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Abstract. The paper presents a soft-switching system in three-level voltage source inverters based on Integrated Gate-Commutated
Thyristors. The proposal of the soft-switching system refers to inverter thyristors connected to the voltage source terminals. The
operation principles of the inverter equipped with the proposed soft-switching solution are comprehensively discussed herein. The
main thyristors are controlled the same as those in an inverter operating with a hard-switching technique. The correctness of the
IGCT model, used in calculations, is verified by comparing the numerically determined voltage and current with waveforms
recorded at the laboratory stand. Numerical analysis is performed for the voltage source inverter of the rated power of 10 MW
(2x2.5 kV, 3.0 kA). Examples of voltage and current waveforms for a single switching of one of the main thyristors and selected
waveforms for two periods of the inverter output voltage are presented. The switching losses of the three-level voltage source
inverter with the described soft-switching system are compared with those in an inverter with the hard-switching technique. The

proposed soft-switching solution allows to increase the inverter efficiency.
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1. INTRODODUCTION

The Integrated Gate-Commutated Thyristors (IGCTSs) are full
controlled elements with the highest unit powers [1-13]. Their
gate circuits are integrated with semiconductor structures; it
allows to reduce influence of a parasitic inductance.
Additionally, the voltage drop in conduction states is lower in
comparison to Insulated Gate Bipolar Transistors (IGBTS)
[6, 14, 15]. At present, their maximum rated voltage and
currentare about 6.5 kV and 4 kA, respectively. These elements
are mainly used in multi-level converters [4, 16], especially in
three-level voltage source inverters (3LVSIs), which are often
applied in high-power drives and in energy conversion systems
from renewable sources [1,2,17-19]. Since the switching
times of IGCTs are in the order of several microseconds, multi-
level inverters allow to limit the content of higher harmonics at
a relatively low switching frequency. The IGCTs are also
applied in DC circuit breakers instead electromagnetic switches
[20, 21]. Research works are also carried out in terms of the use
these thyristors in DC-DC resonant converters and in High
Voltage DC systems [22—26]. Research is also being conducted
on failure states in modular multilevel converters based on
IGCTs [27, 28].

Unlike IGBTs, the IGCTs are current-controlled. They are
turned oN with a relatively small current signal. However, to
turn them OFF, a large current, which even should be equal to
the rated current of the tested thyristor, must flow through the
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gate-cathode circuit during several microseconds. Therefore,
IGCT controllers have a complex structure. During their
turn-ON processes, the current derivative di/dt cannot be higher
than the value given in datasheets. A similar condition applies
to the thyristor voltage derivative dv/dt in the blocking state.
The total losses in IGCTSs are a sum of both the conduction and
switching losses. Users of the power electronics devices do not
have influence on the first kind of losses because they depend
on the state-ON voltage across the given IGCT. The main
switching losses in the IGCTs occur during the turn-OFr
processes, and they are about ten times higher than losses
occurring in turn-oN processes. Note that the turn-oFF process
of IGCTs is very complex because the negative current pulse in
the gate-cathode circuit must bring the cathode current to zero
[15]. Figure 1 shows simplified waveforms of the voltage and
current during the turn-oN and turn-OFF processes, respectively.
Notably, total switching losses in the 3LVSI (Fig. 2) operating
with a hard-switching technique are increased by the losses
occurring in diodes during their reverse-recovery processes.
However, they are relatively small, because the speed of the
current rise should be reduced due to the permissible value of
the thyristor current derivative di/dt. For this purpose a snubber
is used, but losses occurring in snubbers amount to a few
percent of the total power losses.
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Fig.1. Simplified waveforms of the IGCT during switching processes: v, it
— voltage and current of the IGCT during a hard turn-OFF process,
respectively; vr; — expected voltage of the IGCT during a soft turn-oFr
process; dir/dt — derivative of the IGCT current; dv/dt — derivative of the
IGCT voltage; toxs, tone, tores, torre — Start and end of the turn-ON and turn-OFF
processes of IGCT, respectively

The turn-oFF losses can be reduced when the voltage across the
thyristor equals almost zero during the turn-oFF process. The
scientific literature contains individual suggestions for such a
system; however, they concern relatively simple converters
with IGCTs [23, 29].

The papers [30, 31] presents results of research on possibilities
of turning oFF when the voltage between the anode and the
cathode of the IGCT is reduced. It turned out, that at the voltage
close to zero, the IGCT has the ability to turn oFF a significantly
higher current than its rated value. It is advisable, that during
the turn-oFF process of the IGCT, its voltage should be close to
zero, as indicated by dashed line in Fig. 1.

The aim of the paper is to propose the soft-switching system in
the 3LVSI based on IGCTs. It was assumed that the basic
control algorithm applied in the 3LVSI with the hard-switching
technique remains unchanged. The new feature is the modified
topology of the 3LVSI with additional circuits that limit the
voltage rise during turn-orr process of the IGCTSs.

