
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 9, SEPTEMBER 2016 6155
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Abstract—Real-time simulation of modular multilevel convert-
ers (MMCs) is challenging due to their complex structure consisting
of a large number of submodules (SMs). In the literature, the com-
putational speed is emphasized for MMC modeling in real-time
simulation, while accurate and detailed information of insulated-
gate bipolar transistor (IGBT) modules in SMs is sacrificed. A novel
datasheet-based device-level electrothermal model for an MMC on
the field programmable gate array (FPGA) is presented in this pa-
per for real-time hardware emulation. Conduction and switching
power losses, junction temperatures, temperature-dependent elec-
trical parameters, and linearized switching transient waveforms of
IGBT modules are adequately captured in the proposed model. Si-
multaneously the system-level behavior of the MMC is accurately
modeled. Five-level and nine-level MMC systems are emulated in
the hardware with the time step of 10 μs and 10 ns for system-
level and device-level computations, respectively. The paralleled
and pipelined hardware design using IEEE 32-bit floating point
number precision runs on Xilinx Virtex-7 XC7VX485T device. The
emulated real-time results by an oscilloscope have been validated
by offline simulation on SaberRD software.

Index Terms—Datasheet, device-level model, diode, electrother-
mal, field programmable gate array (FPGA), high-voltage DC
(HVDC) converters, insulated-gate bipolar transistor (IGBT),
modular multilevel converter (MMC), parallel processing, pipelin-
ing, real-time systems.

I. INTRODUCTION

THE modular multilevel converter (MMC) has proven su-
perior over other conventional converter topologies and

has been applied in medium- and high-voltage rating applica-
tions, due to many advantages, such as low harmonics, low
switching frequency, high modularity, and good scalability [1]–
[9]. The complicated circuit topology and control system of
the MMC impose a challenge for system stability and reliabil-
ity, especially in abnormal operation conditions, which makes
electromagnetic transient simulation of the MMC system criti-
cal. Real-time digital simulators are widely used in closed-loop
testing for external hardware such as controllers and protection
relays, and are powerful tools for power system simulation and
industrial training. They are expected to provide accurate and
abundant information, such as voltage and current waveforms
in assigned branches, and transferred power.
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The field-programmable gate array (FPGA) provides numer-
ous hardware and rich I/O resources for the emulation of models
and algorithms for power electronics and power systems [10]–
[17]. Real-time performance of the MMC system simulation
using FPGAs has been demonstrated well in the literature [18]–
[20]. The computation time for the MMC system in conventional
circuit simulation program increases almost quadratically as a
function of the submodule (SM) number, since the size of the
nodal matrix expands [6]. For an MMC system consisting of
hundreds of SMs, simplifications for MMC converter arms are
necessary to reduce the computational effort. In the literature,
the following MMC modeling methods are used in real-time
simulation:

1) Thévenin equivalence method using two-state resistor
model for the IGBT module [18], [19];

2) surrogate network method [20];
3) virtual phase module method [21]; and
4) digital–analog hybrid simulation method [22].
The first method uses a two-state resistor to model the IGBT

module with very small resistance for turn-on state and very
large resistance for turn-off state. The surrogate network method
and virtual phase module method are similar, in that they both
classify the SMs into three models based on the SM modes: on-
state, off-state, and blocked. In the surrogate network method,
a discharge resistor is connected in parallel with the capacitor
to simulate the fault condition of SM. The first three methods
all use Thévenin equivalence method simplifying the SM in
order to reduce the matrix nodes for the entire MMC system.
In the fourth method, the converter is simulated by scaled down
analog circuit components that are inflexible to reconfigure, and
the simulation accuracy is highly dependent on the quality of
the analog components.

Admittedly, by using the aforementioned methods, the real-
time simulators can show the system-level waveforms and the
capacitor voltages with sufficient accuracy. However, the dy-
namic behavior of IGBT modules in SMs, such as the power
losses and junction temperatures, are not available and pre-
sented. There is growing emphasis on power efficiency in the
modern power system, which is one of the reasons to construct
HVDC systems using MMC-based power electronics convert-
ers [23], [24]. This paper presents a real-time datasheet-driven
device-level electrothermal model for the MMC system hard-
ware emulation on the FPGA, which contains the nonideal IGBT
module characteristics. Abundant detailed information of each
SM is available in this model including conduction and switch-
ing power losses, junction temperatures, and linearized switch-
ing transient waveforms of IGBT modules. These are important
indicators that can be used for among other following benefits:

1) evaluating the power converter efficiency of various
control methods;
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Fig. 1. SM: (a) two-level half-bridge topology, (b) temperature-dependent
modeling and Thévenin equivalence.

2) tuning control parameters such as switching frequency
based on converter efficiency and thermal requirements;

3) choosing appropriate current rating for IGBT modules and
design qualified heatsink based on thermal requirements;

4) obtaining a more accurate fast Fourier transform (FFT)
analysis for MMC voltage and current waveforms when
considering nonideal switching characteristics.

The proposed model utilizes readily available IGBT mod-
ule parameters from the manufacturer’s datasheet. This model
uses junction temperature-dependent series-connected voltage
source and resistor representing the threshold voltage and slope
resistance to piece-wise linearize the output characteristic of IG-
BTs and diodes, which is compatible with the Thévenin equiv-
alence method. The conduction losses and switching losses are
calculated, and then, fed into the thermal network to compute the
junction temperatures, which in turn affect the electrical param-
eters. The device-level transient waveform modules generate
the linearized switching transient waveforms based on system-
level results and temperature-dependent device rise-time and
fall-time from the datasheet.

The five-level and nine-level MMC hardware emulations with
paralleled and pipelined design in VHDL are targeted to a
medium-size FPGA board, Virtex-7 XC7VX485T device, from
Xilinx [25], a world leading provider of FPGAs, System on
Chips (SoCs), etc. This design uses IEEE 32-bit floating-point
number precision, and uses a time-step of 10 μs and 10 ns for
the MMC system-level computation and the device-level wave-
form generation, respectively, based on the clock frequency of
100 MHz. All SMs of the MMC system have their corresponding
calculation hardware units on the FPGA, which run in parallel
to ensure real-time performance.

