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Modified Soft-Switching System With Safe
Connections of Capacitors and Inductors in
Three-Phase Voltage Source Inverter

Witold Mazgaj

Abstract—This article presents a modified soft-switching system
for three-phase voltage source inverters. Similar to the basic soft-
switching system, capacitors are not connected in parallel to the
main transistors, and inductors are not connected in series with the
auxiliary transistors. These connections protect the inverter from
damage when disturbances occur in the control system. Unlike the
basic version, the modified soft-switching system does not allow
resonant processes to affect the voltage waveform on the load,
and the modified system features a simpler control algorithm for
the main and auxiliary transistors. The structure and operating
principles of the modified soft-switching solution are comprehen-
sively described herein. Additionally, the principles for selecting
the elements of the modified soft-switching system are discussed.
The system’s operation is validated through laboratory tests using
a three-phase voltage source inverter (10 kW, 400 V) to supply a
squirrel-cage induction motor, whereas numerical calculations are
performed for inverters with higher rated power. The switching
losses of the inverter operating under the modified soft-switching
solution are compared with those of an inverter operating under the
hard-switching technique. Results show that the proposed modified
soft-switching system increases inverter efficiency .

Index Terms—Soft switching, switching losses, voltage source
inverter, ZCZVS converter.

1. INTRODUCTION

HE efficiency of voltage source inverters (VSIs) depends
T on the power losses that occur in insulated-gate bipolar
transistors (IGBTs) and their freewheeling diodes. These losses
are the sum of conduction and switching losses [1], [2], [3],
[4]. Conduction losses depend on the current and voltage drops
across a specified transistor or diode during conduction. Switch-
ing losses are caused by simultaneous changes in the transistor
voltage and current during turn-ON or turn-OFF processes. VSI
users cannot affect conduction losses; however, they can reduce
switching losses using soft-switching systems, which cause the
transistor current or voltage to approach zero during the switch-
ing processes. In soft-switching systems, circuits containing
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auxiliary transistors, capacitors, and inductors are incorporated
into the structure of a typical two-level VSI. This allows the
voltage or current of the main transistors to gradually increase
from zero during the switching process. Converters with such
properties are called ZCZVS converters.

In some proposed methods, the same one or two soft-
switching circuits support the switching processes in all inverter
phases [5], [6], [7], [8], [9], [10], [11], [12], thus reducing the
number of additional elements. However, the control algorithms
of these systems are typically complex, and the frequency of the
inverter output voltage can change within a narrow range. In
these cases, the resonant processes associated with switching
the transistors in any inverter phase affect the output voltages of
the remaining phases.

In most solutions, each phase of a three-phase VSI comprises
individual soft-switching circuits with additional transistors and
passive elements [13], [14], [15], [16], [17], [18], [19], [20],
[21], [22]. In many soft-switching systems, a sudden capacitor
discharge may occur in the case of disturbances, especially if
the capacitors are connected in parallel to the main transistors
[15], [16], [17], [19], [20], [21], [22], [23]. In some proposals,
inductors are connected in series with auxiliary transistors.
When one of these transistors is turned OFF while the current
of the inductor is nonzero, it can result in an overvoltage [14],
[17]. The soft-switching system presented in [13] lacks parallel
connections between the main transistors and capacitors, as
well as series connections between the inductors and auxiliary
transistors. However, its control algorithm is complex because
the switching processes of the main transistors depend on the
operating states of the auxiliary transistors.

Issues related to soft-switching are also relevant to VSIs
constructed using SiC MOSFETs. Even though the switching
frequencies are much higher than those in inverters with IGBTs,
the problem of reducing switching losses has qualitatively the
same character. Proposals for VSIs with SiC MOSFETSs involve
the use of resonant circuits with additional controlled switches
[24], [25], [26], [27], [28].