The inductors Lsp and Lsn limit the current rise rate in the
IGCTs, so that the derivative dir/dt (specified in datasheets) is
not exceeded. Diodes Dsp, Dsn, resistors Rsp, Rsn and
capacitors Csp, Csn are used to dissipate the energy of the
magnetic field of inductors Lsp and Lsn after the IGCT is turned
OFfF. Each IGCT has an individual protection as series
connected capacitor and resistor (not marked in Fig. 2) against

too a sudden increase in the blocking voltage.
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Fig.2. Three-level voltage source inverter (3LVSI) with the hard-switching
technique: A, B, C — load terminals; N — neutral point
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Fig.3. Control principle of the three-level voltage source inverter: vp, v, —
sawtooth waveforms, v — reference waveform, Sri1.14 — control signals of
thyristors T11 - T14

The principles of the inverter control are shown in Fig. 3. Two
sawtooth waveforms v, and v, are compared to the reference
waveform veer. If values of the v are greater than the
corresponding values vy, thyristor T11 (in the first phase) is
turned ON. Thyristor T14 is turned ON when values of the Vies
are lower than the values of the sawtooth waveform v;.
Thyristors T12, T13 are controlled by the negated signal of the
thyristors T14 and T11, respectively. It means, that at high load
current values, the IGCTs T11 and T14, connected directly to
the voltage source terminals, are turned oN and OFF, and the
main thyristors T12 and T13, connected to the load terminals,
are either turned oN or OFF depending on the operating state of
T11and T14.

The structure and operating principles of the 3LVSI with the
proposed soft-switching system are described in Section 2. This
section includes simplified waveforms of chosen voltages and
currents and describes individual stages of the inverter
operation. The selection of the thyristors and passive
components is presented in Section 3. The next section refers to
the IGCT model. To verify this model, the measured
waveforms of both the thyristor current and voltage are
compared with analogous numerically determined waveforms.
Section 5 discusses the power losses in the 3LVSI with the soft-
switching system. They are compared with those in the inverter
with the hard-switching technique.

2. SOFT-SWITCHING SYSTEM IN THREE-LEVEL
VOLTAGE SOURCE INVERTER

2.1. Structure and Work Principles

The structure of the 3LVSI with the proposed soft-switching
system is shown in Fig. 4 [32]. Both voltage sources, VDC1 and
VDC2, set the same voltage Vpc. Capacitors C11 and C14 (in
the first phase of the 3LVSI) are applied to decrease the
steepness of the voltage increase of the main IGCTs T11 and
T14 during their turn-oFF processes. The use of inductors L11
and L14 is intended to reduce the rate of the current rise of
IGCTs during their turn-oN processes, in order the thyristor
current derivative does not exceed the permissible value given
in datasheets. These inductors have a significant impact on the
voltage increase on the IGCTS during their turn-OFF processes.
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Fig.4. Three-phase 3LVSI with the proposed soft-switching system; dashed
lines refer to RC circuits that protect against overvoltages

The inductors L12 and L13 are to limit the derivative di/dt when
the IGCTs T12 and T13 are turned ON. Thyristors T11a and
T14aare auxiliary fast thyristors, that turn oFr themselves when
their currents decrease to zero. Both the IGCTs and auxiliary
fast thyristors have protection systems against a sudden
increase in the blocking voltage (dashed circuits in Fig. 4).
The analysis of the inverter operation is carried on for the case
when thyristor T11 is switched, and T12 is still turned oN. The
inverter operation is described for one switching cycle.

2.2. Working Stages

Simplified selected waveforms, when thyristor T11 is
switched and T12 conducts continuously, are shown in Fig. 5.
The circuits (with marked currents) corresponding to
individual time intervals are shown in Fig. 6.

Figure 7 shows the operating stages for the opposite direction
of the load current of the phase A relative to the direction
marked in Fig. 6.

Before time ty1, the main thyristor T11 is in a conduction state,
and the load current i, which in the further part of the article
is marked as I, flows from VDC1 through thyristor T11,
inductors L11, L12 and thyristor T12 to the load phase A
(Fig. 6a). It was assumed, that the current 1. does no change
its value in analyzed stages. The capacitor C11 is completely
discharged.

Stage ti1-t1o, Fig. 6b

The main thyristor T11 is turned OFF at time t;1. The current
I begins to flow through capacitor C11 and diode D11. The
voltage across the main thyristor T11 increases linearly with
time. This allows to conclude, that the turn-oFr process of the
thyristor T11 is soft. The rate of the voltage increase on the
capacitor C11, and thus the voltage on the thyristor T11, has
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Fig.5. Simplified waveforms when T11 is switched: vgri1, Voriza — control
signals of thyristors T11 and T11a, respectively; vrii, itz — voltage and
current of thyristor T11, respectively; Vri1a, it11a — VOItage and current of
thyristor T11a; vcis, ici1 — voltage and current of capacitor C11, respectively;
iLi1 — current of inductor L11; ipy1, ipi2 — current of diodes D11 and D12,
respectively; 1. — load current; green and yellow colors — processes related to
the turn-oFr and turn-oN of IGCT, respectively

a decisive influence on the losses occurring during the turn-
OFF processes. The voltage of thyristor T11 changes as
follows

Vi 1) = Ve t)= IE:(n)

t, 1)
11

where vcii(tia) = 0, n denotes a certain switching cycle, I.(n)
is the current in n-th cycle.

