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Abstract: This paper presents the development of a hardware simulator based on the junctiontemperature of insulated-gate bipolar transistor (IGBT) modules in modular multilevel converters
(MMCs). The MMC consists of various power-electronics components, and the IGBT is the main
factor determining the lifetime of the MMC. The failure of IGBTs is mostly due to the junctiontemperature swing; thus, the thermal profile of the IGBT should be established to predict the
lifetime. The thermal behavior depends on the current flowing to the IGBT, and the load-current
profile is related to the application. To establish the thermal profile of the IGBT, the proposed
hardware simulator generates various shapes of output currents while the junction temperature is
measured. Additionally, a controller design is presented for simulation of the arm current, which
includes a direct current component as well as an alternative current component with a fundamental
frequency. The validity and performance of the proposed hardware simulator and its control
methods are analyzed according to various experimental results.
Keywords: hardware simulator; arm current; modular multilevel converter; IGBT module; junctiontemperature measurement; thermal profile; reliability

1. Introduction
Modular multilevel converters (MMCs) have been proven to be suitable for high-power
conversion systems, such as high- and medium-voltage direct current (HVDC and MVDC,
respectively) transmission systems [1–4]. The MMC has many advantages, such as low voltage stress
in the switching device, a small amount of electromagnetic interference noise, and high output
quality (close to an ideal sinusoidal output waveform) [5,6]. To improve the performance and
efficiency of the MMC, numerous methods have been employed such as capacitor-voltage balancing
control [7,8], modulation schemes [9,10], fault tolerance [11], thermal modeling [12], and lifetimeprediction modeling [13]. HVDC and MVDC systems using MMCs operate in harsh environments,
because they are exposed to the outside; and operating the MMCs for a long time increases the
probability of failure. Additionally, because the MMC is applied to high-power transmission and
distribution systems, considerable financial costs per hour are incurred during restoration when the
system is shut down. Therefore, the reliability of the MMC with regard to the lifetime, maintenance
cost, and robustness is becoming a crucial issue.
The lifetime of a power-electronics system is determined by the characteristics of the system
components such as the capacitor, gate driver, insulated-gate bipolar transistor (IGBT), etc. [14,15].
Of these, the IGBT is the main component that affects the lifetime of the entire system. The current
flowing to the IGBTs determines the temperature variation, and the failure of the IGBTs depends on
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the thermal behavior [16–20]. The junction-temperature swing leads to repetitive thermomechanical
stress in the IGBT module, which accumulates as fatigue on the device [15,21–24]. Therefore, the
analysis of the thermal behaviors via the current flowing to the IGBT module is essential for the
lifetime prediction. To predict the lifetime, it is necessary to estimate the junction temperature
through mathematical thermal models.
In order to verify the feasibility of the thermal model, the simulator is required. Various
simulators have been developed [24–29]. The simulators can operate close to the converter systems
applied to real applications such as inductive loads and motors. In a conventional converter system
such as a two- or three-level converter, which are used in a variety of applications, the current flowing
to the IGBT module is composed of an alternative current (AC) component. Thus, most simulators
are mainly applied to investigate the thermal behavior of the IGBT module according to the AC
component. For the MMCs, the shape of current flowing to the IGBT is different from the typical
inverter system. In contrast to the conventional converter, the arm current is composed of a directcurrent (DC) component as well as an AC component [12,22]. Owing to the DC offset, the current
flowing to each IGBT chip and diode in the IGBT module has a different shape and duration. This
results in different thermal characteristics even though identical switching devices are used for the
MMCs. Therefore, it is necessary to construct a simulator to analyze the thermal characteristics of the
switching device depending on the arm current.
This paper proposes a hardware simulator for thermal profile analysis of the IGBT modules in
the MMC. The proposed configuration can simulate the arm current of the MMC by controlling the
DC and AC components independently, unlike conventional simulators, which are used to only
simulate the AC component. The proposed simulator can also control the amplitude, the frequency
of the simulated current and the power factor. Through the simulated current, the proposed
hardware simulator can be employed to verify the thermal model applied to real MMC. The
experimental results confirmed the validity and feasibility of the proposed simulator and its control
method.
2. Reliability of the IGBT Module
2.1. Cause of Failure in Standard IGBT Modules
Figure 1 shows the configuration of a standard IGBT module. The baseplate and IGBT chip are
connected to the direct bond copper (DCB) substrate via soldering, and a bond wire is used to connect
the emitter of the IGBT chip and the substrate [21]. When the current flows through the IGBT module,
power losses occur, such as switching loss and conduction loss, and the power losses generate heat
in the module. The periodical power loss or load variation causes a temperature variation in the IGBT
module [15]. The repeated temperature variation in the IGBT module leads to thermomechanical
stress and causes the liftoff or cracking of the bond wire, the reconstruction of the Al surface
metallization, or solder-joint fatigue.