The main disadvantages of the soft-switching systems pro-
posed thus far are the risk of sudden capacitor discharge and
complex control algorithms. Often, the control signals for aux-
iliary transistors must be generated before switching the main
transistors. A soft-switching system with safe connections be-
tween the capacitors and inductors in a three-phase two-level
VSI was proposed in [29] and [30], and its structure is shown
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Fig. 1. Basic soft-switching system with safe connections of capacitors and
inductors in three-phase inverter [30].

in Fig. 1. In this soft-switching system, the capacitors are not
connected in parallel to the main transistors, and the inductors
are not connected in series with the auxiliary transistors. This
configuration prevents the discharging of capacitors through
the main transistors and abrupt interruptions of the inductor
currents, thus enhancing the reliability of the VSIs operating
under the proposed soft-switching system. However, in the sys-
tem presented in [30], the resonance processes associated with
soft-switching affect the shape of the load voltage. Additionally,
the control signals of the auxiliary transistors depend on those
of the main transistors, as they are turned ON with a certain delay
relative to the main transistors.

The following sections describe the operating principles of
the modified soft-switching system, which eliminates the risk
of sudden capacitor discharge and features a simpler control
algorithm compared to the basic system [30]. The inductors are
connected differently to the transistors, with negative magnetic
coupling applied between the appropriate inductors. Due to
this modification, the resonant processes do not affect the load
voltage, significantly simplifying the inverter control system.

Soft-switching systems without additional auxiliary transis-
tors were proposed in [31] and [32]. The proposal described
in [31] refers to a single-phase low-power inverter in wireless
power transfer systems. A passive soft-switching system applied
in a three-phase VSI was described in [32]. However, the authors
assumed that in several working stages, the currents of the
additional inductors flowed through the diodes, and the energy
of the magnetic field of these inductors was dissipated in the
diodes.

II. MODIFIED SOFT-SWITCHING SYSTEM WITH SAFE
CONNECTIONS OF CAPACITORS AND INDUCTORS

A. Structure and Operation Principles

The modified soft-switching solution (see Fig. 2), ini-
tially proposed in [33], does not feature the aforementioned
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Fig. 2. One phase of a modified soft-switching system with safe connections
of capacitors and inductors in a three-phase inverter; M represents a magnetic
coupling.

disadvantages of existing soft-switching systems, and its op-
eration does not affect the voltage waveforms of the load.

The capacitors should reduce the steepness of the voltage
increase in the main transistors during the turn-OFF processes.
The inductors connecting the main transistors to the load termi-
nals should limit the rate of current increase in these transistors
during their turn-ON processes. The inductors connected in series
with the diodes should limit the resonant discharge current of
the capacitors. Additionally, the negative magnetic coupling
between the inductors must be prioritized. This coupling helps to
reduce the current of the inductors connected to the transistors
to zero after they are turned OFF. When the currents of these
inductors are significantly greater than zero, turning ON the main
transistors becomes a hard switching, as will be described in
detail later in this section.

B. Operating Stages

The operation of the modified soft-switching system is de-
scribed for one switching cycle, with the assumption that the load
current /4 remains constant in all considered states. Simplified
waveforms of the selected voltages and currents are shown in
Fig. 3.

The analysis was performed for cases where transistor T1 was
switched, transistor T2 was in a nonconducting state, and capac-
itor C1 was discharged. The circuit with current is indicated by
the bold red line in Fig. 4(a).

Stage t1—t5: As shown in Fig. 4(b), transistor T1 is turned OFF
at time #; and its voltage increases gradually from zero due to
the charging of capacitor C1. The voltage of the main transistor
T1 changes in the same manner as the voltage of capacitor C1
because, in this stage, the load current /4 flows through diode
DTla, capacitor Cl1, diode D1s, and inductor L1b. Therefore,
the main transistor T1 is turned OFF softly. The voltage across
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Fig.3. Simplified waveforms in one phase of modified soft-switching solution:
G711 and G714 control signals of transistors T1 and Tla, respectively; i1
and u71: current and voltage of transistor T1, respectively; u714: voltage of
transistor T1a; i¢1 and ucq: current and voltage of capacitor C1, respectively;
ir1pand iz, currents of inductors L1b and L2a, respectively; ip1s, ip1p. and
ip1n: currents of diodes D1s, D1p, and D1n, respectively; / 4: load current, and
period 71—t3: processes related to soft turning OFF of transistor T1 and period
t4—tg: processes related to soft turning ON of transistor T1.

capacitor C1 increases linearly with time

IA(TL)
O

uc (t) = t ()

where u ¢1(#1) =0, nis the number of switching cycles, and 1 4 ()
is the load current in the nth switching cycle. This operating
stage continues until the voltage of capacitor C1 reaches supply
voltage Upc. The duration of this process depends on the load
current [ 4.