Stage tio-t13, Fig. 6¢

From time ty, the current flowing through capacitor C11
decreases. At the same time, a current from the voltage source
VDC2 (point N) begins to flow through diode D12. The
capacitor C11 is resonantly charged to a voltage higher than
Vpbc. Changes in the capacitor voltage can be determined using
equation

d?v,,(t)
C11 L11 % +Ven (t)= VDCl’ 2
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Fig.6. Operation stages when thyristor T11 is switched
where vcii(ti2) = Voer, and iciz(tiz) = I(n).
Assuming Vbci = Vbcz = Vo, the next formulas determine the v V4 Ly, I (5)
capacitor voltage and current Climax - 2DC 2yl C b

/Ln ot
Ve (1) =V + [—1  (N)SIN| — |,
Cll( ) DC Cll L ( ) Cll |_11

. t
|C11(t) =1 L (n) COS| ﬁ
Culna

The maximum capacitor voltage is

®3)

4)

where I max denotes the maximum load current.

Stage tiz-tya, Fig. 6d
In this stage, the load current I. flows only from VDC2
through D12, L12 and T12 to the load terminal A.

Stage t14-t15, Fig. 6€
At time t14, the main thyristor T11 and the auxiliary thyristor
T11a are turned oN. The current of thyristor T11, which is

4
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Fig.7. Operation stages when thyristor T14 is switched

equal to the current of inductor L11, increases slowly to the
current I, and it is described by a simple differential equation
di

L11

dt

=V

11 DC (6)
where i|_11(tl4) =0.
Hence, the current changes of the main thyristor T11 are

described as follows

Vv
i) =i,,t)= %t : O]

11

The inductor L11 allows to limit the rate of the current rise of
thyristor T11, so that the current derivative di/dt should be not
higher than the permissible value given in datasheets. The
current of thyristor T11 reaches the load current value I, at
time tys.

At time t14, capacitor C11 begins to discharge resonantly and
its current flows through the voltage source VDC1, inductor
L1la and auxiliary thyristor T1la. Since the auxiliary
thyristor T11a is turned ON at a current close to zero, due to
the resonant nature of the current increase, the auxiliary
thyristor T11a is turned oN softly. The following equation
allows to determine the capacitor voltage
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diy, () _

b =t

ch(t) =Voers (8)
where iL11a(tia) = 0, veii(tia) = Verimax.

Assuming a certain coefficient k as k = Vciimax/Voc, the
maximum capacitor current is

Cll

—. 9
Llla ()

ICllmax t)= (k _l)VDC
Stage tis5-t16, Fig. 6f
The time period tis-tis depends on the current .. At time tis
the current of the main thyristor T11 reaches the value of the
load current, and the current of diode D12 decreases to zero.
Capacitor C11 is still resonantly discharging.

Stage tie-t17, Fig. 69

At time ti6, the voltage across capacitor C11 reaches zero,
which causes the current of this capacitor to decrease abruptly
to zero. At this time, diode D11 may start to conduct if the
current of the auxiliary inductor L11a has not yet decreased to
zero before the capacitor discharge process is complete. As a
result, the current of the main thyristor T11 abruptly
decreases, which does not affect the correct operation of the
3LVSI with the proposed soft-switching system. In time
interval tie-t17, the currents of the diode D11, auxiliary
thyristor T11a and inductor L11a decrease linearly to zero,
and the current of the main thyristor T11 increases linearly to
the load current. The auxiliary thyristor T1la turns OFF
automatically when its current reaches zero at time ti7. At this
time, capacitor C11 is completely discharged, and the load
current I, flows similarly as shown in Fig. 6a. In order the next
turn-oFF process of the thyristor T11 to be soft, the capacitor
C11 should be completely discharged.

The thyristor T11a can be a not fully controllable “classic"
thyristor because the resonant discharge process ends when
the discharge current drops to zero; this causes the thyristor
T1la turns OFF automatically. Thanks to this, the control
system of the auxiliary thyristors becomes simpler than
similar system in 3LVSI based on IGBTs [33], because
thyristor T11a requires only a turn-oN pulse. Due to the nature
of the resonant discharge, fast thyristors should be applied.
When the IGCT T14 is switched (Fig. 7), changes in the
voltages and currents of this IGCT and capacitor C14 are
described by relationships similar to (1) — (9).