This paper is organized as follows: Section II explains the
modeling method and hardware emulation of the SM; Sec-
tion III presents the model for the entire MMC system and
the hardware emulation; Section IV shows the real-time emu-
lation results of the case study MMC systems and the verifica-
tion by offline simulation on SaberRD software, a commercial
tool for modeling, simulation, and virtual prototyping of phys-
ical systems from Synopsys [26], followed by conclusions in
Section V.

II. DATASHEET-BASED DEVICE-LEVEL ELECTROTHERMAL

MODEL FOR THE SM AND HARDWARE EMULATION

Fig. 1(a) shows the SM structure of a two-level half-bridge
topology consisting of an upper IGBT S1 , an upper diode D1 ,
a lower IGBT S2 , a lower diode D2 , and an energy-storing

TABLE I
CONDUCTION DEVICES AND CAPACITOR CHARGING CONDITIONS IN ALL SM

OPERATION CASES

Mode (g1 , g2 ,is m ) Conduction Device Capacitor Condition

On-State (1, 0, >0) D1 Charging
(1, 0, <0) S1 Discharging

Off-State (0, 1, >0) S2 No change
(0, 1, <0) D2 No change

Blocking (0, 0, >0) D1 Charging
(0, 0, <0) D2 Discharging

Short Circuit (1, 1, >0) S1 and S2 Short circuit
(1, 1, <0) S1 and S2 Short circuit

For g1 and g2 , 1 means turn-on, 0 means turn-off.

capacitor C. With different combinations of gate signals g1(t)
and g2(t), the SM has on-state, off-state, blocking, and short-
circuit operation modes. In off-state, current goes through either
S2 or D2 without affecting the capacitor voltage, while in on-
state the capacitor is charging or discharging according to the
direction of the SM current ism(t). Blocking mode appears in
dead-time period when the SM switches between on-state and
off-state or in some special control modes. Short circuit is not
allowed in normal operation, which may damage the devices
and even the entire MMC system. Table I lists the conduction
devices and capacitor charging conditions for all operation cases
classified by the combination of the gate signals and the SM
current direction.

This section describes the detailed modeling method and
hardware emulation for the SM. In Section II-A, parameters
from manufacturer’s IGBT module datasheet are listed, part
of which are employed in the modeling process. Sections II-
B– E explain the main computation procedures for the proposed
model, which are electrical model calculation, power loss calcu-
lation, thermal network calculation, and device-level waveform
generation. In Section II-F, all the procedures are emulated by
the parallel hardware units on the FPGA.

A. Datasheet Information Utilization for the IGBT Module

The datasheet of the IGBT module, which can be easily ac-
cessed from the device manufacturer, provides major parameters
of IGBTs and diodes. This paper used the Infineon’s single IGBT
module FZ400R33KL2C_B5 in construction and hardware em-
ulation of the MMC system. Some major characteristics of the
single IGBT module, which are a subset of all information in
the manufacturer’s datasheet, are listed as follows [27].

The IGBT module data presented in tables includes the
following:

1) maximum rated values for IGBT: collector–emitter volt-
age VCES, dc collector current Imax

C , peak collector cur-
rent ICRM, junction temperature T max

vj , gate-emitter peak
voltage VGES, etc;

2) characteristic values for IGBT: collector–emitter satu-
ration voltage VCEsat, gate threshold voltage VGEth, in-
put capacitance Cies, reverse transfer capacitance Cres,
collector–emitter cut-off current ICES, turn-on delay time
td,on, rise time tr , turn-off delay time td,off, fall time tf ,
etc;
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TABLE II
UTILIZATION OF DATASHEET PARAMETERS IN THE MODELING PROCEDURES

FOR THE SM

Modeling Procedure Datasheet Parameters

Electrical model calculation iC -vCE and iF -vF plots
Power loss calculation E IG B T

on -iC , E IG B T
off -iC , and E D io d e

rr -iF

plots; iC -vCE and iF -vF plots
Thermal network calculation Z IG B T

thjc -t and Z D io d e
thjc -t plots

Device-level waveform generation td , on, tr , td , off, tf , and IRM

TABLE III
r1 (Tv j ) AND v1 (Tv j ) IN THREE IGBT MODULE STATES

IGBT Module State r1 (Tv j ) v1 (Tv j )

S1 conduction rS 1
o n (T S 1

v j ) vS 1
o n (T S 1

v j )
D1 conduction rD 1

o n (T D 1
v j ) vD 1

o n (T D 1
v j )

No conduction Roff 0

3) maximum rated values for diode: repetitive peak reverse
voltage VRRM, dc forward current Imax

F , peak forward cur-
rent IFRM, minimum turn-on time tmin

on , etc;
4) characteristic values for diode: forward voltage VF , peak

reverse recovery current IRM, recovered charge Qr , etc;
5) characteristics for module: isolation test voltage VISOL,

storage temperature Tstg, weight G, etc.
The IGBT module data presented in graphs includes the

following:
1) output characteristic of IGBT (iC -vCE) and forward char-

acteristic of Diode (iF -vF );
2) turn-on loss (EIGBT

on -iC ) and turn-off loss (EIGBT
off -iC ) for

IGBT, and reverse recovery loss for diode (EDiode
rr -iF );

3) transient thermal impedance from junction to case for
IGBT (ZIGBT

thjc -t) and (ZDiode
thjc -t) diode;

4) safe operation area for IGBT (Imax
C -V max

C E ) and diode
(Imax

F -V max
F ), etc.

Datasheets from various manufacturers may give slightly dif-
ferent parameters and present them in different formats; never-
theless the aforementioned data can be most commonly found.
Some of the data listed previously is given at two test tempera-
tures T1 and T2 , which are typically 25 ◦C and 125 ◦C. Linear
interpolation can be used to estimate the parameters at other
temperatures. For the purpose of SM modeling, the characteris-
tic values of IGBT and diodes are of particular interest. Table II
shows the datasheet parameters utilization in all major modeling
procedures described later.

