simulation, one MMC contains
mainly four blocks, i.e., phase-shift control (PSC) [25], MMC
linear part (MMC0), MMC nonlinear submodule (NSM) and the
thermal network (THM). Among them, the THM is independent
of other modules to shorten the hardware latency: the NSM
sends vC E and iC to THM whenever it completes calculation,
and the newest values take effect when the THM starts a new
computation cycle; similarly, the THM calculates tr,f and sends
them immediately to the NSM. Meanwhile, the 6 arms of an

MMC are calculated concurrently, and the outputs G and J are
sent to the MFT module where the nodal voltages are sought.

Connecting these modules either by wire or through D flip-
flops is achieved by VHDL in Vivado, where the top-level finite
state machine defining the operation sequence in Fig. 9 is re-
alized. Once hardware emulation starts, two independent loops
run simultaneously. Loop 1 contains solely NSM and repeats ev-
ery Δt1 = 500 ns, while all remaining modules constitute Loop
2 that has a period of Δt2 = 15 μs. Thus, this multiple time-
stepping scheme avoids compromising switching transients by
other hardware modules that must have a large time-step. The
carrier waveforms are stored in ROM so that MMC phase-shift
control can operate properly. Table II shows that for each loop,
the time-step is larger than the maximum latency, so two timers
are set: once an exact time-step runs out, a new calculation cycle
will begin.

Fig. 10 shows the outer-loop controllers of the SST. MMCL

regulates active and reactive power, while its counterpart is in
charge of the MFT AC voltage on the primary side. The control
scheme is carried out in d-q frame and is largely the same to other
voltage-source converters, except an additional MMC inner loop
employing phase-shift control is adopted. The angle θ for Inverse
Park’s Transformation is the reference which determines the
MFT operation frequency. Internal variables with superscripts
H and L correspond to the primary and secondary sides of the
transformer, respectively.

IV. REAL-TIME HIL EMULATION RESULTS

A. Device-Level Behavior

In the MMC, the static SM current is alternating at a
frequency decided by θ and is taken as an example to show
its influence on IGBT’s turn-on and turn-off times, as shown
in Fig. 11(a) and (b). When IC climbs from 500 A to
3500 A, the turn-on time increases steadily, while the turn-off
time first declines from 1300 ns to around 800 ns, and then
rises again. Comparison with corresponding values provided
by the datasheet proves the accuracy of proposed IGBT
transient model, and with more linear segments to approximate
the nonlinear tr,f -IC curves, the accuracy of the results can
be further improved. Fig. 11(c) gives corresponding energy
consumption, both turn-on and turn-off energies Eon /Eoff

closely follow datasheet values when identical test conditions
are set. A high degree of agreement between simulation and
experimental data indicates that the proposed IGBT dynamic
curve-fitting model qualifies for MMC simulation to give design
guidance. In Fig. 12 and thereafter, simulations are conducted
based on the MTDC system in Fig. 1, whose parameters are
listed in the Appendix. Stipulating that the switching frequency
is kept 10 times higher than that of MFT to ensure MMC output
quality, MMCH lower IGBT operation status in delivering
200 MW to MMC3 is shown in Fig. 12. The power loss
waveforms at two switching frequencies are given in Fig. 12(a),
which indicates that with a higher density of power pulses, the
latter has a more significant impact on junction temperature.
Fig. 12(b) verifies this viewpoint: with switching frequencies
of 600 Hz, 1800 Hz and 3000 Hz, the junction temperatures

Authorized licensed use limited to: UNIVERSITY OF ALBERTA. Downloaded on April 18,2022 at 20:14:18 UTC from IEEE Xplore.  Restrictions apply. 

READ O
NLY



LIN AND DINAVAHI: DYNAMIC ELECTRO-MAGNETIC-THERMAL MODELING OF MMC-BASED DC–DC CONVERTER 1343

Fig. 8. Top-level hardware structure of MMCH .

Fig. 9. SST top-level finite state machine.

Fig. 10. SST control scheme: (a) MMCL controller, and (b) MMCH con-
troller.

center around 45◦C, 75◦C, and 103◦C, respectively. The
fluctuations in the temperature are caused by the alternating
turn-on and turn-off processes, and consequently the higher
the switching frequency, the denser the ripples appear. With
respect to safe operation, it can be inferred that measures such
as using external cooling apparatus and increasing the MMC
level are required when fsw = 3000 Hz, while natural cooling
is sufficient for steady-state operation with fsw = 600 Hz.
For further validation, the transferred power is reduced to 20
MW, and SaberRD which is always referred to for device-level
information is used to simulate a 5-level MMC consider-

Fig. 11. IGBT transient tests under different collector current at Tv j = 125◦C:
(a) turn-on process, (b) turn-off process, and (c) turn-on and turn-off energy.

ing numerical divergence will occur if the number of level
is higher. The results inFig. 12(c) demonstrate that the junction
temperatures from DCFM and the simulation tool’s own IGBT
model are largely the same, meaning that the proposed DCFM
is as accurate as commercial simulation tools. Fig. 12(d) gives
the relation between MMC voltage levels and maximum IGBT
junction temperatures, which demonstrates that by increasing
the MMC voltage level, a dramatic junction temperature drop
can be achieved if fsw = 3000 Hz, while the improvement is
not significant when fsw is 600 Hz.
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Fig. 12. MMCH lower IGBT operation status: (a) power loss waveforms for
55L-MMC, (b) junction temperature waveforms for 55L-MMC, (c) 5L-MMC
SaberRD validation, and (d) relation between Tv j and MMC level.

