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ABSTRACT This work quantifies the impact of third harmonic circulating current injection (THCCI) in
a Cascaded H-bridge converter in delta configuration (Delta-CHB) for Static Synchronous Compensator
(STATCOM) application. The analyses consist of evaluating the impact of THCCI on the silicon area
of semiconductor devices. To achieve this objective, this work develops a typical IGBT/Diode model to
determine the nominal current of the devices for a given maximum junction temperature. Commercial
devices in the voltage classes of 1700 V, 3300 V, 4500 V, and 6500 V were considered, with nominal
currents ranging from 150 A to 3600 A. A hybrid approach based on physical-oriented scaling laws
and black-box modeling allows to reach a coefficient of determination higher than 79% for all modeled
variables. The results showed an increase of 43.8% in the active area of the IGBT and 30.87% in the
active area of the diode when the peak cluster current increased by 62% due to THCCIL.

KEYWORDS Delta-CHB, STATCOM, third harmonic, silicon area.

. INTRODUCTION

A cascaded H-bridge converter in delta configuration (Delta-
CHB) is a widespread topology for the Static Synchronous
Compensator (STATCOM) market [[1]-[3[]. A significant
drawback of this topology is the capacitor volume and costs
due to the presence of low-frequency ripple in the submodule
voltage [4], [S]].

Recently, the third harmonic circulating current injection
(THCCI) was investigated [6], leading to a capacitance
reduction of around 17.2%. However, injecting the third
harmonic increases power losses and temperatures of semi-
conductor devices. This phenomenon can be resolved by
improving the heat transfer mechanism (heatsink design or
cooling) or by increasing the silicon area of the semiconduc-
tor devices.

Therefore, this work aims to evaluate the increase in the
silicon area of semiconductor devices with THCCI. Looking
at this objective, this work proposes a typical IGBT/Diode
model to calculate the power losses of semiconductor devices
and determine the nominal current of these devices to
maintain the same junction temperature.

In this sense, reference [[7|] was one of the first silicon area
optimization works. The approach is to determine the total
semiconductor chip area based on the converter operating
point and the optimal partitioning of the transistor and diode

chip areas. For this, the authors use finite elements and infor-
mation from the chip area of semiconductor devices. How-
ever, chip area information is sometimes not presented in the
module datasheets (IGBT+diode). Reference [[8] developed
a model to generalize the conduction and switching losses
of IGBT modules using a semiconductors physics-oriented
model. However, the model considered few semiconductors
per studied voltage range. In addition, corrections for power
losses as a function of operating current were not considered.
Thus, this work presents a model based on several semicon-
ductor devices with different blocking voltages and considers
other operating ranges, different from the nominal current
value. In this way, the typical IGBT/Diode model is used,
allowing silicon area optimization.

This paper is an extended version of [9] and presents
the typical IGBT/diode model as a function of blocking
voltage, which was not performed in the previous publica-
tion. A hybrid approach based on physical-oriented scaling
laws and black-box modeling (curve fitting) is employed.
Furthermore, a comparison between the typical model and
real device data was performed for validation. Then, the
effective increase in silicon area caused by THCCI is derived.
The rest of this paper is outlined as follows. Section II
presents the methodology used for silicon area optimization.
Section III presents the validation of the typical IGBT/Diode
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model and Section IV shows the results of the active area of
semiconductor devices. Finally, the conclusions are stated in
Section VII.

II. METHODOLOGY

A. DELTA-CHB WITH THIRD HARMONIC CIRCULATING
CURRENT INJECTION

The schematic of Delta-CHB-based STATCOM is illustrated
in Fig. [l As observed, the Delta-CHB presents a path for
zero sequence current flow, which theoretically does not
affect the output currents (grid current). The computation of
zero sequence can be used for capacitor voltage balancing

and for capacitor voltage ripple reduction. L

Hy———o 4
ga

We——o B
Ly

FIGURE 1. Schematic of the Delta-CHB based STATCOM. The submodule
is a full-bridge converter.

The control strategy used in this work (Fig. [2) is the same
adopted in references [4], [[10], which is a classical control
strategy for Delta-CHB converters. Circulating current (zero-
sequence current) is used to exchange energy among the
converter clusters and to reach capacitor voltage balancing.
The circulating current reference is calculated by the cluster
voltage balancing control. Furthermore, the output current
control is performed in a synchronous reference frame (dq).
The direct axis current reference is calculated by the global
voltage control, which computes the energy exchanged be-
tween the converter and the grid to charge/discharge the
submodule capacitors. Finally, the quadrature axis current
reference is calculated by the reactive power control loop.
In the current loops, only controllers with proportional gain
were used, considering the presence of integral action in the
external loops (global voltage control and reactive power
control).

