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Abstract�One of the future challenges in Modular Mul-
tilevel Converters (MMCs) is how to size key components
with compromised costs and design margins, while ful-
�lling speci�c reliability targets. It demands better ther-
mal modeling compared to the state-of-the-arts in terms
of both accuracy and simplicity. Different from two-level
power converters, MMCs have inherent dc-bias in arm cur-
rents and the power device conduction time is affected
by operational parameters. A time-wise thermal modeling
for the power devices in MMCs is therefore an iteration
process and time-consuming. This paper thus proposes a
simply analytical thermal modeling method, which adopts
equivalent periodic power loss pro�les. More importantly,
time-domain simulations are not required in the proposed
method. Benchmarking of the proposed methods with the
prior-art solutions is performed in terms of parameter sen-
sitivity and model accuracy with a case study on a 30-MW
MMC system. Experiments are carried out on a speci�cally
designed scaled-down system to verify the electro-thermal
aspects.

Index Terms�Insulated gate bipolar transistor (IGBT),
modular multilevel converter (MMC), power semiconductor,
reliability, thermal stress estimation, thermal design.

I. INTRODUCTION

MODULAR Multilevel Converters (MMCs) are promis-
ing in medium- and high-power applications [1]. In

High-Voltage Direct Current (HVDC) transmissions [2], [3]
and high-power motor drive systems [4], MMC systems rated
of more than 1000 MW are commissioned or planned [5].

In the literature, many research efforts have been devoted
to the basic operation and control of MMCs, such as capacitor
voltage balancing [6], steady-state modeling [7], modulation
[8], and circulating current control [9]. However, as the MMC
is the key equipment in HVDC systems, which are exposed
to harsh environments, the reliability has become a major
concern. Unfortunately, most of the prior-art reliability studies
of the MMC focused on the post-failure protection (e.g., re-
dundancy [10] and fault protection [11]). Design for Reliability
(DfR) [12] was introduced to power electronic systems to
ful�ll the reliability target in the design process. However, the
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DfR concept is rarely considered in MMC systems. To reach
the reliability target with DfR, a component-level reliability
analysis should be performed �rst. As a great deal of IGBT
power devices are used in MMCs, the reliability of the IGBT
power devices is then critical, as a prerequisite for the lifetime
prediction of the entire system [13].

In respect to the reliability analysis of the IGBT modules,
junction temperature swings contribute to repetitive thermal-
mechanical stresses, which in return are accumulated as fatigue
on the devices. Consequently, the estimation of the thermal
behaviors (i.e., temperature swings) is essential for the lifetime
prediction and also for the DfR. In [14], temperature swings
are classi�ed into two categories: 1) thermal cycling due to
load variations with mission pro�les, typically varying from
seconds to minutes, and 2) thermal stresses at the periodic
power loss pro�les due to fundamental-frequency currents.
Compared with the �rst type of temperature swings, the
amplitude of the thermal cycling at the periodic power loss
pro�le is relatively small in typical applications. However,
the accumulated fatigue cannot be ignored, as pointed out in
[14] and [15]. Moreover, it has been experimentally veri�ed
in [16] that a large number of minor thermal cycles actually
accelerate the aging of the power devices towards the end of
life. Nevertheless, the impact of the thermal stresses at the
periodic power loss pro�les is commonly neglected in the
lifetime prediction of MMCs [17], leading to inaccuracy. To
improve the reliability prediction, the thermal behaviors at the
periodic power loss pro�le should be considered and properly
estimated.

Moreover, in respect to the design of cooling systems,
a proper estimation of the junction temperature swings is
also important. This is more critical in MMC-based motor
drive applications [4]. In this case, the minimum fundamental
frequency at the rated power can be as small as 2 to 5 Hz.
According to [18], for a typical IGBT module, the maximum
junction temperature swings in such applications may exceed
up to 3 or more times than the value at 50 Hz. Hence, it further
emphasizes the estimation of thermal swings at the periodic
power loss pro�les.

However, there are many challenging issues to be tackled
when estimating the thermal stresses. In two-level conventional
converters, the IGBT chips and the diodes of an IGBT module
are conducting in a half of the cycle period. This means that
the power losses in the devices appear only for one half-period.
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Fig. 1. Con�guration of a Modular Multilevel Converter (MMC) system,
where Udc is the dc-link voltage, Idc is the dc input current, up(n)j are
arm voltages (p = upper arm, n = lower arm, j = a; b; c), ip(n)j are arm
currents, icirj is the circulating current, iacj is the current of the phase
j, Larm is the arm inductor, CSM is the sub-module (SM) capacitor, N is
the number of SM per arm and HB-SM denotes a half-bridge SM.