2.3. Switching of Thyristor T12

When describing the switching of the thyristor T12, it is
assumed that this thyristor is initially turned oN, and all other
thyristors in the first phase are turned oFr. The current flows
from the neutral point N through D12, L12 and T12 to the load
phase A (Fig. 4). At time ty, thyristor T12 is turned oFF, and
its current abruptly decreases to zero. The load phase current
I flows from the neutral point N through D12, L12, Ds12 and
capacitor Cs12. The components L12, Rs12, Cs12 and Ds12
protect thyristor T12 against excessive current derivative
dir/dt during its turn-oN process. At time tx», the voltage
across the main thyristor T12 reaches the value Vpc.
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Fig.8. Simplified waveforms when T12 is switched: Gr1, — control signal of
thyristor T12; vr1,, itz — voltage and current of thyristor T12, respectively;
iL12 — current of inductor L12; ipn1; — current of diode Dn11; vcg, — voltage of
capacitor Cs12

The main thyristor T12 is turned ON at time t,3. The voltage
across this thyristor abruptly decreases to zero. The current of
T12 reaches the load current at time tz4. Simplified waveforms
of the voltage and current of the thyristor T12 are shown in
Fig. 8. Diodes Dpll and Dnll conduct current during the
switching of the thyristors T12 and T13. However, these
diodes do not affect the operation of the soft-switching of
thyristors T11 and T14.

2.4. Switching Algorithm

The principle of the control algorithm is presented in Fig. 9,
that shows the signals controlling the operation of all
thyristors and the pulses turning oN and OFF, as well as pulses
turning ON auxiliary fast thyristors. The thyristors T11 and
T14, connected to the power supply terminals, are controlled
in priority to the thyristors T12 and T13, connected to the load
terminal A. The main thyristor T12 is controlled by a negated
signal relative to the signal to the main thyristor T14, and
thyristor T13 is controlled by a negated signal relative to T11.
The main thyristor T11 is turned ON by a positive gate current
pulse Gri1 generated by control signals St11 from an external,
higher-level control system if the instantaneous value of the
load phase current ia is greater than a preset negative load
current threshold —lyr. The thyristor T11 is turned OFF by a
negative gate current pulse. If the instantaneous value of the
phase current ia is less than —Iy, thyristor T11 is not turned ON.
The main thyristor T14 is turned ON by a positive gate current
pulse if the instantaneous value of the load phase current ia is
less than the preset positive load current threshold +ly, and it
is turned OFF by a negative gate current pulse. If the
instantaneous value of the current ia is greater than +ly, then
T14 is not turned ON.

The current pulses that turn oN thyristors T12 and T13 should
be sufficiently long, because it is difficult to precisely
determine when T12 or T13 can begin conducting the load
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Fig.9. Control signals and pulses turning the thyristors oN and OFF; Iy, — threshold value of phase current, Sti1, Sti2, Stis, St14 — control signals of main IGCTs,
Gr11, Gr12, Gr13, Gr1a — Switching pulses of main IGCTS, Gri1a, Gri4a — pulses turning oN auxiliary thyristors; pink color — all IGCTs can be switched

current. If the load current ia changes between —l and +ly,
then thyristors T12 and T13 conduct alternately.

The auxiliary thyristors T1la and T14a are turned ON
simultaneously with thyristors T11 and T14, respectively.
Note that the auxiliary thyristors turn themselves oFr if their
currents decrease to zero.

It should be emphasized that the basic control algorithm (e.g.
sinusoidal PWM, vector control method, etc.), generating
signals Sti1-114 is the same as in an inverter with the hard-
switching technique. Thyristors T11, T12, and T1la are
switched when the direction of the load phase current is as
shown in Fig. 6. For the opposite direction of the load current,
the remaining IGCTs are switched. The purpose of the
described control method is to reduce losses in the circuits
with IGCTs, which do not need to be switched during
individual operation stages. This reduces power losses in the
inverter. The value Iy should be as low as possible at the level
of guaranteed detection by the measuring system. This
threshold value in Fig. 9 is intentionally much higher to better
illustrate the control method. In practice, this value is on the

order of several percent relative to the rated load current. In
the numerical calculations, the Ii- value was equal to 30 A.
The main thyristors T12 and T13 are hard switched, although
inductors L12 and L13 limit the current rise and capacitors
Cs12 and Cs13 affect the thyristor voltage rise during its turn-
OFF process. Note that these components are used to ensure
that the derivatives di/dt and dv/dt do not exceed their values
specified in datasheets.

3. SELECTION OF INVERTER COMPONENTS

3.1. Selection of Thyristors

The IGCTs in the 3LVSI working with the hard-switching
technique are selected for a single supply voltage Vpc.
However, owing to the operation principles of the described
soft-switching system, IGCTs should be selected for rated
voltages at twice the supply voltage VDC, and it also refers to
diodes and capacitors. This is a certain inconvenience of the
proposed soft-switching system.
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The turn-ofFF processes of the main IGCTs have a soft
character when the maximum voltage of capacitors is not less
than twice the voltage Vpc. The maximum voltage of the main
IGCTs, that is the same as the maximum voltage of capacitors,
is determined using Eq. (5).

3.2. Reactive Elements

In order to reduce the turn-oFF losses, the main role of the
capacitors is to limit the rate of the voltage rise across the main
IGCT when it is turned oFr. Datasheets do not provide turn-
OFF times of IGCTs. Only in some cases, the current falling
time from 90 % to 40 % of the thyristor current during the
turn-oFF is specified. However, the so-called "tail" current,
which has a significant impact on turn-orF losses, is omitted.
The total turn-oFF time of IGCTs (including “tail” current) is
approximately from 2 us to 6 us. Therefore, the capacitors are
determined for several turn-orFr times, and for an assumed
voltage that should not be exceeded during the turn-oFr
process. Since in the initial period of the turn-oFF process the
load current flows through C11, and based on Eg. (1), the
capacitance Ci1 (Caa for opposite direction of the load current)
is equal to

I

Cu = VLmaX torr (10)

COFF

where Vcorr denotes an assumed maximum capacitor voltage,
and torr is an assumed time of the turn-OFF process.