The global voltage control calculates the active power
required from the grid to supply the converter energy losses.
The control is performed based on the average of the sum of
the capacitor voltages in the clusters. On the other hand, the
reactive power control calculates the quadrature axis current
reference to be injected into the grid.

The cluster balancing control is responsible for exchang-
ing energy among the converter clusters without affecting

Reactive power control
and global voltage control

Cluster balancing Circulanting current
control control
+
+ Individual balanci
THCCT ndividual balancing|

control

Normalization

v

Modulation

Output current
> control 7 s 9 ’

FIGURE 2. Overview of the Delta-CHB control strategy.

the output current. This control calculates the fundamental
circulating current reference, which is in phase with the line-
to-line grid voltage, to drain/supply active power for the
cluster that has the highest/lower voltage. In addition, the
THCCI is added to the cluster balance control output.

The three-phase references (v; and v}) are summed and
then added together with the voltage v}, which is different
for each submodule. Then the signal is normalized by the
sum of the capacitor voltage and goes to the modulator.

The THCCI is investigated in [6]], where an analytical
model of the voltage ripple of the capacitors is presented
(Eq. (1)). In addition, the optimum third harmonic amplitude
and angle (for capacitor voltage reduction) are computed.
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where V is the output voltage (line-to-neutral) required for
grid connected applications and I is the fundamental grid
current. Vg 1s the average of the sum of capacitors voltage.
Virn and Iy, are the third harmonic voltage and current. w
is the grid frequency in rad/s. § and d;, are the angles of
the fundamental and third harmonic voltage. ¢ and ), are
the angles of the fundamental and third harmonic current. 6,
assumes the values (O, ’TQ’T, 2?”), depending on the phase.
Figure [] presents the experimental results of the THCCI
for a small-scale prototype. The parameters are presented
in Tab. [T] and the experimental setup in Fig. 3] From the
capacitor voltage, it is possible to observe in a reduction
in the 2nd harmonic component (from 1.525 V to 0.3192
V) and an increase in the 4th harmonic component (from
0.08775 V to 0.2287 V). In these results, the converter
operates in an inductive region, with 6 A of fundamental
grid current and 2 A of third harmonic current (peak values).
In addition, the third harmonic current was injected in phase
with the fundamental component of the cluster current.
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TABLE 1. Parameters of the converter (simulation and experimental setup).

Parameter Simulation Experimental
Line-to-line RMS grid voltage (V) 13.8 kV 57.56 V
Effective dc-link voltage (Vg.) 21.58 kV 144 V
Nominal power (Sp) 17 Mvar 423 var
Transformer inductance (L ) 4.75 mH -
Transformer X/R ratio 18 -
Cluster inductance (L;) 5 mH 5.5 mH
Cluster inductor X/R ratio 17 16

Cell capacitance (C) 4.172 mF 6380 uF
Nominal cell voltage (v},;;) 899.17 V 48 V
Grid frequency (fg) 60 Hz 60 Hz
Switching frequency (fsw) 270 Hz 1.5 kHz
Sampling frequency (fs) 12.96 kHz 9 kHz
Number of cells (V) 24 per cluster | 3 per cluster

IMIGasurcment
L circuits

DSP and
Motherboard

v —
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Pre-charge
= transformer

Pre-charge
contactors

1CS1S101S

FIGURE 3. Experimental setup. Remark: Obtained from [11].

B. SILICON AREA OPTIMIZATION

As shown in Fig. Eh the THCCI increases the cluster current
rms value, increasing the semiconductor device temperature.
In this case, the silicon area should be increased. The
flowchart shown in Fig. [5]is used to compute the minimum
silicon area for a given junction temperature and heatsink
parameters. First, an initial value of the nominal current of
the semiconductor devices is defined and then, the power
losses and junction temperature are calculated based on the
chosen heatsink data and the loss curves obtained by the
typical IGBT/Diode model. If the junction temperature is
equal to the set temperature, the process stops. Otherwise, the
nominal current value is increased and the process repeats.
In this process, this work assumes independent heatsinks
for each submodule. Also, the four IGBTs and four diodes
share the same heatsink, which is a common approach
in commercial systems. Therefore, changing the nominal
current of IGBT affects the temperature of the diodes and
vice versa. The thermal equivalent circuit model to obtain
the average junction temperature of the devices is presented
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FIGURE 4. Small-scale prototype results: (a) Cluster currents (i.;); (b)
Submodule voltage without THCCI; (c) Submodule voltage with THCCI; (d)
Submodule voltage spectrum without THCCI; (e) Submodule voltage
spectrum with THCCI. Note: The dc component was suppressed from the
voltage spectrum for better visualization of the other frequencies.