Figure 1. Configuration of the standard insulated-gate bipolar transistor (IGBT) module [17].

The failure of bond wires distorts the current flowing to the IGBT module and accelerates the
bond-wire liftoff and the cracking of the remaining bond wires [22]. These failures lead to open-circuit
failure or catastrophic failures of switching devices such as thermal runaway and semiconductor-
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chip destruction. The reconstruction of the Al surface metallization increases the resistance of the
metal sheet owing to the rough metallization, non-uniform current distribution, and weakness of the
connection between the metallization layer and bond wire [23]. Additionally, the temperature
variation leads to solder-joint fatigue [21,23]. There are two solder joints in the standard IGBT module:
between the IGBT chip and the DCB substrate and between the DCB substrate and the baseplate.
Owing to the changes in the coefficient of thermal expansion caused by the temperature variation,
thermomechanical stresses are applied to the solder joints, thus degrading the solder interface, e.g.,
causing cracks and delamination. Table 1 presents various failure mechanisms of the IGBT module.
T and ∆T are the main causes of failure [15,22,23].
Table 1. Failure mechanism of the IGBT module [23].
Failure Mechanism
Bond-wire fatigue
Metallization
Solder fatigue
Gate-oxide failure
Burnout failure

Failure Site
Bond wires
IGBT and diode
Solder joints
IGBT oxide
IGBT and diode

Failure Mode
Open circuit
Open circuit
Open circuit
Closed circuit
Closed circuit

Main Cause
∆T, T
∆T, T
∆T, T
T, V, E
T, E, overvoltage

∆T: temperature swing; T: temperature; E: electric field.

2.2. Process of Lifetime Prediction for the IGBT Module
Figure 2 shows the process of lifetime prediction for the IGBT module [21]. The characteristics
of the current flowing to the IGBT module and the its thermal behavior depend on the application.
Therefore, electrical-circuit modeling is needed to analyze the thermal characteristics of the IGBT
module according to the application. Through electrical-circuit modeling, power loss profiles can be
obtained based on load variations and the current flowing to the IGBT module. The thermal models
of Cauer and Forster are well known and they are generally based on the junction temperature
estimation [15,21]. The temperature profiles are established by substituting the power loss profiles
into the thermal model. Based on the temperature profiles of the specific application, the lifetime of
the IGBT module in the power converter can be estimated. The number of thermal cycles to failure
can be determined by the temperature profiles and the thermal cycles determine the lifetime of the
IGBT module [13,21]. The modeling of the lifetime prediction can be classified as empirical modeling
and physics-based modeling. Empirical lifetime modeling is based on a large database of the junction
temperature, which can be obtained via long-term experiments. The parameters related to the
number of cycles to failure can also be obtained using the database of the junction temperature.
Physics-based lifetime modeling utilizes the detailed physical and geometric characteristics of the
IGBT modules. To determine the number of cycles to failure, the physical characteristics of the
materials in the IGBT should be parameterized. Here, the thermal profiles are used for the
parameterization. The lifetime-prediction model is used to improve the reliability of the IGBT
modules and is applied to the design process for a reliable power-conversion system.