Despite the simplicity of Eq. (10), Table 1 shows the capacitor
capacitance for assumed values of the IGCT turn-oFF duration
for two voltages Vcoer.

TABLE 1. Capacitance in pF for I max = 3.0 kA, Vpc = 2.5 kV

tore (1S) 2.0 40 6.0 8.0
Veors = 0.1Vpe 24 48 72 96
ch,:p = OZVDC 12 24 36 48

The main role of inductors L11 and L14 is to limit the current
rise during turn-on processes. Assuming that all inductors
which are connected with the thyristors T11 and T14 have the
same inductances L, and based on Eq. (6), it can be written
as

di;, Vo _di
— =<, . 11
d L, dt|°r (1)
Hence inductance Ly, is equal
V
L, == 12
A | 12)
dt cr

The turn-oFfF process of the main thyristors is soft if the
capacitor is completely discharged when this process begins.
Hence, the voltage Vcmax should be at least 2Vpc. If the voltage
Vemax is less than twice the Vpc voltage value, then based on
Eqg. (5), the inductance Ly should be increased

2

_C VDC
m — Y11 Iz
L max

L (13)

When determining the inductance Lm, a higher value should
be selected based on the Eq. (12) and Eq. (13). Note that
increasing the inductance L, causes the rise time of the
capacitor voltage to be longer, which may affect the selection
of the switching frequency.

The admissible value of the current derivative should also be
taken into consideration when selecting the auxiliary fast
thyristors. The derivative of the current of the auxiliary
thyristor in the initial stage of the discharge process of
capacitors is equal to

diTa VDC

L (14)

a

where L, is inductance of the inductors connected in series
with the auxiliary thyristors.

The inductors L11a and L14a limit the maximum resonant
discharge current of the capacitors. Based on Eg. (9), their
inductance L, is

C
La = (VCmax _VDC )2 | = 2 (15)

C max

where Icmax denotes the maximum current of the resonant
discharge of the capacitor.

The turn-oFF processes of IGCTs have greatest impact on the
switching losses. The slower the voltage on IGCT during the
turn- OFF rises, the lower the losses are.

4. NUMERICAL ANALYSIS

4.1. Model of IGCT

The IGCTs are manufactured for voltages of a few kV and
currents of a few kA. So, it would not make sense to build a
prototype of the 3LVSI with a rated power of a few MW
without extensive prior research. Therefore, the switching
losses and efficiency of the 3LVSI are analyzed using
numerical simulations.

To analyze the operation and estimate losses in the 3LVSI, it
is necessary to use an appropriate IGCT model. However, this
cannot be a model that uses complex physical relations as
presented in [30], because the 3LVSI contains 12 thyristors.
Even in a relatively simple system using a model based on
physical relations, problems with convergence of calculations
occur, among other things. A model of the IGCT was
proposed in [5], but its application for numerical calculations
of various inverter operating states is difficult, e.g. no
convergence of the solution, problems with entering catalog
data of IGCTs. In numerical analysis, the model of the IGCT
described in [34] was applied.

Since the IGCT is a modification of the Gate Turn-oFr
Thyristor (GTO), the model of the IGCT is based on two
GTOs connected in parallel (Fig.10). Each GTO is
represented by a two-transistor PNP-NPN system, and
controlled by a SiC power MOSFET. A detailed description
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Fig.10. Model of the IGCT

of this model is presented in [34]. In the presented model, the
IGCT is turned ON by a positive gate current pulse, and turned