in Fig. [ The junction temperature of the IGBTs and diodes
is calculated considering the average of the four devices.

lll. TYPICAL IGBT/DIODE MODEL
Commercial tools that estimate power losses in semicon-
ductor devices usually employ, at least, the following data:
IGBT on-state voltage drop, diode voltage drop, IGBT turn-
on and turn-off energies, diode reverse recovery energy. For a
more accurate estimation, thermal dependence is important,
and data at different temperatures should be used. Also,
the IGBT and diode thermal impedances should be known
(12], [13]. This data set can be usually obtained in the
manufacturer datasheet. In this paper, a typical IGBT/diode
model is developed to obtain this information for a given
rated voltage and rated current. This section presents this
model considering data normalization and using physics-
oriented scaling laws. The method is derived with some
examples. The other data related to the typical model are
presented in the Appendix.

ABB modules with blocking voltages of 1700 V, 3300
V, 4500 V, and 6500 V were considered to model typical
IGBTs and diodes, as presented in Tables [2} [3] [] and [3]
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FIGURE 6. Thermal equivalent circuit model to obtain the average
junction temperature of the devices.

in the appendix. This manufacturer was selected due to the
higher number of available information for medium voltage
IGBTs and diodes. In total, 41 devices were considered as a
database. In the analysis of conduction and switching losses,
three effects were considered:

1) The variation of the collector-emitter voltage (V.),
the turn-on switching energy (FE,,) and the turn-off
switching energy (E,ss) with the operating condition,
i. e., the operating current of the semiconductor device;

2) Nominal value of V.., E,, and E,y¢, i.e. the value at
the nominal current;

3) The variation of V.., E,, and E,;¢ with the blocking
voltage of the semiconductor device.

A. CONDUCTION LOSSES

Figure |/| shows the per-unit collector-emitter voltage (V)
versus collector current (I.) of ABB IGBTs at 25°C. The
base current is the nominal current of the device, while the

base voltage corresponds to the voltage drop at the nominal
current. Through the datasheet of the semiconductor devices,
a curve fitting was performed.

O 1700V O 3300V O 4500V O 6500 V. =—— Curve fitting

1.5

3 2
Vi, (pu) = 0.12354 1 - 0.4664 I, + 0.99359 1.+ 0.35905
2
R'=0.99308

1.(pu)

FIGURE 7. Curve fitting of typical IGBT conduction losses for 25°C in pu
values.

Fig. [B[a) shows the device conductance at a nominal col-
lector current with the datasheet information. As observed,
the conductance decreases with the increase in blocking
voltage, and consequently the voltage V. decreases, for the
same nominal current value. The correction concerning the
blocking voltage was carried out considering a constant loss
density, i.e., a constant value of losses per square meter, as
described in [14]]. Accordingly,

P (W RI?
5 <m) =5 @

where P is the power and S is the area of the semiconductor
devices. R is the equivalent electrical resistance and [ is the
operation current. Considering two devices with the same
power loss density, the following relationship is obtained:

Pl pllfz . PQ o plQIQ

S S S8 83
where p is the material resistivity and [y and [y are the chip
lengths. The following equation is derived from (3).

S1 L V1
e RNV ALY 4
Sg 12 VB2 ()

where Vg1 and Vps represent the blocking voltages of the
devices.

The relationship between the devices conductances with
different blocking voltages can be obtained through the
following analysis.

3

Sa
G Sy 1 Vga V] V
2:%:72710( | 1Bz B J7BL (5
G i Sh o Vi1 Vi Vi

Fig. [§(b) shows the device conductance at a nominal
collector current with blocking voltage correction. In this
case, all devices are on 1700 V base. Then, the performed
curve fitting at 25°C is obtained. Therefore, the voltage V.
is the combination of the polynomials obtained by the two
curve ﬁttingS: Vce=Vce(pu)'Vce,n(V)- To obtain Vce,n for
other blocking voltage values, the relationship obtained in
(6) must be used, as follows:
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where V, is the collector-emitter voltage at 1700 V, for the
curve fitting obtained in Fig. [§{b).