Figure 2. Process of lifetime prediction for the IGBT module.

The proposed simulator can be employed to verify the thermal model applied to IGBT modules
of real MMCs. In order to demonstrate the thermal model, it is necessary to compare the measured
temperature with the estimated temperature obtained by thermal models such as the Cauer or Forster
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model. A verified thermal model can be applied under operating conditions in the actual MMC and
thermal profiles can be obtained through the verified thermal model.
3. Modeling of Arm Current in MMC
Figure 3 shows the basic configuration of the three-phase MMC where VDC, IDC represent the DCbus voltage and DC input current, and iux and ilx represent the upper- and lower-arm currents of xphase (x = a, b, c), respectively. Each leg of the MMC is composed of two arms, and each arm consists
of cascaded sub-modules (SMs) and an arm inductor Larm. Among the various candidates for the SM
configuration, a half-bridge submodule (HB-SM) is most commonly applied because of its high
efficiency and low cost. The phase current iox and the circulating current icc can be derived as iox = iux −
ilx and icc = (iux + ilx)/2, respectively. Thus, iux and ilx are expressed as follows:
iux = icc +

iox
2

(1)

ilx = icc −

iox
2

(2)

In the steady state, icc includes the DC component and the second-order harmonic, as follows:
icc = I 2 f sin(2ω o t + ϕ ) +

I DC
3

(3)

where I2f represents the peak amplitude of the circulating current, ωo represents the fundamental
frequency, and φ represents the initial phase angle of iox. If the second-order harmonic is relatively
small or has negligible effects by elimination of the circulating current, then the arm currents iux and
ilx can be derived as follows by substituting (3) into (4) and (5).
iux =

1
1
I DC + I AC sin(ω o t + ϕ )
3
2

(4)

ilx =

1
1
I DC − I AC sin(ω o t + ϕ )
3
2

(5)

where IAC represents the peak amplitude of the phase current. Figure 4a shows the upper-arm current
iux and the lower-arm current ilx. The arm currents have the half-amplitude of IAC and a DC
component. Therefore, the current wave is not located in the center vertically, indicating that the
conducting current and power losses of the switching devices are not identically distributed.
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Figure 3. Configuration of the three-phase modular multilevel converter (MMC).
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The upper-arm current iux flowing to the switching devices in the HB-SM is shown in Figure 4b.
In an SM, there are two IGBTs and two parallel diodes (labeled as S1, S2 and D1, D2, respectively). A
different current flows to each switching device according to the direction of iux. If the upper
switching devices are turned on and the lower switching devices are turned off, iux flows to D1 when
its direction is positive and to S1 when its direction is negative. In contrast, if the lower switching
devices are turned on and the upper switching devices are turned off, iux flows through S2 when its
direction is positive and through D2 when its direction is negative. Because iux is composed of a DC
component as well as an AC component, as shown in Figure 4a, the currents flowing to the switching
devices do not have the shape of a half-sinusoidal waveform, and the duration of conduction differs.
These characteristics indicate that the thermal behaviors of the switching devices in an HB-SM are
different.

(a)

(b)

Figure 4. Arm current and upper-arm current flowing through the devices: (a) upper, lower, and
phase currents; (b) upper-arm current flowing through the devices in the half-bridge submodule (HBSM).

4. Design of Hardware Simulator
The temperature measurement is necessary to verify the accuracy and validity of the estimated
temperature behavior obtained by the designed thermal model. Therefore, it is necessary to build a
hardware simulator that can simultaneously simulate the load current and measure the temperature.
This section provides details of the design of the proposed hardware simulator.
The configuration of the proposed simulator is shown in Figure 5. It consists of two half-bridge
converters, a control board, a load reactor and temperature sensors. After removing gel inside the
IGBT module, the temperature of the IGBT junction can be acquired by special instrumentation such
as an IR camera or a fiber-optic sensor because insulation between the sensor and the power circuit
is important for safe measurement. It is possible to effectively implement a temperature measuring
experimental setup by using a fiber-optic sensor, which costs less than an IR camera.
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Figure 5. Configuration of the proposed hardware simulator.