Then, the junction temperature varying within the period of
the fundamental frequency can be obtained, considering a
�xed half sine loss pro�le [19] or a �xed square loss pro�le
[18]. However, since the inherent dc-bias exists in the arm
currents of the MMC, the IGBT chips and the diodes are not
conducting 50 % in a cycle of the fundamental frequency.
The loss duration for power devices of the MMC is tightly
coupled with its operational parameters, which leads to more
complicated calculation of the junction temperature behaviors
at periodic power loss pro�les.

Therefore, this paper proposes a simply thermal modeling
method to estimate junction temperature swings at periodic
power loss pro�les for the power devices in MMC systems.
The impact of operational parameters are also considered.
The rest of this paper is organized as follows: in Section II,
the con�guration of an MMC system and the instantaneous
power device losses are discussed. Following, an equivalent
loss curve is proposed to estimate the junction temperature
behaviors. Considering the operational parameters, the equiv-
alent loss curve has the same energy and the same loss duration
as the instantaneous power loss pro�le. Thermal equations are
then used to map the junction temperature swings. In Section
IV, the parameter sensitivity is discussed with simulations on
a full-scale 30-MW MMC system. Additionally, experimental
tests on a down-scale system are provided in Section V.
Both simulation and experimental results validate the analysis.
Finally, concluding remarks are provided in Section VI.

II. SYSTEM DESCRIPTION AND INSTANTANEOUS POWER
LOSSES

A. Circuit Con�guration of an MMC
Fig. 1 shows the schematic diagram of a typical three-phase

MMC system. Each phase of the MMC consists of two arms
and each arm comprises N sub-modules (SMs) connected in
series and an arm inductor Larm. In each SM, half-bridge (HB)
and full-bridge topologies can be adopted [2], [5], [20], where

the most commonly adopted topology is the HB-SM as shown
in Fig. 1. Clearly, there are two IGBT modules, that is, the
upper IGBT module (denoted as S1 and D1) and the lower
IGBT module (S2 and D2).

The following analysis is valid for any of the six arms of the
MMC. For simplicity, the subscripts of a; b; c have been omit-
ted. In steady-state, the arm current consists of a sinusoidal
component at the fundamental frequency, a dc-bias depending
on the active power, and additional even-order harmonics (i.e.,
2nd, 4th, 6th, ...). However, as a circulating current control
scheme can be embedded in MMC systems, the even-order
harmonics are relatively small and have negligible effects on
the electro-thermal behaviors. Then, the arm currents can be
written as 8

><

>:

ip =
1
3
Idc +

1
2
Iac sin (!t� ’)

in =
1
3
Idc �

1
2
Iac sin (!t� ’)

(1)

where Iac is the peak value of the ac current, ! is the angular
frequency and ’ is the phase-shift angle that denotes the power
factor of an MMC system.

With the relationship between the dc current and ac current
in [7], the arm currents can be rewritten as

8
>><

>>:

ip =
Idc

3

�
1 +

2
m cos’

sin (!t� ’)
�

in =
Idc

3

�
1 -

2
m cos’

sin (!t� ’)
� (2)

in which m is the modulation index (m = 2Uac/Udc) and Uac
is the maximum value of the ac voltage.

According to [7], the insertion indexes of the upper arm and
the lower arm are denoted by Np and Nn, that is

8
><

>:

Np =
1
2

(1 �m sin (!t))

Nn =
1
2

(1 +m sin (!t)) :
(3)

Taking an SM in the upper arm as an example, the switching
function of S1 and D1 is identical with the insertion index of
Np. On the contrary, S2 and D2 operate in a complementary
way. Therefore, the duty ratios of the four power devices are
expressed as

8
>>>>>>>>><

>>>>>>>>>:

MS1 =
1
2

(1 �m sin (!t)) ; for ip < 0;

MD1 =
1
2

(1 �m sin (!t)) ; for ip > 0;

MS2 =
1
2

(1 +m sin (!t)) ; for ip > 0;

MD2 =
1
2

(1 +m sin (!t)) ; for ip 6 0;

(4)

with MS1, MD1, MS2 and MD2 being the corresponding duty
ratio of the devices S1, D1, S2 and D2.