O 1700 V_ 0O 3300V O 4500V O 6500 V_=—— Curve fitting
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FIGURE 8. Typical IGBT conduction losses for 25°C in nominal values: (a)
without blocking voltage correction; (b) with blocking voltage correction
and curve fitting.

The curve fitting obtained for IGBT at 125°C is presented
in the appendix (Figs. 21] and 22). The same procedure is
adopted for diodeﬂ The results are presented in Figs.
B1] and 32l for 25°C and 125°C.

B. SWITCHING LOSSES

Figure |§| shows the turn-on switching energy (FE,,) versus
collector current (I.) of ABB IGBTs at 25°C. The base
current is the nominal current of the device and the base
energy is the turn-on energy at nominal current. Through
the datasheet of the semiconductor devices, a curve fitting
was performed.

Fig. [10[a) shows the graph of turn-on switching energy in
the nominal condition versus the nominal collector current
with the datasheet information. As observed, the energy
losses increase with the increase in blocking voltage, for the
same nominal current value. According to [8]], the switching
energies are expected to scale with the square of the blocking
voltage. Therefore, Fig. [I0[b) shows the device turn-on
energy at a nominal collector current with blocking voltage
correction (all devices are on 1700 V base), and the curve
fitting is performed at 25°C.

I'The same nominal current was assumed for the diode, in the sense
that they are combined in the same encapsulation. However, it is common
to find modules on the market with diodes with an area smaller than the
IGBT, considering that commercial power modules are generally optimized
for application in motor drive inverters, where the loading of the diodes is
expected to be lower. It should be highlighted that this does not hold for
STATCOM applications.

4500V O 6500 V. =—— Curve fitting |

6[ O 1700 V_O 3300 V

3 2
E,, (pu) = 0.37155 1, - 0.40961 I, + 0.99549 I+ 0.032654

on

2
4L R'=090441

FIGURE 9. Curve fitting of IGBT turn-on energy for 25°C in pu values.
Note: The observed scattering is associated with the difficulty of
measuring switching losses and the great influence of parasitic elements,
especially at high currents.

In addition, the turn-on switching energy I, is the
combination of the polynomials obtained by the two curve
fittings: Eo,=FEop (pu).Eopn n(J). To obtain E,, , for other
blocking voltage values, the following relationship should be
used:

V2
Eon n= E/ B2 7
) on,n 17002 ? ( )
where E,, , is the turn-on energy at 1700 V, for the curve

fitting obtained in Fig. [I0[b).
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FIGURE 10. Typical IGBT turn-on energy for 25°C in nominal values: (a)
without blocking voltage correction; (b) with blocking voltage correction
and curve fitting.

The curve fitting obtained for IGBT at 125°C is presented
in the appendix (Figs. 23] and 24). The same reasoning can
be done for the turn-off switching energy, as presented in
the appendix (Figs. [I9] and [20] at 25°C and Figs. 23] and [26]
at 125°C). The appendix also presents the curve fitting of
reverse recovery energy for diodes, where the same approach
is used (Figs. [29] and [30] at 25°C and Figs. [33] and [34] at
125°C).
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C. THERMAL RESISTANCES

To accurately calculate the power losses in semiconductor
devices, the junction-to-case and case-heatsink thermal re-
sistances should be known. Also, this variable is usually
an important reliability metric. Fig. [IT] shows the graph of
junction-to-case thermal conductance versus the switched
power (VglI.,) of select IGBTs and the curve fitting per-
formed. Conductance was considered by the linear relation-
ship with the switching power of the semiconductor device,
similar to reference [].

O 1700 V_O 3300 V

4500V O 6500 V. =—— Curve fitting |
o

Vil

cn

Ry 0 (/W) = i
1.79685x10” Vg, -+ 13.3062

cn

2
R :0,8‘1526

6 7

0 I I I
3 4

Sw. Power, V,I (MVA)

Ben

5

FIGURE 11. Curve fitting of typical IGBT junction-to-case thermal
resistance. The relationship between blocking voltage and nominal
current is already in the curve fitting equation itself.