4.1. Power-Converter Set
The power-converter set is composed of Lload, a DC-link capacitor, a test converter, and a load
converter. Lload is connected between the output terminals of the test converter and load. Lload is utilized
as a current path between the two converters. The test converter represents the target HB-SM of the
MMC. The thermal characteristics of the IGBT in the test converter were analyzed under various loadcurrent conditions. The load converter was configured with HB and generates the load current, which
flows into the test converter through the load reactor. The generated load current can be controlled
to have the same characteristics as the arm current in an actual MMC. Therefore, the load converter
has the ability to control the amplitude, frequency, and power factor of iload. To design the two
converters, F4-50R12KS4 from Infineon (1200 V/50 A) was used, because the package included two
divided half-bridge legs. F4-50R12KS4 is composed of four IGBT chips and four diode chips. Figure
6a shows the F4-50R12KS4 module. The silicone gel inside the module was removed via a chemical
process. The removal of the silicone gel is necessary to accurately measure the temperature using the
fiber-optic temperature sensor. In order to operate F4-50R12KS4, the gate drivers named ACPL-332J
from AVAGO were employed. ACPL-332J can produce output voltages of −9 V and 15 V. The power
converter set can be applied to other semiconductor modules such as silicone carbide (SiC) and
gallium nitride (GaN) because the output voltages of ACPL-332J are sufficient to operate these
semiconductor modules. Figure 6b shows the designed power-converter board, on which F450R12KS4 was mounted. The board had a hall to expose the inside of the IGBT module. The powerconverter board was connected to the control board for receiving the pulse-width modulation (PWM)
signals and sending the measured parameters, such as the voltage, current, and temperature. The
voltage and current were measured by sensors, and a negative-temperature coefficient thermistor
provided the average temperature of the IGBT module. An aluminum heat sink and a fan named KA
9238HA2 were employed as the cooling system of the IGBT module in this study. The size of each
were 120 × 150 × 50 and 92 × 92 × 38 mm, respectively. The cooling system was designed to keep the
case temperature of F4-50R12K24 under 40 °C.
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(a)

(b)

Figure 6. Decapsulated IGBT module (F4-50R12KS4): (a) F4-50R12KS4 with silicone gel removed; (b)
power converter board with F4-50R12KS4 mounted.

4.2. Load Reactor
One of the advantages of the MMC is that it is possible to implement a high output equivalent
switching frequency feq from a low switching frequency fsw of each SM. Therefore, low total harmonic
distortion (THD) of iox can be obtained, and the volume of the filter reactor can be reduced. The
equivalent switching frequency feq is determined according to the modulation scheme and the number
of SMs, N. Equations (6) and (7) indicate the equivalent switching frequency of the output voltage for
two types of modulation methods: N + 1 and 2N + 1 phase-shifted PWM, respectively.
f eq ( N +1) = N ⋅ f sw

(6)

f eq (2 N +1) = 2 N ⋅ f sw

(7)