B. Electrical Model for the SM

Instead of using the simple two-state resistors, this model
utilizes junction temperature-dependent resistors (r1(Tvj ) and
r2(Tvj )) and voltage sources (v1(Tvj ) and v2(Tvj )) to repre-
sent the IGBT modules, which are shown in Fig. 1(b). Table III
shows the values selected for r1(Tvj ) and v1(Tvj ) (same for
r2(Tvj ) and v2(Tvj )) determined by the device conduction con-
ditions, which are listed in Table I for all SM operation cases.
The slope resistance ron(Tvj ) and threshold voltage von(Tvj )
for the IGBT and the diode are obtained from the IC -VCE and

Fig. 2. Output characteristics for IGBT and diode at T1 =25 ◦C and
T2 =125 ◦C.

the IF -VF curves by piecewise linearization. Roff is the
off-state resistance, which can be estimated by ICES. Fig. 2 shows
the output and forward characteristic curves for the IGBT and
the diode at T1 = 25 ◦C and T2 = 125 ◦C from the datasheet [27].
Linear interpolation is used to estimate ron(Tvj ) and von(Tvj )
at any junction temperatures Tvj for either IGBT or diode, when
values in T1 and T2 are known, given as

ron(Tvj ) =
Tvj − T2

T2 − T1
(rT2

on − rT1
on ) + rT2

on (1)

von(Tvj ) =
Tvj − T2

T2 − T1
(vT2

on − vT1
on ) + vT2

on . (2)

The capacitor voltage vcap(t) of the SM is derived using
Trapezoidal numerical integration with history value vHist

cap(t −
Δtsys) expressed as

vcap(t) = (2 − α)Rcapicap(t) + vHist
cap(t − Δtsys) (3)

where

Rcap =
Δtsys

2C
and (4)

vHist
cap(t − Δtsys) = αRcapicap(t − Δtsys) + vcap(t − Δtsys)

(5)

α = 2
(

tgate − tcomm − (t − Δtsys)
Δtsys

)
,

(0 ≤ α ≤ 2). (6)

C is the capacitance of the SM capacitor; icap(t) is the current
through the capacitor; Δtsys is the system-level time-step; tgate

is the exact time when the emulator receives the updated gate
signals; tcomm is the communication delay of gate signals from
the controller to the real-time emulator. The coefficient α is
introduced for the purpose of reducing the capacitor voltage
error when gate signals are changing, while, for the rest of
the time, α shall be 1 for the Trapezoidal integration rule. This

Authorized licensed use limited to: UNIVERSITY OF ALBERTA. Downloaded on April 18,2022 at 20:20:17 UTC from IEEE Xplore.  Restrictions apply. 

READ O
NLY



6158 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 9, SEPTEMBER 2016

coefficient is only necessary when gate signal sampling time step
is significantly smaller than the system-level time step and the
communication delay cannot be neglected. In the demonstration
design described in Section III, the controller and the emulator
were designed on the same FPGA board, and the communication
delay can be neglected since it is only one clock cycle or 10 ns.
Moreover the sampling time step of gate signals is the same as
the system-level time step, therefore, α is always set as 1 in the
demonstration design.

Using Thévenin equivalence, the circuit model for the SM is
represented by rsm(Tvj ) and vHist

sm (t − Δtsys) in series, and the
SM output voltage vsm(t) is given as

vsm(t) = rsm(Tvj )ism(t) + vHist
sm (t − Δtsys) (7)

where

rsm(Tvj ) =
r2(Tvj )(r1(Tvj ) + Rcap)
r1(Tvj ) + r2(Tvj ) + Rcap

and (8)

vHist
sm (t − Δtsys) =

r1(Tvj ) + Rcap

r1(Tvj ) + r2(Tvj ) + Rcap
v2(Tvj )+

r2(Tvj )
r1(Tvj ) + r2(Tvj ) + Rcap

(
vHist

cap (t − Δtsys) − v1(Tvj )
)
. (9)

Similarly, Thévenin equivalence for all SMs of the MMC
are processed in parallel on the FPGA. rarm(Tvj ) and vHist

arm (t −
Δtsys) representing all SMs in one converter arm are the inter-
face circuit elements to the system-level calculation, which are
given as

rarm(Tvj ) =
n∑

k=1

rk
sm(Tvj ) (10)

vHist
arm (t − Δtsys) =

n∑
k=1

vk,Hist
sm (t − Δtsys) (11)

where n is the number of SMs in one converter arm. The dynam-
ics of the other linear passive elements can also be discretized by
Trapezoidal rule. After solving the nodal equations for the cir-
cuit of entire MMC system, ism(t), which is the same as iarm(t),
is known. icap(t) for each SM capacitor is updated as follows:

icap(t) =
r2(Tvj )ism(t)+v1(Tvj )+v2(Tvj )−vHist

cap (t − Δtsys)
r1(Tvj )+r2(Tvj )+Rcap

.

(12)

Finally, a recursive equation is applied for the calculation of
vHist

cap , given as

vHist
cap (t) = 2Rcapicap(t) + vH ist

cap (t − Δtsys). (13)

The aforementioned equation is applicable when the coef-
ficient α for capacitor voltage error correction is 1, otherwise
(3)–(6) are used to update vHist

cap (t). At this point, a set of electrical
circuit solution (1)–(13) for the SM is established.

C. Power Loss Calculation

After the system-level calculation and the update of capaci-
tor voltages, the power losses of the IGBTs and the diodes in
the SMs can be calculated for each system-level time step. The
power losses calculation method used in this paper is the same

TABLE IV
EXTRACTED a, b, AND c FOR SWITCHING ENERGY CURVE FITTING

E
T 2
sw (T2 = 125 ◦C) a b c

E
IGBT, T 2
on 0.002575 1.478 179.7

E
IGBT, T 2
off 0.0003982 1.209 58.23

E
Diode, T 2
rr −0.00068631 1.075 177.2

in [28] and [29]. Power losses for IGBT P IGBT
loss (t) are mainly

composed of conduction power losses P IGBT
cond (t), turn-on power

losses P IGBT
on (t), and turn-off power losses P IGBT

off (t), while
the power losses for diode PDiode

loss (t) are mainly from conduc-
tion power losses PDiode

cond (t) and reverse recovery power losses
PDiode

rr (t).
The equations of conduction power losses for the IGBT and

the diode during one system-level time step Δtsys are given as

P IGBT
cond (t) =

1
Δtsys

(
rIGBT

on (Tvj )iC (t) + vIGBT
on (Tvj )

)
iC (t)

(14)

PDiode
cond (t) =

1
Δtsys

(
rDiode

on (Tvj )iF (t) + vDiode
on (Tvj )