Stage to—t3: As shown in Fig. 4(c), at time 75, the voltage of
capacitor C1 reaches supply voltage Upc. At this point, diodes
DIn and D2z begin to conduct. The current through inductor
L1b is the sum of the currents flowing through capacitor C1
and diode D2z, which is connected in series with inductor L.2a.
Simultaneously, the current through the capacitor decreases.
The capacitor is charged to a voltage higher than Upc, and the
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changes in the capacitor voltage are expressed as
di di
uc1 + le% — M% = UDC
di di di di
Ly — M3 - Loy e — Mge =0 ()

11 — io1 —tr2q¢ =0

where uc1(t2) = Upc, ip1s(t2) = [a(n), if24(t2) = 0, and M is
the mutual inductance of negative magnetic coupling.

Inductors Lla and L2a have the same inductance L,, the
inductances of inductors L1b and L2b are L;, and capacitors
C1 and C2 have the same capacitance C. Equation (2) can be
replaced with a differential equation as follows:

dPu,.
CLTW +uc = Upc 3)
where
L,L, — M?
L,=—v— 4
L,—2M + Ly “)

The changes in the voltage and current of capacitor C1 at this
stage are expressed as follows:

/L, )
uc(t) = Upe + EIA(TL) sin <\/Cf'7LT> 5)

ic1(t) = Ia(n)cos ( 6)

t
VCL, ) '

The maximum voltage of capacitor C1 in the specified switch-
ing cycle is expressed as

| L
UC’l max(n) = UDC + EIA(n) (7)

In the time interval #;—f3, the voltage of the main transistor
T1 changes with the voltage of capacitor C1. At time 73, both
voltages reach their highest values in the analyzed switching
cycle.

As mentioned earlier, the current through inductor L1b should
decrease to zero to ensure that the next turn-ON process of
transistor T1 is soft. During this operational stage, any current
in inductor L2a is undesirable because it causes current to flow
from the negative clamp of the voltage source through inductor
L2a, diodes D2z and D1s, and inductor L1b. If the current in
inductor L1b decreases, a voltage is induced in inductor L2a
that opposes the current flowing through it. The magnitude of
this voltage depends on the mutual inductance M. When T1 is
turned OFF, the entire load current flows through diode D1n. The
currents in inductors L1b and L2a are reduced by employing an
appropriately selected negative magnetic coupling M.

The current in inductor L1b should be zero after the turn-
OFF processes for transistor T1 are completed. However, this
approach can cause a current to appear in diode D1p during the
resonant discharge of capacitor C1 when transistor T1 is turned
ON again [see Fig. 4(f)]. At the end of this time interval, the
currents in inductors L1b and L2a are expressed as

in1p(ts) = in2q(t3)
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To ensure a soft subsequent turn-ON process for transistor
T1, the current through inductor L1b should be zero after the
turn-OFF process for this transistor is completed. This implies
that the mutual inductance M should be equal to the inductance
Ly.

Stage t3—t4: At time t3, the currents through capacitors Cl
and diode DT1a are zero. Since then, diode DT1a has been
reverse-biased, and it changes its operating state without losses.
The voltage of capacitor C1 remains unchanged, whereas the
voltage of transistor T1 decreases rapidly to the supply voltage
Upc. The load current /4 primarily flows from the negative
clamp of the voltage source through diode D1n [see Fig. 4(d)].
A relatively small current flows through inductor L2a, diode
D2z, and inductor L1b. This current reaches a certain value at
time #3. During this interval, transistor T1 is in a nonconducting
state, and the voltages of the individual elements in the inverter
phase remain unchanged.
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Operation stages of the modified soft-switching system. (a) Before T1 is turned OFF; (b) 11—t2; (¢) ta—t3; (d) t3—14; (€) ta—t5; (f) t5—t6; (g) ts—t7; (h) t7—13.