In practical applications of MMCs such as the HVDC and MVDC systems, each arm is composed
of numerous SMs. Therefore, a high equivalent switching frequency can be obtained even though the
device switching frequency is low. However, because the proposed simulator considers only one SM,
the equivalent switching frequency is equal to the switching frequency of the test converter and the
load converter. Therefore, the switching frequency should be selected with a high-speed frequency
to realize the low THD of the load current, similar to that of actual MMCs. The load reactor is also
designed to achieve a low THD of the load current with the selected switching frequency. For the
proposed hardware simulator, the switching frequency was set as 10 kHz for both converters and the
inductance of the load reactor was designed as 2 mH to achieve 2% of THD. The load reactor is
composed of the copper coil and has the following specifications: a rating current of 40 A, and size of
195 × 300 × 230 mm. It is rather large because this reactor consists of three reactors, which are set as
1, 2 and 3 mH, respectively.
4.3. Control Board
To control the proposed hardware simulator, the control board employs a digital signal
processor (DSP; TMS320F28335, Texas Instruments) and other peripheral circuits. TMS320F28335 is
a high-performance controller with 150-MHz clocks, 12 ports for the PWM output, 16 channels for
the analog-to-digital converter (ADC), etc. The DSP is interfaced with a personal computer through
JTAG serial communication. The proposed hardware simulator requires four ports of PWM to drive
the test converter and load converter. Additionally, three ADC ports are needed to receive
information regarding the DC-link voltage, load current, and temperature of the IGBT module.
4.4. Fiber-Optic Temperature Sensor
Figure 7a shows the fiber-optic temperature sensor, which is mounted to the junction of the IGBT
chip. The junction temperature can be measured through direct contact between the tip of the fiberoptic sensor and the switching devices of the IGBT module. To reduce the influence of the thermal
coupling, the temperature of the switching devices was measured close to it and the silicone gel that
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covers the IGBT chip and diode was removed. The signal conditioner analyzes the received analog
data from the tip regarding the junction-temperature swing, as shown in Figure 7b. The temperatureswing curves were checked using a software interface. As shown in Figure 7b, light is injected from
the signal conditioner to the GaAs crystal at the end of the optical cable. The GaAs crystal absorbs
the light with wavelengths below the bandgap spectral position and reflects the light with
wavelengths above the bandgap to the signal conditioner. The light reflected to the signal conditioner
is transferred to the optical spectrum analyzer to obtain the temperature information. In this study,
the fiber-optic sensor OTG-F from Opsens Co. was employed; it has a sampling time of 5 ms, an
accuracy of ±0.3 °C, and a resolution of 0.05 °C. The measurement range is from −40 to 250 °C. Due to
sampling time restrictions of the optic fiber sensor, the thermal behavior of the IGBT module should
be investigated with low fundamental frequency of the current. If the fundamental frequency is 50
Hz, just four samples of the temperature can be obtained. Therefore, the hardware simulator should
perform the control ability for various fundamental frequencies and amplitude. The control strategy
of the proposed hardware simulator is described in the following section.

(a)

(b)

Figure 7. Measurement of the fiber-optic temperature sensor: (a) fiber-optic sensor mounted on the
IGBT module; (b) temperature measurement principle of the OTG-F sensor.

5. Design of Arm Current Controller
In MMCs, the arm current flowing to the SMs includes a DC component, as indicated by (4) and
(5). This is a distinctive characteristic of the arm current generated by MMCs compared with to other
power converters. Because the DC component causes different thermal behavior in IGBTs compared
with other topologies, the simulator should provide the ability to control the AC and DC components
for simulating the arm current of actual MMC systems. As mentioned previously, the fiber-optic
sensor provides a 5 ms sampling time. It is necessary that the simulator generates the output current
with a low fundamental frequency to obtain as many temperature samples as possible during a
fundamental period. This paper proposes control strategies for various load-current conditions.
Figure 8 shows a block diagram of the proposed current controller for the hardware simulator.
The load current iload is composed of an AC component and a DC component. It is converted into the
current on the synchronous reference frame (dqe-axis), which rotates with the fundamental
frequency. The transformation matrix from stational reference frame (dqs-axis) to dqe-axis can be
expressed as Equation (8).
de
iAC+DC
  cos(ω t )
 qe  = 
iAC+DC   − sin(ω t )
de