)
iF (t)

(15)

where iC (t) is the collector current in IGBT and iF (t) is
the forward current in diode, which can be determined based
on ism(t) and switching condition. rIGBT

on (Tvj ), vIGBT
on (Tvj ),

rDiode
on (Tvj ), and vDiode

on (Tvj ) are slope resistances and thresh-
old voltages of either upper or lower IGBT and diode pair.
The IGBT switch-on energy EIGBT

on , switch-off energy EIGBT
off ,

and the diode reverse recovery energy EIGBT
rr as functions of

the current iC (t) or iF (t), are provided in [27], when junction
temperature Tvj is 125◦C and the voltage across the switch in
off-state is the rated value vrated (1800 V). Second-order polyno-
mials are adopted here to fit these curves with the Tvj of 125 ◦C
(T2), given as

ET2
sw (i(t), v(t)) = (a · i2(t) + b · i(t) + c) · v(t)

vrated
(16)

where ET2
sw represents EIGBT,T2

on , EIGBT,T2
off or EDiode,T2

rr , i(t) rep-
resents iC (t) or iF (t), v(t) represents the voltage across the
switch in off-state.

Based on the data from [27], the fitting parameters are pre-
sented in Table IV, and the comparison between fitting curves
and original curves from datasheet is shown in Fig. 3. How-
ever, besides the loss curves at 125 ◦C, [27] only provides
the switching energy losses when current is at the rated value
(400 A) at 25◦C. Based on the assumption that all points with
different currents in the switching loss curves at 25 ◦C (T1) fol-
low the proportional relationship of the rated current case, and
the curves at other junction temperature are linearly distributed,
the energy estimation equations can be derived as

Esw(Tvj , i(t), v(t)) =
T2 − Tvj

T2 − T1
(ET1

sw (i(t), v(t))−

ET2
sw (i(t), v(t))) + ET2

sw (i(t), v(t))
(17)
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Fig. 3. Switching energy losses at the Tv j of 125 ◦C from fitted equations
and datasheet.

where

ET1
sw (i(t), v(t)) =

ET1 ,rated
sw

ET2 ,rated
sw

ET2
sw (i(t), v(t)). (18)

ET1 ,rated
sw and ET2 ,rated

sw are the energy losses at rated test con-
dition at T1 and T2 . The averaged switching power loss in one
system-level time step is given as

Psw(Tvj , i(t), v(t)) =
Esw(Tvj , i(t), v(t))

Δtsys
. (19)

D. Thermal Network Calculation

The calculated power losses now become the input of the
thermal network to compute the junction temperatures for all
IGBTs and diodes in the SM. Partial fraction thermal circuit
model composed of multiple levels of thermal resistor and ca-
pacitor pairs are employed to compute the junction tempera-
ture, as shown in Fig. 4. The junction temperature Tvj (t) can be
calculated as

Tvj (t) = Ploss(t) · (Zthjc + Zthch) + Ptotal(t) · Zthha

+ Tamb

(20)

where Ploss(t) is the power loss for the single IGBT or diode;
Ptotal(t) is the power loss for all devices mounted on the same
heatsink; Tamb is the ambient temperature that is fixed in the
emulation; Zthjc, Zthch, and Zthha are the thermal impedances
from junction to case, case to heatsink, and heatsink to ambient,
respectively. In this study, we consider that two IGBT modules
are mounted on the same 10 K/kW water-cooled heatsink. The
thermal impedance Zthjc and thermal resistor Rthch from case to
heatsink are given by the datasheet. All the thermal impedance
parameters for this study is shown in Table V in the form of
thermal resistances and time constants [27].

Applying Trapezoidal rule, the numerical equation to solve
for the junction temperature for either the IGBT or the diode is

Fig. 4. Thermal circuit structure.

TABLE V
THERMAL IMPEDANCES FOR THERMAL NETWORK

Thermal Impedance Z thjc Z thch Z thha

i=1 i=2 i=3 i=4 i=5 i=6

Ri , IGBT
th [K/kW] 11.475 6.375 1.53 6.12 24 10

τ i , IGBT
th [s] 0.03 0.1 0.3 1 3 45

Ri , Diode
th [K/kW] 22.95 12.75 3.06 12.24 48 10

τ i , Diode
th [s] 0.03 0.1 0.3 1 3 45

given as

Tvj (t) =
6∑

i=1

ΔT i
th(t) + Tamb

=
5∑

i=1

(αi(Ploss(t) + Ploss(t − Δtthm))+

βiΔT i
th(t − Δtthm)) + α6(Ptotal(t) + Ptotal(t − Δtthm))+

β6ΔT 6
th(t − Δtthm) + Tamb

(21)

where

αi =
Ri

th · Δtthm

2τ i
th + Δtthm

and (22)

βi =
2τ i

th − Δtthm

2τ i
th + Δtthm

, i = 1, 2, ...6. (23)

Δtthm is the thermal time step, which has the same value
as Δtsys in this study. Considering the fact that thermal time
constant is much longer than the time step of the MMC system
emulation, the time step for the thermal network can be longer
without significant affect in accuracy.

E. Device-Level Transient Waveforms

The device-level waveform hardware unit generates lin-
earized transient waveforms for IGBT modules in real time,
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Fig. 5. Device-level transient waveforms for IGBT module: (a) actual wave-
forms during turn-on transition, (b) linearized waveforms during turn-on tran-
sition, (c) actual waveforms during turn-off transition, and (d) linearized wave-
forms during turn-off transition.

based on the solution from system-level emulation and the tran-
sient time information from datasheet. Rise time trated

r , fall time
trated
f , turn-on delay trated

d,on , and turn-off delay trated
d,off at T1 = 25 ◦C

and T2 = 125 ◦C in standard test conditions, with rated current
irated and rated voltage vrated through and across IGBT module,
are provided by the datasheet. The actual and linearized voltage
and current waveforms in turn-on and turn-off transients are
shown in Fig. 5. During the turn-on transition of the linearized
waveform, after turn-on delay time, the IGBT collector current
rises from the bottom to the steady-state conduction value; after
the exact point of the current reaching the steady-state value, the
voltage across the IGBT starts to drop. The turn-off transition
is similar except that voltage rises first, and then, the current
drops.