B. Converter-Level Performance

The MMCH control target V H ∗
gd is 90 kV, and the MFT fre-

quency for Fig. 13(a) and (b) are set to be 60 Hz and 180 Hz,
respectively. The real-time results from the oscilloscope show
that the MFT primary voltages vpri are exactly the control ob-
jects. Consequently, on the secondary side, the value is halved
to about 45 kV. The SM capacitor voltages are also given in
Fig. 13(c), which indicates increasing the MFT frequency leads
to smaller sizes of transformers as well as arm inductors and
capacitors. Under 60 Hz, SM capacitor voltage ripples for both
MMCH and MMCL are still larger than those under 180 Hz
even though its SM capacitance and arm inductance are 2 to 4
times larger, as shown in the Appendix. As expected, the intro-
duction of more accurate DCFM causes some trivial differences
with respect to PSCAD/EMTDC results; however, the average
values and variations of these signals are similar. In Fig. 13(d),
the arm currents and SM DC voltages are compared between
TLM-S and PSCAD/EMTDC, it can be seen that these two types
of ideal MMC models fit well.

C. System Tests

Some tests demonstrating the function of SST are carried out
as a further validation of proposed MMC models. In Fig. 14,
power reversal is conducted, and all power flowing to DC
yard is defined as positive. Initially, the power delivered to

Fig. 13. SST converter-level results (left: HIL emulation; right:
PSCAD/EMTDC): (a), (b) MFT primary and secondary voltages at 60 Hz and
180 Hz, (c) SM DC voltage ripples, and (d) ideal MMC models comparison.
Oscilloscope horizontal axes setting: 10 ms/div.

Station-2 and Station-3 are 300 MW and 100 MW, respec-
tively, thus Idc2 and Idc4 are approximately 1.5 kA and 0.5 kA,
and Idc3 maintains around 2 times that of Idc4 . At t1 = 2s, the
power order in MMCL begins to ramp from -100 MW to 100
MW, i.e., Station-3 is diverted to a rectifier station, and conse-
quently, Station-2 receives 500 MW power from the other two
stations and Idc2 finally stabilizes at 2.5 kA. It shows that the
DC currents are clear indicators of power variation, because the
DC voltage at Station-2 Udc2 is precisely controlled at 200 kV.
During the reversal process, the MFT currents undergo ramping
while its voltages keep constant due to MMCH ’s control, as
demonstrated by vsec . Another notable feature of SST is fault
isolation, which is shown in Fig. 15. Immediately after t0 =
1s when the fault on DC Line-3 is detected, both MMCH and
MMCL are ordered to block their driving pulses. As a result,
the voltage on both sides of the MFT vanish, indicating that the
SST has fault isolation capability. Meanwhile, the power from
Station-1 is diverted solely to Station-2 because Idc2 has the
same amplitude to Idc1 and Idc4 reduces to 0. Corresponding
results from PSCAD/EMTDC confirms these statements, indi-
cating the proposed MMC models can be used for MTDC grid
studies.
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Fig. 14. MTDC system power reversal from HIL emulation (up/left) and
PSCAD/EMTDC (bottom/right). Oscilloscope horizontal axes setting: 1s/div.

Fig. 15. SST fault isolation test waveforms from HIL emulation (up/left) and
PSCAD/EMTDC (bottom/right). Oscilloscope horizontal axes setting: 0.5s/div.

Since the SM blocked state cannot be explicitly shown due to
the SST’s fault isolation capability, it is proven by applying the
improved MMC model and the original TLM-S to MMC1 in
Fig. 1 where a 1Ω line-to-ground fault is imposed on DC Line
1 right after inductor L1 , and corresponding PSCAD/EMTDC

Fig. 16. MMC1 blocked state test results.

Fig. 17. Passive charging of MMC1 with opened DC line.

simulations are conducted for validation, as given in Fig. 16.
Both models produce the same correct results until t= 0.1s when
an obvious bifurcation emerges. The improved MMC model
yields result identical to that of the traditional model with each
IGBT having a free wheeling diode in PSCAD/EMTDC. The
AC voltage under this scenario is still being rectified by the
diodes so Vdc1 is about 30 kV, and the fault current stabilizes at
around 30 kA. Moreover, in the controller, igd and igq deviate
from the control target, and their non-zero values prove energy
flow between the AC and DC grids. However, with the original
TLM-S that fully blocks the MMC, Vdc1 finally stabilizes at 0
after periods of oscillation, and similar behavior can be observed
with the DC current. Meanwhile, igd and igq are zero, meaning
that no current is flowing from the AC side to the DC side. These
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incorrect results are identical to those in PSCAD/EMTDC when
a large resistor is inserted between the MMC and DC yard,
proving that the original TLM-S has a high-impedance blocked
state.