TABLE 3. Parameters of SiC power MOSFETs

OFF by a negative gate current pulse. The model parameters z‘:]rametlelr = Notation M1, M2
. . . . nn n
were modified with respect to the values given in [34] to better Chznn; \;i dgth I‘;\](”m) 188
reflect changes in the IGCT voltage and current during the - (pm)
turn-oFF process (Table 2, 3 and 4) Pinchoff voliage vIo ) 261
P ! ) Transconductance coefficient KP (A/V) 28.04
Surface potential PHI .
TABLE 2. Parameters of transistors Q1, Q2, Q3 and Q4 of GTO model Source oimic resistance RS (g()\)]) i)g
Model parameter Notation QL | Q2, Bulk p-n saturation current IS (pA) 10
Q3 | Q4 Bulk p-n bottom potential PB (V) 0.8
Transport saturation current Is (pA) 1 1p Bulk p-n sidewall potential PBSW (V) 08
Ideal Maximum forward beta BF () 2 10 Mobility degradation critical UCRIT (kV/cm) 10
Ideal maximum reverse beta BR (-) 1 1 field
Base-emitter leakage emission NE (-) 2 2 Capacitors of SiC power F 1
coefficient MOSFETs (nF)
Base-collector leakage saturation ISC (A) 15 15
current _ — It is worth noting that using two GTOs connected in parallel
Forward current emission coefficient | NF (-) 1 1 improves the calculation accuracy of changes in both the
Base-collector leakage emission NC (-) 0.1 0.1 . L. .
coefficient voltage and current during switching processes with respect to
Base-collector zero-bias p-n CIC (nF) 06 | 06 real waveforms. The authors of paper [34] emphasized that
capacitance increasing the number of GTOs did not significantly improve
Base-emitter zero-bias p-n capacitance | CJE (nF) 0.7 1.0 the accuracy of numerical calculations.
Ideal forward transit time TF (us) 1 2
Ideal reverse transit time TR (us) 1 2
Quasi-saturation temperature CN (-) 220 | 242 TABLE 4. Other parameters of IGCT model
coefficient for hole mobility RGon | LGon [ RGoff| LGoff] RD1,2] CD12] LM1,2] RKC12
Quasi-saturation temperature D(-) 0.52 | 0.87 mQ) | @H) | mQ)| (H)| @wQ) (nF) (nH) (uQ)
coefficient for scattering-limited hole 3 0.2 2 1 1 1 68 0.7
carrier velocity . :
R11, 12 (Q) 2 2 -
Resistors of GTO model R21,22(mQ) | 10 | 10 The correctness of the model of IGCT was verified by
R31,32(k) | 90 | 90 comparing the calculated waveforms with the waveforms

recorded in laboratory test systems. Thanks to courtesy and
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Fig.11. Voltage and current waveforms during turn-oFr process. Measured
waveforms are reproduced with permission from U. Vemulapati, in
Proceedings of the 17-th European Conference on Power Electronics and
Applications (EPE'15 ECCE-Europe), Geneva, Switzerland, 08-10
September; 2015

consent of the authors of papers [7], the voltage and current
waveforms of IGCT type 5SHY 35L4521 (Table 5) recorded
in the test circuit during the turn-oFF process are used for
comparison, which are marked in Fig. 11 using continuous
lines. The analogous changes in both the voltage and current
determined with the use of the IGCT model are shown using
dashed lines. The turn-orF process of the considered IGCT
was performed at a supply voltage of 5500 V and current
3300 A.

TABLE 5. Parameters of IGCT type 5SHY 35L4521

Vorm Irav) | lrwrms) | lreom Vrm di/dt Eon Eoee
(V) (A) (A) (A) (V) | Anps) | Q) ()

4500 | 1700 | 2670 | 4000 2.35 1000 15 19.5

4.2. 10-MW Inverter with Soft-switching Technique

The described soft-switching system is recommended for high
rated power 3LVSIs. Therefore, the analysis of the system
operation was carried out for a 10-MW inverter based on
IGCTs type CAC 3000-60 (Table 6).

TABLE 6. Parameters of IGCT type CAC 3000-60

Vbrm lrav) | lrwrws) | lreom V1m di/dt Eox Eor
V) A A (A V) | A | ) V)]

6000 | 1300 | 2000 | 3000 3.0 1000 1.0 16.5

In the soft-switching system, fast thyristors type TFI773-
1600-28 (1600 A, 2800 V) and fast recovery diodes type
5SDF 20L4520 (4500 V, 1970 A) were applied. It was
assumed that air inductors were used in the soft-switching
system. The losses in the inductors can be significantly
reduced by using inductors with ferrite cores and an air gap; it
allows to reduce the number of turns of the inductors. The flux
density of ferrites is most often no higher than about 0.3 T,
and the coercive force is on average 20 A/m. Notably, the
current in inductors flows only in one direction. Therefore,
changes in both the field strength and flux density occur only
in the first quarter of the ferrite hysteresis loop. Assuming that

the maximum current of the inductors is about 3 kA, the
power losses in the ferrite cores of all inductors are
approximately 0.68 kW for the switching frequency of 1 kHz.
These losses are approximately 1.35 kW and 2.03 kW for
2 kHz and 3 kHz, respectively.
The power losses Pcap of any capacitor can be calculated as
follows

Py = Z 27FCVZ, t93(f,). (16)
where fi, Vimsi and tgd denote the frequency, rms voltage and
dissipation factor at the frequency of the i-th harmonic,
respectively.

The dissipation factor tgd depends on the so-called equivalent
series resistance ESR

tgd= 2nfCESR. 17)

The ESR values for frequencies 1 kHz, 2 kHz and 3 kHz are
approximatrely 0.98 mQ, 0.57 mQ and 0.43 mQ, respectively.
Parameters of the reactive components are presented in
Table 7.

TABLE 7. Parameters of capacitors and inductors for Vpc = 2500 V,
ILmax = 3000 A, tof = 4 s

Cl11,14 | L11,14 | R11,14 |Lllal4a|R11al4a| L12,13 | R12,13
(uF) WH) | mQ) | @H) | m®) | @H | mQ)

48.0 33.0 1.2 77.0 1.9 1.0 0.15

The squirrel-cage induction motor type AMI 630L2L B
(Pn=8MW, VN=3000V, IN=1720A, cospn=0.92,
nn = 97.5 %) was assumed as a load. Numerical analysis was
performed for three switching frequencies.