qe

ds

sin(ω t )  iAC+DC



qs
cos(ω t )  iAC+DC 
ds

(8)
qs

where iAC+DC and iAC+DC represent de-axis and qe-axis currents; iAC+DC and iAC+DC represent ds-axis and
qs-axis currents, respectively; and ω represents the fundamental frequency of iload. The transformed
dqe
dqe
AC component, iAC , and DC component, iDC , have physical DC and AC values, respectively. To extract
dqe
dqe
dqe
iAC and iDC from the transformed current iAC+DC individually, the reference values of the DC and AC
dqe*
dqe*
dqe
dqe
components (iAC and iDC ) are subtracted from iAC+DC, respectively. The extracted AC component iAC is
dqe*
compared with its reference value iAC and the error between them is controlled to be zero using a
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proportional-integral (PI) controller. The extracted DC component current iDC is controlled using a
proportional-resonant (PR) controller.

de*
iDC

de*
iAC
de
iAC

qe*
iDC

qe*
AC

de*
vAC
de*
vAC+DC

iload

qs
iAC+DC

ds
iAC+DC

de
iAC+DC

i
qe
iAC

qe*
vAC

ds*
vAC+DC

qe
iAC+DC

iload

qs*
vAC+DC
de
iDC
de*
AC

i

de*
vDC
de*
DC

i
qe
iDC

qe*
AC

i

qe*
vAC+DC
qe*
vDC

qe*
DC

i

Figure 8. Block diagram of the proposed current control.
de*

qe*

The sum of each controller output on the dqe-axis (vAC+DC and vAC+DC) transforms the dqs-axis
ds*
qs*
value (vAC+DC and vAC+DC). Equation (9) indicates the transformation matrix from dqe-axis to dqs-axis.
ds*
de*
 vAC+DC
  cos(ω t ) − sin(ω t )   vAC+DC

=
 qs*  
 qe* 

cos(ω t )   vAC+DC 
 vAC+DC  sin(ω t )

(9)

qs*

vAC+DC becomes the voltage reference of the load converter compared with the triangular carrier,
which is applied to a gating signal to the switching devices of the load converter. Finally, the dqedqe
axis current iAC+DC, which is composed of the DC and AC components, is generated on the load reactor.
Each controller is described in detail below.
5.1. Control of AC Component
The current control for the AC component is based on the PI controller for simulating various
conditions, such as the amplitude, frequency, and power factor. Because the steady-state error of the
PI controller can be controlled to zero when the input variable is the DC value, the AC component
should be expressed as a physical DC value on the dqe-axis. To transform the AC component into
the value on the dqe-axis, the single-phase AC component should be expressed as dqs-axis
components. Therefore, a virtual qs-axis current is required, and the fundamental AC component is
ds
qs
set as the ds-axis current, iAC. The virtual qs-axis current, iAC, is a 90° delayed signal compared with i
ds
AC and can be obtained by using the all-pass filter, as shown in Figure 8. The dqs-axis currents are
de
qe
transformed into dqe-axis currents iAC and iAC. As mentioned previously, the arm current includes
the DC component; thus, the AC component should be extracted for obtaining stable control results
dqe*
dqe
of the PI controller. By subtracting the reference value of the DC component iDC from iAC+DC, the AC
dqe
dqe*
dqe
component on the dqe-axis iAC can be obtained. The error between iAC and iAC becomes the input for
the PI controller. The gains of the PI controller are designed by modeling the voltage equation of RLload. Because the load of the proposed simulator consists of only the reactor, the parameter R is
dqe*
considered to be a very small value: approximately 0.2 Ω. The output of the PI controller vAC is
applied to the load reactor after it is converted into the dqs-axis variable and it generates the AC
component of the load current. The de-axis current and qe-axis current represent the reactive and
active currents, respectively. Therefore, the power factor of the output power can be easily adjusted
by controlling the de- and qe-axis currents independently. Additionally, the fundamental frequency
of the load current can be selected as an arbitrary value. By adjusting the fundamental frequency of
the load current, the thermal behavior can be investigated, even if the sampling of the temperature
sensor is slow.
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5.2. Control of DC Offset
As mentioned previously, the DC offset of the load current on the dqe-axis forms a physical AC
value. To control the DC component, the PR controller was employed, because it is suitable for
controlling physical AC values [30]. Equations (10) and (11) give the gains of the ideal PR controller
(GI(s)) and the non-ideal controller (GNI(s)), respectively.
GI ( s ) = K P +