The same analysis can be done with the case-heatsink
thermal conductance and for diodes thermal conductances,
as presented in the appendix (Figs. [35] [36]and [37). It is worth
mentioning that the analysis presented in this paper focuses
on steady-state temperature. Therefore, the typical model
does not consider the thermal capacitances. This can be done
in further publications and the reader can find inspiration
in [[15].

IV. TYPICAL IGBT/DIODE MODEL VALIDATION

The typical IGBT/Diode model was validated for the Delta-
CHB STATCOM simulation, with the parameters in Table
[[} For this analysis, devices with 1700 V blocking volt-
age were considered. The following part numbers were
analyzed: 5SNG 0450R170390, SSND 0800M170100 and
5SNA 1600N170300. A heatsink-to-ambient thermal resis-
tance of 0.0536 % and an ambient temperature of 25°C
were considered. Furthermore, the STATCOM is operating
on 1 pu of capacitive reactive power.

Fig. [12] presents the IGBT junction temperature obtained
through the typical model and the real data provided by the
manufacturer. The comparison is performed for the scenario
without THCCI (Fig. [I2(a)) and with THCCI (Fig. [I2[b)).
The largest error observed was 16.43% for the 1600 A device
and with the third harmonic injection.

Fig. [13] presents the diode junction temperature obtained
through the typical model and the real data provided by the
manufacturer. The comparison is performed for the scenario
without THCCI (Fig. [13[a)) and with THCCI (Fig. [I3[b)).
The largest error observed was 16.25% for the 1600 A device
and with the third harmonic injection.

The interesting thing about analyzing the junction tem-
perature is that includes the combined effects of conduction
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FIGURE 12. Junction temperature comparison between typical model
and real data for IGBT (a) without THCCI and (b) with THCCI.
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FIGURE 13. Junction temperature comparison between typical model
and real data for diode (a) without THCCI and (b) with THCCI.

losses, switching losses and thermal impedances. However,
an analysis of the conduction and switching losses was
performed separately for IGBT and diode for the scenario
without THCCI.

Fig. [[4] presents the IGBT conduction losses obtained
through the typical model and the real data provided by
the manufacturer (Fig. [T4{(a) for IGBT and Fig. [I5(b) for
diode). The largest error observed was 9.82% for 1600 A
IGBT. The conduction losses presented small errors that are
justified by the characteristics of the data and the coefficient
of determination obtained in the curve fitting.

Fig. [15] presents the IGBT switching losses obtained
through the typical model and the real data provided by the
manufacturer (Fig. [I5(a) for IGBT and Fig. [I5b) for diode).
The largest error observed was 95.44% for 1600 A diode.
The switching losses presented larger errors due to the data
characteristics. The switching energy data presents a certain
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FIGURE 14. Conduction losses comparison between typical model and
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spread, being smaller around 1 pu. Therefore, the 450 A
and 1600 A devices will present larger errors compared to
the 800 A device. Furthermore, by analyzing the nominal
energy data, it is possible to verify a greater spread that
is reflected in the coefficient of determination of the curve
fitting performed. It is worth mentioning that delta-CHB
topology usually employs low switching frequencies. In this
case, the effect of conduction losses is dominant in the heat
generation in the power device. For this reason, although
the errors in switching losses are quite high, the junction
temperature is reasonably estimated.
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FIGURE 15. Switching losses comparison between typical model and
real data for (a) IGBT and (b) diode.

V. RESULTS

As shown in Fig. 5] the objective is to determine the nominal
current that the semiconductor device needs to meet the
junction temperature requirement.

Thus, Fig. [16] shows how the device junction temperature
varies when changing the nominal current of the diode (I )
and the nominal current of the IGBT ([.,). Therefore,
one surface is obtained for the diode and another for the
IGBT. The intersection between the two surfaces indicates
when the junction temperature is equal for both devices. As
observed, this analysis allows us to go beyond the devices
commercially available, allowing us to employ a combination
of IGBT and diode chips with different rated currents. The
dot indicates the desired temperature of 115°C. Fig. [I6(a)
presents this result without THCCI and Fig. [I6(b) with
THCCI. As expected, the third harmonic injection increases
the junction temperature of the devices. Furthermore, the
diode requires a higher nominal current than the IGBT to
operate at the same temperature. This is common for the
studied application, where the diodes present relatively high
current efforts due to reactive power processing.