The revised rise time t′r (Tvj , i(t)) and fall time t′f (Tvj , i(t))
of current waveform as a function of junction temperature Tvj

and conduction current through IGBT module i(t) are estimated
as follows:

t′r (Tvj , i(t)) =
i(t)
irated

· 1
0.8

(
Tvj − T2

T2 − T1

(
tT2 ,rated
r − tT1 ,rated

r

)

+ tT2 ,rated
r

)
(24)

t′f (Tvj , i(t)) =
i(t)
irated

· 1
0.8

(
Tvj − T2

T2 − T1

(
tT2 ,rated
f − tT1 ,rated

f

)

+ tT2 ,rated
f

)
.

(25)

In (24) and (25), the current changing rates are assumed to be
constant for different conduction currents, and the coefficient
0.8 is used simply to expand the transient time range of current
changing from 80% to 100%, since the provided current rise
and fall time in [27] are between 10% and 90%.

The rise time t′V r (Tvj , i(t), v(t)) and fall time
t′V f (Tvj , i(t), v(t)) for voltage waveforms are not provided by

datasheet, which can be estimated as follows:

t′V r (Tvj , i(t), v(t)) =
2EIGBT

off (Tvj , i(t), v(t))
v(t) · i(t)

− t′f (Tvj , i(t))

(26)

t′V f (Tvj , i(t), v(t)) =
2EIGBT

on (Tvj , i(t), v(t))
v(t) · i(t)

− t′r (Tvj , i(t)).

(27)

Finally, the revised turn-on delay t′d,on(Tvj , i(t)) and turn-off
delay t′d,off(Tvj , i(t), v(t)) are given as

t′d,on(Tvj , i(t)) =
Tvj − T2

T2 − T1

(
tT2 ,rated
d,on − tT1 ,rated

d,on

)
+ tT2 ,rated

d,on

− 1
10

t′r (Tvj , i(t)) (28)

t′d,off(Tvj , i(t), v(t)) =
Tvj − T2

T2 − T1

(
tT2 ,rated
d,off − tT1 ,rated

d,off

)

+ tT2 ,rated
d,off − t′V r (Tvj , i(t), v(t)) − 1

10
t′f (Tvj , i(t), v(t)).

(29)

When the IGBT modules are configured in half-bridge cir-
cuit topology, the diode reverse recovery current will add to the
IGBT current during turn-on transient. This over current cannot
be ignored, since the reverse recovery current can be even larger
than the steady-state current of on-state. To present this phe-
nomenon, the exact amount of maximum diode reverse recovery
current IRM, which is temperature dependent and proportional
to the steady-state current, is added to the current waveform.
This addition happens when the IGBT current begins to rise as
shown in Fig. 5(b). By doing so the current rise slope is doubled,
which means the exact rise time of the hardware emulation is
only half of the result calculated in (24).

Admittedly, the linearized transient waveforms are not ob-
tained from accurate differential equation solution for the
IGBT module, and therefore, cannot reflect the exact detailed
physical phenomena of the IGBT modules. Nevertheless, they
provide a fairly accurate estimate of the switching transients
in the real-time emulation for the MMC system based on the
limited information available from the datasheet.

F. Hardware Emulation of SM Model on FPGA

For each SM in the MMC system, a dedicated SM hard-
ware unit (see Fig. 6) is emulated on the FPGA, consisting
of operators, finite-state machine and five hardware subunits:
the electrical model hardware subunit, the power loss hardware
subunit, the thermal network hardware subunit, the temperature-
dependent parameter update hardware subunit, and the device-
level waveform generation hardware subunit. All SM hardware
units run simultaneously, which means the computation time
for SM hardware units of the MMC will not increase with the
number of SMs.

In Fig. 6, the signal connections and the execution of
hardware subunits follow the algorithm described in the pre-
vious sections. For instance, the power loss hardware sub-
unit requires the gate signals g1(t), g2(t) and the direction

Authorized licensed use limited to: UNIVERSITY OF ALBERTA. Downloaded on April 18,2022 at 20:20:17 UTC from IEEE Xplore.  Restrictions apply. 

READ O
NLY



SHEN AND DINAVAHI: REAL-TIME DEVICE-LEVEL TRANSIENT ELECTROTHERMAL MODEL FOR MMC ON FPGA 6161

Fig. 6. SM hardware unit emulation on FPGA.

Fig. 7. State chart for SM hardware unit.

of SM current ism(t) from the MMC controller and the
system network solution to figure out the SM operation
mode, listed in Table I, which determines the conditions of
all switching devices (switch-on, switch-off, conduction or
OFF). Then, ron(Tvj ), von(Tvj ), Tvj (t) of the correspond-
ing devices, vcap(t), ism(t) and other constants are substituted
into (14)–(19), completing the power loss calculation.

The finite-state machine controls the execution sequence for
other hardware subunits in the SM hardware unit, and receives
the control signals from the finite-state machine of the entire
MMC emulation hardware. Fig. 7 shows the periodic state chart
for the SM hardware unit, which begins from s1 , the start of a
new emulation time step. After the gate signals are received, the
stage 1 of the SM hardware unit is activated by first calculating
vHist

sm (t − Δtsys) and rsm(Tvj ), which are then used for the sys-
tem network calculation. After ism(t) is received from the system

TABLE VI
LATENCIES OF VARIOUS SUBUNITS IN THE SM HARDWARE UNIT

Subunit Total Computation Time With One Set
of Operators [Clock Cycles]

Electrical model in stage 1 27
Electrical model in stage 2 18
Power loss 38
Thermal network 72
Temperature dependent parameter update 18
Total clock cycles used in SM hardware unit 173
Percentage in 1000 clock cycles 17.3%

network solution, the stage 2 starts from s4 to s7 , corresponding
to the four hardware subunits in blue shown in Fig. 6: electri-
cal model, power loss, thermal network, temperature-dependent
parameter update hardware subunits. When all the calculations
are finished, the finite-state machine goes into s0 , waiting for
the next time step.