G NI ( s ) = K P +

2K R s
s2 + ω 2

(10)

2 K Rω c s
s 2 + 2ω c s + ω 2

(11)

Here, KP represents the proportional gain, KR represents the resonance-frequency gain, ωc
represents the cutoff frequency, and ω represents the resonance frequency of the current control
system with the PR controller. The ideal PR controller provides a very high gain and narrow
frequency bandwidth at the selected frequency. Therefore, it might cause stability problems. In
comparison, the non-ideal PR controller exhibits a low gain. However, it is adequate for reducing the
steady-state error sufficiently and ensuring stability owing to the wide bandwidth at the selected
frequency. The control strategy for the DC offset involves the same sequence as the AC component
control strategy.
6. Experimental Results
Experiments were performed to validate the proposed hardware simulator and its control
strategy. Additionally, the simulation of Foster thermal model was built up on MATLAB to verify
the thermal model by comparing the results of temperature measurement. Figure 9 shows the
configuration of the proposed hardware simulator. It is composed of a control board, a powerconverter board, and a load reactor. The parameters of the experiment and simulation are presented
in Table 2.

Figure 9. Configuration of the experiment hardware.
Table 2. Circuit parameters for the experiments and simulation.
Parameters
DC-link voltage
Load reactor
DC-link capacitance
Test converter voltage reference
Carrier frequency
Sampling time

Value
300
2
500
100
10
100

Unit
V
mH
μF
Vpeak
kHz
μs
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Figure 10 shows the experimental results for the amplitude control. The amplitude of the load
current was controlled as 10, 20, and 30 A, as shown in Figure 10a–c, respectively. Figure 11 shows
the frequency-control ability. The fundamental frequency of the load current changed immediately
from the given reference value (from 60 to 40 Hz in Figure 11a and from 40 to 20 Hz in Figure 11b).
The amplitude and frequency of the load current are important factors for the analysis of the thermal
behavior in the IGBT module, as these components directly influence the junction-temperature
swing. The desired amplitude and frequency of the load current depend on the load profile of the
MMC for the specific application.

(a)

(b)

(c)

Figure 10. Experimental results for the amplitude control. (a) Amplitude: 10 A; (b) Amplitude: 20 A;
(c) Amplitude: 30 A.

Figure 11. Experimental results for the frequency control. (a) Frequency: 60 Hz  40 Hz; (b)
Frequency: 40 Hz  20 Hz.

Figure 12 shows the experimental results for the DC-offset control. In Figure 12a, the DC offset
of the load current is controlled from 7 to 0 A. In Figure 12b, the DC offset is controlled from –7 to 0
A. It was possible to completely simulate the arm current flowing to the SMs of the actual MMC by
controlling the AC and DC components independently. Figure 13 shows the results for the powerfactor control, which was investigated with variations in the power factor from −1 to 1. The power
factor was controlled effectively with the waveforms of the voltage reference and load current and
the phase delay between them. The load current flows through the IGBT chip and diode in the test
converter, so the thermal characteristics can be analyzed by conducting load current through the
IGBT module.
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(a)

(b)

Figure 12. Experimental results for the DC-offset control. (a) DC offset: 7 A  0 A; (b) DC offset: −7 A
 0 A.

(a)

(b)

Figure 13. Experimental results for the power-factor control. (a) Power factor: −1; (b) Power factor: 1.