Figure 12 shows waveforms of selected voltages and currents
during a single inverter operation cycle when thyristor T11 is
switched. A positive pulse Griz on the gate of the main
thyristor T11 is the turn-oN pulse. The negative pulse turns
OFF the IGCT, and the maximum value of this current pulse is
often greater than the rated current of the IGCT. Only the turn-
ON pulse Gri1a is applied to the auxiliary fast thyristor T11a,
because this thyristor turns oFF itself. The current in thyristor
T11 does not abruptly decrease to zero during turn-OFF
process, as this process takes several microseconds, unlike
turn-oFr of IGBTSs, which takes significantly less than 1
microsecond.

Figure 13 presents selected waveforms in the 3LVSI with the
soft-switching system and the load voltages and currents for
two periods of the output voltage. The voltage across T11
during its switching interval is equal to zero if the thyristor T11
is turned ON, or equal to Vpc when it is turned OFF, or reaches
the Vcmax Value at the end of the turn-oFF process. Due to the
cyclic charging and discharging of capacitor C11, its current is
alternating.

Notably, the resonance processes related to the soft turn-oFr of
the thyristor T11 do not affect the shape of the load voltage.
During the entire operating period, IGCTs T12 and T13 are
also switched, but their switching processes occur at relatively
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Fig.12. Selected voltage and current waveform during single operation cycle;
markings of waveforms according to Fig. 4; Vpc=2500V; switching
frequency — 2 kHz; output frequency — 50 Hz; modulation depth factor —0.82;
I = 30 A; green and yellow colors — processes related to the turn-orr and
turn-oN of IGCT, respectively

low current values. Therefore, the turn-oFF losses are much
smaller than those in thyristors T11 and T14.

5. ESTIMATION OF POWER LOSSES

The efficiency of the 3LVSI with the hard-switching technique
was estimated numerically in several articles, and it is averaged
around 99.2% [2, 24,35-37]. However, it should be
emphasized that efficiencies were estimated at switching
frequencies below 1 kHz. Even in this case, the switching losses
in IGCTs and the turn-oFF losses in diodes are higher than the
conduction losses in these components [24, 38]. For example,
the switching losses in IGCTs and diodes in converters
recommended for HVDC systems are approximately 66 % of
the total losses. The conduction losses in IGCTs and diodes
change slightly with increasing frequency.

It was estimated in papers [23, 25] that IGCTSs can currently
operate at switching frequencies of up to 4 — 5 kHz. Therefore,
the power losses and efficiency of the 3LVSI with the soft-
switching system were estimated for three switching
frequencies 1 kHz, 2 kHz and 3 kHz. The efficiency of the
3LVSI with the proposed soft-switching system was
compared with the efficiency of the inverter with the hard-
switching technique. The total losses were estimated using the
Pspice software.
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Fig.13. Voltage and current waveforms in two periods of the output voltage;
Vas, Va — phase-to-phase and phase voltage, respectively; i — load phase
current, T — electromagnetic torque of a squirrel-cage induction motor;
switching frequency — 2 kHz; output frequency — 50 Hz

Due to the complex shape of both the current and voltage
waveforms during the turn-orr process, useful analytical
relationships determining power losses in IGCTs have been
not formulated. Therefore, the power losses were calculated
as an integral of the product of the instantaneous voltage and
current values of the particular elements. The losses during
turn-oN processes are several times smaller than the losses
during turn-orr of the IGCTs, and they do not have a
significant impact on the inverter efficiency.

The conduction losses also occur in auxiliary fast thyristors.
However, all diodes of the 3LVSI with the soft-switching
technique turn ofF softly. The values of individual losses for
the three switching frequencies are presented in Table 8. Note
that the conduction losses also occur in auxiliary fast
thyristors. However, all diodes of the 3LVSI with the soft-
switching technique turn oFr softly. The efficiencies as a
function of the load power are shown in Figs 14 and 15.

The increase in the efficiency of the 3LVSI with the soft-
switching system compared to the efficiency of the inverter
with the hard-switching technique is relatively small at the
frequency of 1 kHz. In this case, using the soft-switching
technique may not produce the expected results. The
efficiency increase of the 3LVSI with the soft-switching
technique is approximately 0.4 % at a frequency of 1 kHz,
1% at a frequency of 2 kHz and approximately 1.6 % at
frequency of 3 kHz. It is significant at rated power of several
or more than a dozen MW. The efficiency of the 3LVSI with
the proposed soft-switching system also depends on the
parameter k (see Figs 14 and 15). The results presented in
Table 8 are partially displayed in Figs 16 and 17.
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TABLE 8. Comparison of power losses in 3LVSIs (in kW)