Because of the sequential relation among the hardware sub-
units except for the device-level waveform generation hardware
subunit, they share the same set of floating-point operators with
pipelined structure and multiplexed input registers in this de-
sign, including one adder (three clocks), one multiplier (three
clocks), one divider (nine clocks), and one comparator (two
clocks). The calculation times for the subunits with one set of
operators and the percentage of total computation time for the
SM hardware unit are listed in Table VI. Since the FPGA runs at
the clock frequency of 100 MHz, and system-level time step is
10 μs; thus, there are 1000 clock cycles available for a complete
computation for one system-level time step. Using more opera-
tors can decrease the delay significantly due to the parallelism
existing in those hardware subunits, which requires more FPGA
resources.

The device-level waveform generation hardware subunit gen-
erates the voltage and current waveforms of the upper and lower
IGBTs, vS1

C E (t), iS1
C (t), vS2

C E (t), and iS2
C (t), with linearized tran-

sients continuously at the time step of 10 ns, which means the
output waveforms will update at each FPGA clock cycle. The
received voltage and current will be first converted into fixed-
point format, since fixed-point adders are much faster than those
of floating point. The fixed-point operators will add or substrate
a specific value to the voltage and current during a specific time
period determined by temperature-dependent transient times.

III. MMC SYSTEM MODEL AND HARDWARE EMULATION

A. MMC System Model and Control Scheme

Fig. 8 presents a typical three-phase MMC system circuit. The
MMC contains six inverter arms, where each arm is composed
by n identical SMs and an inductor in series. The left side is
connected to dc voltage source VDC with a ground connection in
the middle, while the right side is connected to series-connected
resistors Rs , inductors Ls , and three-phase ac voltage sources
vs(t). In normal operation of the MMC, n or n ± 1 SMs are
activated in one phase with different combination of SMs allo-
cated to positive or negative converter arms, to output multiple
voltage levels at the ac terminals of the converter.
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Fig. 8. MMC system circuit.

One challenge for the operation and control of the MMC is
to keep all capacitor voltages close to the rated value and to
control the active and reactive power flow. Multiple modulation
and control strategies are developed for the MMC, including
space-vector pulsewidth modulation [1], phase-disposition
sinusoidal pulsewidth modulation [4], phase-shifted carrier
pulsewidth modulation (PSC-PWM) [30], staircase modulation
based on nearest level control [5], etc. This study adopts the
PSC-PWM method, which is one of the experimentally verified
modulation method. This method naturally ensures the even us-
age of all SMs, which is beneficial for the long-term operation of
the MMC. One disadvantage is the requirement of individual PI
controllers for all SMs, which increases the computation effort
significantly along with the growth of SM numbers. Fortunately,
the control scheme for each SMs can be arranged in parallel on
FPGA to minimize the time delay for the computation in the
controller. The PSC-PWM method has the operation modes of
providing n + 1 and 2n + 1 voltage levels. To be consistent
with other control methods and to minimize circulating current,
the operation mode of providing n + 1 levels is chosen in this
study.

Fig. 9 shows the entire control process of the MMC used in
this study. The control purpose is to track reference active power
Pref and reactive power Qref. The errors between reference
powers and actual powers of the last time step are fed into
the proportional-integral controllers. The phase angle θ(t) is
obtained from the three-phase voltage sources va,b,c

s (t) through
phase-locked loop. In direct voltage control, the amplitude of
modulation signals M(t) determines the reactive power flow,
and the phase shift of modulation signals φ(t) determines
the real power flow, when Rs is very small. The three-phase
modulation signals va

m (t), vb
m (t), and vc

m (t) then enter the
capacitor voltage balancing control module, which is composed
of averaging control and balancing control [30]. The justified

Fig. 9. Control system for the MMC.

Fig. 10. MMC system hardware emulation on FPGA.

modulation signals v1−6n
m (t) for all 6n SMs will compare with

the corresponding phase-shifted carrier signals to generate the
gate signals g1−6n

1 (t) and g1−6n
2 (t) in PSC-PWM module.

B. MMC System Hardware Emulation

The MMC system hardware emulation and state chart on
FPGA are shown in Figs. 10 and 11, respectively. The finite-
state machine controls the entire emulation flow by interacting
with the state machines of other hardware units through the
control bus. It activates different hardware units according to
the sequence shown in the state chart. After the reset button
has been activated, the FPGA-based emulator goes into the
initialization state s1 through s0 . The initialization step
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Fig. 11. State chart for the MMC system.

calculates some constants that will be periodically used in later
computation, such as αi in (22). The matrix simplification re-
quested by system network solution is also done in the initial-
ization. Then, the time-step counter starts to work, providing
the exact time t of the real-time emulation to the finite-state
machine, which is used to determine the arrival moment of next
time step in s2 .

In s3 , the MMC control unit receives the active and reactive
commands from the control commands unit as well as the data
from the SM hardware units and the system network solution
unit, and then, generates the gate signals to SM hardware units.
In practice, the MMC control unit and the control commands unit
are the devices under test during the real-time emulation. In this
study, they are integrated onto the FPGA board in the demon-
stration design. Since the PSC-PWM control method generates
control signals for each SM, therefore the process requires 6n
sets of operators to ensure full parallelism. In this design, the
MMC control unit and the SM hardware units share the same
sets of operators, indicated by the bidirectional operator data
bus. The detailed internal structure and algorithm of the MMC
control unit and SM hardware units are presented in the previous
sections. State s4 involves the stage 1 of SM hardware units and
the summation for r1−6n

sm (Tvj ) and vH ist,1−6n
sm (t − Δtsys). For

clarity, two summation units are drawn in Fig. 10. However, they
are multiplexed in the actual design to save resources without af-
fecting the speed, since the calculation of vHist,1−6n

sm (t − Δtsys)
involves more steps, and are completed later than r1−6n

sm (Tvj ).
The system network solution unit receives the interface compo-
nents rarm(Tvj ) and vHist

arm (t − Δtsys) for the six arms from stage
1 of SM hardware units, and then, solves the nodal equations for
the entire circuit topology in s5 . The outcome i1−6

arm (t) are then
used to complete the stage 2 of the SM hardware units in s6 , in-
cluding the power loss and thermal network calculation. When
the moment of next time-step arrives, the finite-state machine
changes from s7 to s2 , starting a new emulation cycle.

Fig. 12. Operator count for the MMC system with increasing number of levels.