In Fig. 17, the alternation between different SM block states
is tested by passive charging of MMC1 which is operating as an
STATCOM, and results from off-line simulation tool are used
for comparison. With converter parameters provided as in the
Appendix, it can be seen that both the SM capacitor voltages and
the upper arm currents are the same. Initially iu is either positive
or negative, indicating the ON and OFF modes of the blocked
state. Then, the third state with zero arm current emerges, which
indicates that both diodes are OFF and the SM is under high-
impedance state.

V. CONCLUSION

Real-time HIL emulation of a DC-DC converter employ-
ing MMC hybrid model for MTDC system is presented. The
dynamic curve-fitting model provides guidance on converter
design by revealing the device’s electro-magnetic-thermal in-
formation such as power loss and junction temperature, which
facilitates determination of the number of MMC submodules,
the MFT’s operation frequency, and adoption of external cool-
ing apparatus. The versatility of IGBT curve-fitting model is im-
proved by linking its turn-on and -off times with time constants
of RC and RL circuits, and consequently, the transient wave-
forms can be precisely simulated under various electromagnetic
environments. Meanwhile, the MMC TLM-stub model allevi-
ates hardware resource burden and shows its speed advantage
in both CPU simulation and HIL emulation on FPGA in con-
junction with other complex switch models. Circuit partitioning
enables the coexistence of separated nonlinear submodules and
the linear MMC circuit even though they have distinct time-
steps, and with smaller matrix dimension, a significant speedup
can be attained in addition to avoiding numerical divergence.
Other than the SST, both models can be applied individually,
or jointly by constituting the hybrid model to MMCs in various
applications.

APPENDIX

The 6 piecewise linearized IGBT static model segments are:
1. IC > 1000A: k1 = −4.428Tvj + 1567, b1 = −4.263Tvj +
1975.5;
2. IC ∈ (500, 1000]A : k2 = −2.684Tvj + 1113.1, b2 = −
1.867Tvj + 1107.4;
3. IC∈ (300, 500]A : k3 = −2.185Tvj + 881b3 = −1.588,
Tvj + 772.7;
4. IC∈(200, 300]A: k4 = −1.692Tvj + 709, b4 = −1.179
Tvj + 562.8;
5. IC∈(0,200]A: k5 = 200, b5 = 0;
6. IC < 0: k6 = 10−6 , b6 = 0.
The IGBT turn-on model’s coefficients are:
Segment 1. k0 = 0, k1 = 0, k2 = 1, k3 = 0, b0 = 3375, b1 = 1,
b2 = −1833.3 , b3 = −1.6;
Segment 2. k0 = 0, k1 = 0, k2 = 0, k3 = 0, b0 = 5, b1 = 1,
b2 = 0, b3 = 0.24.

The IGBT turn-off model’s coefficients are:
Segment 1. k0 = 0, k1 = 0, k2 = 0, k3 = 0, b0 = 1748.3, b1 =
1, b2 = 33.33, b3 = −0.6867;
Segment 2. k0 = 0, k1 = 0, k2 = 0.1, k3 = 0, b0 = 2048.3, b1
= 1, b2 = −200, b3 = −0.6867;
Segment 3. k0 = 0, k1 = 0, k2 = 0, k3 = 0, b0 = 1420, b1 = 1,
b2 = 0, b3 = −0.49.
The IGBT thermal network parameters:
R1 = 1.601 K/kW, R2 = 1.765 K/kW, R3 = 0.358 K/kW, R4
= 0.328 K/kW, C1 = 0.362898 kJ/K, C2 = 0.033428 kJ/K, C3
= 0.0167 6kJ/K, C4 = 0.003049 kJ/K.
The MTDC system parameters are:
MMC1 rated power Prec = 400 MW, DC line 1 and 2 voltage
Vdc1,2 = 200 kV, DC line 3 voltage Vdc3 = 100 kV, L1−4 =
100 mH.
The SST parameters under 300/180/60 Hz are:
SM capacitance CM M CH

SM =3/12/20 mF, CM M CL

SM =3/5/10 mF,
arm inductance Lu,d = 10/15/50 mH; Y -Y MFT capacity
600 MVar, 110/55 kV; MMCH 55-level, MMCL 31-level.
Transmission line parameters: distance 100 km, r = 0.01 Ω/km,
l = 0.1 mH/km, C = 0.2 μF/km.
The parameters for MMC1-MMC3 are: 5-level, Lu,d =
20 mH, arm inductor resistance ru,d = 0.1 Ω, CM M C1−3

SM =
10 mF, grid voltage (L-L, RMS) Vg1,2 = 134 kV, Vg3 = 67 kV.
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