1 kHz 2 kHz 3 kHz
Soft | Hard Soft | Hard Soft | Hard
Switching and conduction losses in T11 and T12
Switching losses in T11
143 | 743 [ 277 [ 1495 [ 437 | 2243
Switching losses in T12
016 | o040 | 053 | 073 | 045 | o092
Conduction losses in T11
132 | 144 | 123 | 144 | 127 | 143
Conduction losses in T12
238 | 238 | 238 | 237 | 227 | 236
Individual losses in 3LVSI
Switching losses in the main thyristors
952 [ 4698 [ 1980 9407 | 2888 | 140.07
Conduction losses in the main thyristors
2219 | 2292 | 2166 | 2284 [ 2125 | 2277
Turn-oFF losses in the diodes (only in hard-switching 3LVSI)
— | 13 | —~ ] 310 [ - | 478
Conduction losses in the diodes
1888 | 790 | 1808 | 783 | 1496 | 774
Turn-oN losses in the auxiliary thyristors
039 | -~ | ot | -~ ] o098 | -
Conduction losses in the auxiliary thyristors
080 [ — [ 170 | — | 2490 | -
Conduction losses in the inductors
1232 | -~ ] 1560 | -~ [ 18711 [ -
Conduction losses in the resonant capacitor
08t | -~ [ 122 | — | 165 | -
Power losses in the snubbers
2863 | 2019 [ 7073 | 3699 | 7962 | 5335
Total power losses and efficiency of 3LVSI
Total power losses in the inverter
6778 | 9932 | 8584 | 16480 | 9688 | 228.70
Efficiency (%)
99.16 | 9877 | 9894 | 9798 | 9880 | 97.22
100

Efficiency (%)

Soft-switching 1kHz
— Soft-switching 2kHz
---- Soft-switching 3kHz
i ;oo : : Hard-switching 1kHz
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02 e

Fig.14. Efficiency of 10-MW inverter for k = 2.0 as a function of the load
power for three switching frequencies and for 3LVSI: green lines — inverter
with soft-switching system; red lines — inverter with hard-switching
technique; continuous, dashed and dotted lines — switching frequency 1 kHz,
2 kHz and 3 kHz, respectively
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Fig.15. Efficiency of 10-MW inverter for k = 1.5 as function of the load
power for three switching frequencies: markings as in Fig. 14
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Fig.16. Comparison of losses; switching frequency: 3 kHz, k= 2.0

The switching method of the IGCTSs according to the algorithm
shown in Fig. 3 leads to a reduction in the efficiency of the
3LVSI with the soft-switching system by approximately
0.39 %, 0.96 % and 1.58 % for k = 2 and switching frequencies
1 kHz, 2 kHz and 3 kHz, respectively.

= 3LVSI with hard-switching technique
W 3LVSI with soft-switching technique

100
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97 4

96 : : .
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Fig.17. Efficiencies for 10-MW 3LVSI for k = 2.0
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Note that capacitor losses should be considered in a more
detailed analysis. These losses depend on factors such as
equivalent series resistances (ESR), assumed value of the Vo,
charging and discharging time, etc. Due to the varying load
current, these losses vary for each switching cycle.
Additionally, capacitor currents are not sinusoidal, which may
cause certain difficulties in formulating the appropriate
capacitor model. The power losses in the capacitors depend
significantly on the switching frequency

To compare the switching techniques, the total harmonic
distortion (THD) of the load current was estimated for both
the soft- and hard-switching technique (Table 9).

TABLE 9. THD in % of the phase load current
for rated load power at k = 2.0

Switching frequency 1 kHz 2 kHz 3 kHz
Hard-switching 3.08 1.50 0.99
Soft-switching 3.26 1.92 1.21

The results of the numerical analysis indicate that the slight
increase in the THD factor in the 3LVSI with the soft-switching
system is caused by the interaction of the resonance processes
related to the IGCT turn-OFF processes.

6. CONCLUSIONS

In the proposed soft-switching system in the three-phase
3LVSI, the voltage across the IGCTS, connected to the voltage
source terminals, increases slowly during the turn-OFF
processes. As a result, the turn-orrF losses are much smaller
than in the inverter with the hard-switching technique. The use
of the soft-switching technique allows to reduce power losses
by several dozen or even several hundred kW, depending on
the rated power of the inverter.

The capacitors are not connected in parallel to the main
thyristors; therefore it is not possible to discharge them through
the conducted main IGCT. The inductors, that limit the current
of the resonant capacitor discharge, are connected in series with
the fast thyristors, that turn themselves oFr when their current
is reduced to zero. Therefore, there is no risk of a sudden
interruption of the current flowing through these inductors. It is
worth emphasizing, that the auxiliary fast thyristors are turned
ON simultaneously with the corresponding main IGCTs; this
makes the control system relatively simple.

The turn-oFF processes of IGCTS, that are connected to voltage
source terminals, are soft; it leads to a significant reduction in
the total power losses. Consequently, the efficiency of the three-
phase three-level voltage source inverter is higher than the
efficiency of the inverter operating with the hard-switching
technique.

It is worth noting that no proposals for the soft-switching in the
3LVSIs based on the IGCTs are in the available literature.
Therefore, the presented suggestion to reduce the turn-orr
losses in the IGCTs can be regarded as a basis for further
research.
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