IV. REAL-TIME EMULATION RESULTS AND DISCUSSION

A. Test Circuit and Hardware Resource Utilization

Two case studies for MMC systems: a single-phase five-level
MMC and a three-phase nine-level MMC, were emulated on the
Xilinx Virtex-7 XC7VX485T FPGA at the clock frequency of
100 MHz to validate both system-level and device-level results.
The three-phase test case has the same topology of Fig. 8, while
the single-phase test case is connected to a passive load instead
of the grid. Table X in the Appendix shows the circuit param-
eters for the two cases. The FPGA contains 607 200 slice reg-
isters, 303 600 lookup tables (LUTs), 130 800 memory LUTs,
700 I/O pins, 2060 block RAMs (BRAMs), 2800 DSP slices,
32 global clock buffers (BUFGs), etc. The emulation results
were captured by a four-channel oscilloscope connected to the
16-bit four-channel digital-to-analog converter (DAC), which
received the data from the FPGA. The major resource utiliza-
tion summary is presented in Table VII, and the percentage
data are indicated for Virtex-7 XC7VX485T and XC7V2000T
boards, respectively. Since the designs only use distributed reg-
isters as memory units, the BRAM utilization is 0. The 17-level
and 25-level MMCs were synthesized on the Xilinx Virtex-7
XC7V2000T FPGA, which has more logic resources than the
FPGA board used for demonstration. Fig. 12 shows the exact
number of operators, including adders, multipliers, and dividers,
utilized for the MMC emulation hardware with different levels.
The FPGA designs that only contain SM hardware units and
summation units by the proposed electrothermal model and the
Thévenin equivalence method with two-state resistor model for
IGBT modules were synthesized on XC7V2000T for resource
comparison purpose. The same FPGA design methodology was
applied for both cases, which is using one set of operators for
each SM. When using two-state resistor model for IGBT mod-
ules, only one adder and one multiplier are required for each SM.
Sharing the same set of operators among multiple SM hardware
units reduces the resource consumption, however can increase
the time delay, which is not adopted in this work. The maximum
SM number accommodated on XC7V2000T device for the elec-
trothermal model and two-state resistor model are 276 and 1104,
respectively. Under normal operation, the power losses and junc-
tion temperatures are in the same level for different SMs, verified
by Table IX, therefore, emulating all SMs by the electrothermal
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Fig. 13. System-level and device-level power loss results for single-phase five-level MMC system from real-time hardware emulation (top subfigure) and offline
simulation by SaberRD software (bottom subfigure) at 500-Hz switching frequency. Scale: (a)–(i) x-axis: 5.0 ms/div.
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Fig. 14. Junction temperature for single-phase five-level MMC system from real-time hardware emulation (top subfigure) and offline simulation by SaberRD
software (bottom subfigure). Scale: (a) x-axis: 0.5s/div, (b) x-axis: 0.05 s/div.

Fig. 15. Device-level switching waveforms for IGBTs in single-phase five-level MMC system from real-time hardware emulation (top subfigure) and offline
simulation by SaberRD software (bottom subfigure). Scale: (a)–(b) x-axis: 1 μs/div.
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TABLE VII
HARDWARE RESOURCE UTILIZATION FOR THREE-PHASE MMC

Device Levels SM Numbers Registers LUTs DSP Slices

XC7VX485T 5 24 180447(28%) 157735(51%) 130(4%)
9 48 315931(52%) 294554(97%) 236(8%)

XC7V2000T 17 96 686767(28%) 639887(52%) 420(19%)
25 144 1020845(41%) 991004(81%) 612(28%)

Fig. 16. System-level and device-level results for three-phase nine-level MMC system from real-time hardware emulation (oscilloscope) at 500-Hz switching
frequency. Scale: (a) x-axis: 5.0 ms/div, (b) x-axis: 2.0 ms/div, (c) x-axis: 5.0 ms/div, (d) and (e) x-axis: 0.2 s/div, (f) x-axis: 0.1 s/div.

model is not necessary with limited FPGA resources. A com-
bination of using the aforementioned two methods can greatly
reduce the resource consumption. With these optimization and
simplification schemes, the FPGA design can be very flexible
to meet the resource usage and time-delay requirements.

Moreover, according to Table VII and Fig. 12, the resource
usage and the operator numbers for the proposed electrothermal
model increase almost linearly with the number of MMC levels,
which indicates that with more advanced FPGA devices, such
as the Xilinx UltraScale series, or using multiple FPGA boards,
MMCs with larger number of levels can be configured and
emulated quite efficiently.

The offline simulation tool SaberRD was used to validate
the real-time emulated results for the single-phase five-level
MMC test case. Electrothermal behavioral IGBT and power
diode model with parameters extracted from the datasheet were
employed in the SaberRD model with a variable time-step
strategy.

B. Results and Comparison for Single-Phase Five-Level MMC

Fig. 13(a)–(e) present the system-level results including the
converter output voltage vo , the load current iL , the converter
arm current ip and in , and the capacitor voltage of all SMs in
positive and negative converter arm vcap,p and vcap,n . The FFT

TABLE VIII
COMPARISON OF POWER DISSIPATIONS OF IGBTS AND DIODES BETWEEN

SABERRD AND REAL-TIME EMULATION ON FPGA

Power Dissipation SaberRD FPGA Error

P S 1
on 60.6 W 61.2 W 1.0%

P S 1
off 41.7 W 42.2 W 1.2%

P S 1
cond 137.3 W 134.4 W 2.1%

P D 1
r r 72.2 W 74.3 W 2.9%

P D 1
cond 136.3 W 130.3 W 4.4%

P S 2
on 293.7 W 280.1 W 4.6%

P S 2
off 168.1 W 163.6 W 2.7%

P S 2
cond 722.0 W 723.5 W 0.2%

P D 2
r r 24.7 W 26.8 W 8.5%

P D 2
cond 13.5 W 14.0 W 3.7%

analysis was applied to vo . Despite the line frequency, harmon-
ics around 2 kHz are notable in both hardware emulation and
SaberRD results. It is expected, since the switching frequency
is 500 Hz and each converter arm has four SMs. Fig. 13(f)–(i),
Figs. 14 and 15 present the device-level results for the IGBTs
and diodes in the first SM of the positive converter arm. Fig. 13(f)
and (h) shows the averaged power losses of S1 and S2 in each
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TABLE IX
AVERAGE POWER DISSIPATION AND JUNCTION TEMPERATURE OF IGBTS AND DIODES IN STEADY-STATE OPERATION