To compute the silicon area, a curve fitting that relates the
silicon area with the nominal current was obtained. Refer-
ence [16] shows the estimated total die area installed within
Si IGBT packages versus the rated current for blocking
voltages of 1700 V, 3300 V, and 4500 V. This reference
considers the total area of the chip. Therefore, the curve
fitting returns a larger area for the same nominal current
value, when compared to the model proposed in this paper.
Furthermore, the authors do not mention where the IGBT
data were taken from.

Reference [17] chose the Infineon Trench and Field Stop
series 1200 V IGBT4 and 600 V IGBT3 as the database. A
curve fitting was carried out considering the data provided
by the manufacturers for IGBTs and diodes in the 600 V
and 1200 V voltage classes. However, analyzing the data, it
is clear that the authors also looked at the total area of the
chip, i.e. including gate and chip passivation area.

However, the analysis carried out in this paper focuses on
the active area (emitter), i.e., discounting the gate area in
the case of IGBT. For this, ABB dies for 1700 V were used
(Tab. [6]for IGBT and Tab.[7]for diode, see appendix). Fig.
presents the result for the IGBT (same can be done for the
diode, as presented in Fig. in appendix). Data for other
voltage classes are not provided by the manufacturer, but the
relationship obtained in (@) can be used to obtain the active
area of devices for another voltage class. This relationship
was used in data from reference [17] and a coefficient of
determination above 94% was obtained for the diode and
IGBT curve fitting.

Finally, Fig. shows the increase in the silicon area
of semiconductor devices with the third harmonic injection.
Although the optimum THCCI increases the peak cluster
current in 62%, the maximum increase in the semiconductor
area is 43.8% for the diode.

VI. CONCLUSION
The third harmonic circulating current injection reduces the
voltage ripple and consequently the required capacitance
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FIGURE 18. Active area of (a) IGBT (without THCCI); (b) IGBT (with
THCCI); (c) Diode (without THCCI); (d) Diode (with THCCI). Note: This
draw is presented in scale.

value. However, injecting the third harmonic increases power
losses and temperatures of semi- conductor devices. This
phenomenon can be resolved by increasing the silicon area
of the semiconductor devices.

Therefore, this work presented a methodology to de-
termine the increase in the silicon area of semiconductor
devices when injecting a third harmonic current in Delta-
CHB STATCOM. This method is based on a typical IGBT
and diode model which is obtained through curve fitting with
data available in the manufacturer’s datasheet. The typical
IGBT model led to a coefficient of determination higher than
79% obtained for all modeled variables.

The results showed an increase of 30.87% in the active
area of the IGBT and 43.8% in the active area of the diode
when the peak cluster current increased by 62% in the third
harmonic circulating injection.

Finally, the typical IGBT/diode model can be derived
using data from other manufacturers or characterization data.

It should be highlighted that the accuracy of temperature
estimation will depend on the quality and accuracy of the
data provided as inputs.

APPENDIX
A. Curve fitting for IGBT and diodes power losses

O 1700V O 3300V O 4500V O 6500V =—— Curve fitting

2
0.056329 1, +0.83719 I+ 0.11011

Eqo (pu) =

| R'=097364

FIGURE 19. Curve fitting of typical IGBT turn-off energy for 25°C in pu
values.
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FIGURE 20. Typical IGBT turn-off energy for 25°C in nominal values: (a)
without blocking voltage correction; (b) with blocking voltage correction
and curve fitting.
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FIGURE 22. Typical IGBT conduction losses for 125°C in nominal values:
(a) without blocking voltage correction; (b) with blocking voltage
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FIGURE 28. Typical diode conduction losses for 25°C in nominal values:
(a) without blocking voltage correction; (b) with blocking voltage
correction and curve fitting.
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FIGURE 29. Curve fitting of typical diode reverse recovery energy for
25°C in pu values.
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FIGURE 30. Typical diode reverse recovery energy for 25°C in nominal
values: (a) without blocking voltage correction; (b) with blocking voltage
correction and curve fitting.
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FIGURE 31. Curve fitting of typical diode conduction losses for 125°C in
pu values.
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FIGURE 32. Typical diode conduction losses for 125°C in nominal values:
(a) without blocking voltage correction; (b) with blocking voltage
correction and curve fitting.
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FIGURE 33. Curve fitting of typical diode reverse recovery energy for
125°C in pu values.
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FIGURE 34. Typical diode reverse recovery energy for 125°C in nominal
values: (a) without blocking voltage correction; (b) with blocking voltage
correction and curve fitting.