B. Power Device Loss Distribution
As discussed in [21], the power dissipation of a power

device includes conduction losses and switching losses. The
average conduction loss Pcond ave of a power device is

Pcond ave = f0 �
Z 1/f0

0
pcond inst (t) dt (5)
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where the instantaneous conduction loss is

pcond inst (t) = ucond (ix (t) ; Tj) � ix (t) �M (m; t) (6)

in which ucond is the conducting voltage, ix is the conducting
current through the power device, and the duty ratio M (m; t)
is a function of the modulation index m. In the upper arm
of the MMC, ix is the upper arm current ip, and the duty
ratios are expressed in (4). Furthermore, the conduction volt-
age ucond (ix (t) ; Tj) of the power devices has a linearized
characteristic as

ucond (ix (t) ; Tj) = [Ucond0@Tref +KT1 � (Tj � Tref)]
+ix (t) � [rcond0@Tref +KT2 � (Tj � Tref)]

(7)

with Ucond0@Tref , rcond0@Tref , KT1, and KT2 being the coef�-
cients obtained from the data-sheet. In addition, Tref is the
reference temperature, typically at 25�C or 125�C.

Similarly, the average switching loss Psw ave is

Psw ave = f0 �
Z 1/f0

0
psw inst (t) dt (8)

where the instantaneous switching loss is

psw inst (t) = fsw � Esw (ix (t) ; Tj) �
�
USM

Uref

�Kv

(9)

with fsw being the equivalent switching frequency, USM is the
average capacitor voltage of an SM, Kv being the voltage
coef�cient and Uref being the reference blocking voltage in
the data-sheet. The switching energy loss Esw provided in the
data-sheet represents the typical energy loss per pulse as

Esw (ix (t) ; Tj) = Esw (ix (t)) � [1 +KT3 � (Tj � Tref)] : (10)

Based on the above analysis, the instantaneous power losses
and the average power losses of IGBTs and diodes in an SM
are shown in Fig. 2. The instantaneous losses of different
power devices have a similar shape as sinusoidal-like half
waves, but the loss duration varies. S1 and D2 have the same
loss duration, and S2 and D1 share the same loss duration, as
shown in Fig. 2. These characteristics reveal that the losses are
inherently unevenly distributed between the power devices in
an SM. The loss duration of the power devices is not �xed at
50 % of the fundamental-frequency cycle, which is different
from the conventional two-level converters. Therefore, the
conventional thermal-behavior estimation methods cannot be
directly applied to MMCs.

III. PROPOSED THERMAL ESTIMATION METHOD AT
FUNDAMENTAL FREQUENCY

As discussed above, the instantaneous power losses have
irregular shapes as well as different loss durations. It is
dif�cult to directly translate the instantaneous power losses
into the thermal loading. Therefore, an equivalent loss curve
is proposed to replace the instantaneous power loss pro�le
for thermal estimation. The equivalent loss curve should meet
two conditions: 1) the same loss duration, and 2) the same
energy compared with the instantaneous power loss. This will
be described in the following sections.

Fig. 2. Instantaneous power losses pinst(t) and average power losses
Pave of IGBTs and diodes in an SM of the 30-MW MMC case: (a) S1,
(b) S2, (c) D1, and (d) D2.

Fig. 3. Equivalent loss curves for the two devices in an upper-arm SM,
where the zero points zp1 and zp2 of the arm current determine the
frequencies of the equivalent loss curves.

A. Proposed Equivalent Loss Curve

Firstly, in order to simplify the instantaneous power loss, an
equivalent power loss curve is proposed to replace it, which
is a sinusoidal half wave as

pequi inst =

(
Ppeak sin (2�fet) ; pequi inst > 0
0; pequi inst 6 0

(11)

where Ppeak is the amplitude to describe the average loss, and
fe is the equivalent frequency to characterize the impact of
loss pro�le duration. Then, the key task is to calculate these
parameters. As shown in Fig. 3, the locations of the zero points
determine the equivalent frequency. According to (2), the zero
points of the arm currents can be expressed as

(
zp1 = ’� �
zp2 = � + ’+ �

; with � = arcsin
�m cos’

2

�
(12)

in which zp1 and zp2 are the two zero points of the upper
arm currents. It is obvious that the position of the zero points
