Arm SM S1 D1 S2 D2

P loss Tv j P loss Tv j P loss Tv j P loss Tv j

SM(1) 256.3W 72.44◦C 243.2W 83.83◦C 1425.1W 130.28◦C 51.1W 64.81◦C
SM(2) 255.9W 72.40◦C 242.9W 83.78◦C 1424.2W 130.23◦C 50.1W 64.68◦C

Positive Arm SM(3) 255.1W 72.31◦C 239.5W 83.39◦C 1424.3W 130.19◦C 49.1W 64.53◦C
SM(4) 257.0W 72.48◦C 242.3W 83.75◦C 1425.8W 130.33◦C 51.5W 64.86◦C

SM(1) 255.4W 72.31◦C 239.6W 83.39◦C 1424.7W 130.20◦C 49.1W 64.54◦C
SM(2) 257.1W 72.49◦C 242.7W 83.75◦C 1426.3W 130.33◦C 51.5W 64.86◦C

Negative Arm SM(3) 256.3W 72.44◦C 243.3W 83.83◦C 1425.0W 130.30◦C 51.1W 64.81◦C
SM(4) 256.3W 72.41◦C 243.0W 83.78◦C 1424.3W 130.24◦C 50.3W 64.70◦C

system-level time step (P S1
loss and PS2

loss). The conduction power
losses PS1

cond and PS2
cond are particular shown in Fig. 13(g) and

(i), where switching power losses are removed for clarity. The
junction temperature of S1 , S2 , D1 , and D2 (TS1

vj , TD1
vj , TS2

vj

and TD2
vj ) in first 5 s and the zoomed waveforms during 0.5 s

are shown in Fig. 14(a) and (b), respectively. Fig. 15(a) and (b)
shows the switching transients of S2 during IGBT turn-off and
turn-on (vC E and iC ). Table VIII shows the averaged switch-
ing and conduction power losses between 0.175 and 0.225 s
from SaberRDand FPGA hardware emulation. The apparent
errors exist for device-level results, since the solver and IGBT
module model used in the proposed model and SaberRD are
very different. The datasheet does not provide adequate data
for switching power losses when the current through the IGBT
module is low. The switching power losses from curve fitting
in hardware emulation are higher than those from the offline
simulation results from SaberRD, which can be observed from
Fig. 13(e) and (f). This explains the largest power loss error
occurs in the reverse recovery loss of D2 in Table VIII, where
the smallest current goes through. The IGBT switching transient
parameters are extracted based on the power losses and the cur-
rent rise and fall time under rated cases. The linear interpolation
scheme used to estimate the nonlinear curves for other nonrated
cases induced the errors. From the perspective of power loss
matching, the transient time of nonlinear SaberRD waveforms
are slightly longer than the linear curves from hardware emula-
tion. The diode reverse recovery process greatly expedites the
turn-on process of the IGBT, therefore tr of IGBT from both
the real-time and offline simulation shown in Fig. 15(b) is al-
most half the value in the datasheet, which is 0.4 μs. Since the
datasheet does not provide the detailed information for the drive
circuit, they are simply modeled as the ideal voltage sources in
series with the gate resistors in SaberRD’s model, which caused
the differences for turn-on and turn-off delay times. Despite all
of the aforementioned, the hardware emulation and SaberRD
results are quite close.

Table IX shows the average power dissipation and junction
temperature of IGBTs and diodes for all SMs under steady-state
operation. These data are collected from the real-time emulation
after 369 s, which is more than eight times longer than the largest
thermal time constant (45 s). The power losses and junction
temperatures of the corresponding devices in different SMs are
very close to each other, which verifies the advantage of even
usage of SMs for PSC-PWM control scheme.

C. Results for Three-Phase Nine-Level MMC

The emulated three-phase nine-level MMC is the largest cir-
cuit that can be configured in the Virtex-7 XC7VX485T FPGA
board. Fig. 16(a) and (b) show the converter output phase volt-
ages (va

o , vb
o , and vc

o ) during 50 ms and the zoomed waveforms
during 20 ms, while Fig. 16(c) shows the output line current (ia ,
ib , and ic ). Fig. 16(d) shows the active and reactive power track-
ing performance, with the rated power of 7 MW, and Fig. 16(e)
shows the junction temperature transients of the switching de-
vices in the first positive arm SM of phase A during the same
time period. Fig. 16(f) shows the steady-state junction temper-
atures with 1.0 p.u. active power and −0.2 p.u. reactive power
after 369s.

V. CONCLUSION

This paper proposed and demonstrated a device-level elec-
trothermal model for IGBT modules with the complex MMC
system and its hardware emulation in real time. The power losses
and junction temperatures of IGBT modules can be used to
determine the efficiency of the converter, which expands the
function of real-time emulation. The modularity is not only
inherent in the MMC submodules but also in the emulation
hardware, which is presented as the independent calculation
hardware units for all SMs. The proposed model is fully
paralleled on the FPGA to be both latency and resource
efficient. Therefore, the additional time-delay cost for the elec-
trothermal model is very little. The resource utilization problem
for larger MMC system can be solved by using multiple ad-
vanced FPGA boards with larger capacities or combining the
proposed device-level electrothermal model and other simpler
IGBT module models, such as two-state resistor model. The
comparison with SaberRD proves that the proposed model has
sufficient accuracy. The small amount of error for device-level
results are expected, since the transients are not generated by
solving differentiation equations but from the manufacturer’s
datasheet. The more complete and accurate datasheet can fur-
ther improve the accuracy of the transient results. However, for
the purpose of tuning control parameters when running the real-
time emulation, the accuracy for the power losses and junction
temperatures is adequate.

APPPENDIX

The parameters for the case studies in this paper are shown
in Table X.
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TABLE X
CIRCUIT PARAMETERS FOR TWO MMC TEST CASES

Circuit Parameter Single-Phase Five Level Three-Phase Nine level

SMs in one phase 8 16
VDC 7200 V 14400 V
Lm 2 mH 5 mH
C (for each SM) 4000 μF 4000μF
Rs 3.6 Ω 7.4 mΩ
Ls 1 mH 2.5 mH
Vs (L-L) n/a 7200 V
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