B. Curve fitting for the IGBT and diode thermal
resistances
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FIGURE 35. Curve fitting of typical IGBT case-heatsink thermal
resistance.
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FIGURE 36. Curve fitting of typical diode junction-to-case thermal
resistance.
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FIGURE 37. Curve fitting of typical diode case-heatsink thermal
resistance.

C. Curve fitting for the diode silicon area
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FIGURE 38. Curve fitting of typical silicon area for diode.

D. ABB modules and dies of the 1700 V blocking voltage
considered in this work

TABLE 2. ABB modules (IGBT+diode) of 1700 V blocking voltage [18].

Part number Nom. current | Technology

5SNG 0150Q170300 150 A 62Pak
SSNG 0200Q170300 200 A 62Pak
5SNG 0300Q170300 300 A 62Pak
SSNG 0225R170300 225 A LoPakl
5SNG 0225R170390 225 A LoPakl
SSNG 0300R170300 300 A LoPakl
5SNG 0300R170390 300 A LoPakl
SSNG 0450R170300 450 A LoPakl
5SNG 0450R170390 450 A LoPakl
SSNG 1000X170300 1000 A LinPak
5SNA 1600N170300 1600 A HiPak
SSNE 1600E170300 1600 A HiPak
5SNA 2400E170305 2400 A HiPak
SSNA 2400N170300 2400 A HiPak
SSNE 2400E170300 2400 A HiPak
5SNA 3600E170300 3600 A HiPak
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TABLE 3.

ABB modules (IGBT+diode) of 3300 V blocking voltage [18].
Part number Nom. current | Technology
SSNG 0250P330305 250 A HiPak
SSNG 0450X330300 450 A LinPak
5SSND 0500N330300 500 A HiPak
SSNA 0800N330100 800 A HiPak
SSNE 0800E330100 800 A HiPak
SSNA 1000N330300 1000 A HiPak
SSNE 1000E330300 1000 A HiPak
SSNA 1200E330100 1200 A HiPak
SSNA 1200G330100 1200 A HiPak
SSNA 1500E330305 1500 A HiPak
SSNA 1800E330400 1800 A HiPak
SSNA 1800G330400 1800 A HiPak

TABLE 4.

ABB modules (IGBT+diode) of 4500 V blocking voltage [18].
Part number Nom. current | Technology
5SSNG 0150P450300 150 A HiPak

5SSNA 0650J450300 650 A HiPak

SSNA 08001450300 800 A HiPak

5SNE 0800G450300 800 A HiPak

SSNA 1200G450300 1200 A HiPak

5SSNA 1200G450350 1200 A HiPak

SSNA 1500G450300 1500 A HiPak

5SNA 1500G450350 1500 A HiPak

TABLE 5.

ABB modules (IGBT+diode) of 6500 V blocking voltage [18].
Part number Nom. current | Technology
SSNA 0400J650100 400 A HiPak

5SSNA 05001650300 500 A HiPak

5SNA 0600G650100 600 A HiPak

5SNA 0750G650300 750 A HiPak

SSNA 1000G650300 1000 A HiPak

TABLE 6.

ABB IGBT dies of the 1700 V blocking [19].

Part number Nominal current | Technology
5SMY 86G1721 50 A SPT+
SSMY 86J1722 75 A SPT+
SSMY 86J1732 75 A SPT++
SSMY 86K1722 100 A SPT+
5SMY 86K1732 100 A SPT++
SSMY 86L1731 120 A SPT++
5SMY 86M1721 150 A SPT+
SSMY 86M1730 150 A SPT++
S5SMY 86M1731 160 A SPT++
5SMY 86P1730 225 A SPT++

TABLE 7. ABB diode dies of the 1700 V blocking voltage |19].

Part number Nominal current | Technology
5SLY 86E1700 50 A SPT+
5SLZ 86E1700 50 A SPT++/FSA
5SLY 86F1700 75 A SPT+
SSLZ 86F1700 75 A SPT++/FSA
5SLY 86G1700 100 A SPT+
5SLZ 86G1700 100 A SPT++/FSA
SSLY 86J1700 150 A SPT+
SSLZ 86J1700 150 A SPT++/FSA
5SLZ 86L1700 225 A SPT++/FSA
SSLY 86M1700 300 A SPT+
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