Figure 14 shows the measured temperature of S1 by using the fiber-optic temperature sensor.
The fundamental frequency of the load current was controlled at 60, 20 and 0.1 Hz, as shown in Figure
14a–c, respectively. Due to the response time restriction of the temperature sensor, the thermal
analysis was difficult at 60 Hz and 20 Hz, as shown in Figure 14a,b. In Figure 14c, the curve of the
temperature variation is obvious and close to linearization compared to Figure 14a,b.

(a)

(b)

(c)

Figure 14. Measured temperature results of S1 according to the fundamental frequency of the load
current. (a) Frequency: 60 Hz; (b) Frequency: 20 Hz; (c) Frequency: 0.1 Hz

Figure 15 shows the temperature of S1 and D1 measured by the optic temperature sensor
compared with the estimated temperature. In this case, the load current is only composed of the AC
component. The AC load current is controlled by the amplitude of 20 A and frequency of 0.1 Hz. The
estimated temperature is obtained by using the Forster thermal model. For estimating temperature,
information about the thermal impedance provided on the datasheet and power losses from the IGBT
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module is required [7,15]. In Figure 15a, the peak values of the measured and estimated temperature
are 50.5 °C and 49 °C, respectively. In Figure 15b, the peak values of the measured and estimated
temperature are 40 °C and 40.3 °C, respectively. The difference between the estimated and measured
temperature is less than 2 °C. Even though the cooling system and thermal coupling between the test
and load converters in the same module affect the temperature measurement, these effects are not
reflected in the estimated temperature. Therefore, the cooling system and thermal coupling in the
IGBT module are very small in the measured temperature compared to the estimated temperature. If
the current amplitude is increased close to the rating of the IGBT module and the switching frequency
is increased to 60 Hz, the effect of the thermal coupling will increase. This has an adverse influence
on the validity of the thermal model. However, the load current with low frequency and low
amplitude was used in the test converter in the experiments, thus, the influence of thermal coupling
was very small and can be ignored.

(a)

(b)

Figure 15. Measured and simulated temperature results by the load current (frequency = 0.1 Hz,
amplitude = 20 A and DC offset = 0). (a) Junction temperature of S1; (b) Junction temperature of D1.

Figure 16 shows the measured and estimated temperature when the load current includes AC
and DC components, like the arm current of an MMC. The AC component is controlled with an
amplitude of 20 A and a frequency of 0.1 Hz. The DC offset is injected with the value of 7 A. The
difference between the estimated and measured peak temperatures of S1 and D1 is similar to the
results in Figure 15. However, the duration of temperature variation is not a half-period of the
fundamental frequency because the load current includes the DC component as well as the AC
component, as shown Figure 4.

(a)

(b)

Figure 16. Measured and simulated temperature results by the load current (frequency = 0.1 Hz,
amplitude = 20 A and DC offset = 7 A). (a) Junction temperature of S1; (b) Junction temperature of D1.

The proposed simulator has different operating conditions compared to an actual MMC, such
as the switching frequency at 10 kHz and fundamental frequency of the load current at 0.1 Hz.
However, the temperature measurement performed by the proposed simulator was for the
verification of the thermal model applied to the MMC. It is possible to verify the feasibility of the
thermal model by comparing the measured temperature with the estimated temperature obtained by
the thermal model under the same conditions. In this paper, the validity of the thermal model was
verified through the experimental results, as shown in Figure 15; Figure 16.
7. Conclusions
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This paper presents a hardware simulator for obtaining thermal profiles based on junctiontemperature measurement of IGBT modules in MMCs. The proposed simulator is able to generate a
load current that is equal to the arm current of the actual MMC by controlling the AC and DC
components independently. It also has the ability to control the amplitude, the frequency of the
current and the power factor. The thermal model was applied to a real MMC and was verified
through a comparison of the measured temperature and the estimated temperature. Additionally,
the proposed simulator has low power consumption because its load is composed of a pure reactor,
and the power delivered through the reactor is circulated in the circuit. The validity and effectiveness
of the proposed hardware simulator and its control strategy were verified by performing various
experiments.
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