Stage t4—t5: As shown in Fig. 4(e), at time 74, the main tran-
sistor T1 and auxiliary transistor Tla are turned ON, and diode
D1s stops conducting. The turn-OFF losses of the diode can be
neglected because it changes its operating state at a relatively low
current. The currents in transistors T1 and L1b begin to gradually
increase to the load current /4, whereas the current through
diode D1n decreases to zero. The main transistor T1 is turned
ON with a current close to zero, ensuring a soft turn-ON process.
Simultaneously, capacitor C1 begins to discharge. Changes in
the current and capacitor voltage are described by the following
equations, assuming izo, = —ic1:

di di
Ly =5 + M =2 = Upc
. ©)
1
uc1 + L2a d({;1

u
+ Mt = Upc

where if15(24) is the constant current flowing in inductor L1b
in stage f3—t4, and u1(t4) denotes the maximum voltage of
capacitor C1 (7).

Assuming that the mutual inductance M is similar to the
inductance L; and that the current through inductor L1b is small
relative to the load current /4, the changes in the capacitor
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voltage and current can be expressed as

uc1(t) = Uc max €OS < (10)

-
C(L. — Lv)

t
—— | . (11
C(La - Lb)> ( )

A negative sign indicates that the current flows in the direction
opposite to that shown in Fig. 2. Notably, if M = Ly, the changes
in the capacitor voltage and current do not depend on the source
voltage Upc. The changes in the current through inductor L1b
can be expressed as

T G
Lo—Ly ™0\ Oa—Ly) )

(12)
At time 15, this current reaches the load current value [ 4.
Stage ts—tg: At time f5, diode DIn stops conducting. This
diode changes its operating state without losses because its
current gradually decreases to zero during the interval #4—f5.
During the period #5-#¢, capacitor C1 continues to discharge [see
Fig. 4(f)]. Due to the magnetic coupling between inductors L1b
and L2a, a small current appears in circuits T1, L1b, and D1p,
which decreases to zero at time 7g. The changes in the current
and capacitor voltage are expressed as follows, assuming izo,
=-—lc1:

Gy

o=\,

Uc max sin (

{le distlb ) Mdfi% . (13)
Uer + Lag dfitl + Mdistlb = Upc

where i7,15(t5) = 0 because the load current flowing through
inductor L1b is constant in the considered operational cycle.
The changes in u1(#5) and i o1 (#5) were determined using (10)
and (11), respectively.

The capacitor voltage and current as well as the current of
inductor L1b change as

uet (t) = ue (ts) cos (C’(Lt—Lb)>

+ Q124 (t5) La— Ly sin !
1124 i
Faet c C(La - Lb)

+ Upc (1 — CoS

t
S 14
c(La—Lw) o

ic1(t) = ir2a4(ts) cos <C(LZ_Lb)>

.
C(L. — Lv)

(15)
ile(t) = IA + iLQa(t5) (1 — COS C’(‘Li_l/b)>
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y

. t
m (um (t5) — UDc)Sln (\/m> .

(16)

+

The maximum current value of inductor L1b must be deter-
mined, as it allows for the calculation of the maximum current
values for diode D1p and transistor T1. Therefore, the moment
t11bmax,» When the current through inductor L1b reaches its
maximum, must be determined as

trL1bmax = C(La - Lb)

-1

ir24(t5)

arc si 1+ La - Lb < 5 )2
sin
C uc1(ts) — Upc

By introducing time 77,1 pmax into (16), the maximum current
of inductor L1b can be determined. The current flowing through
diode D1p is the difference between the current through inductor
L1b and the load current 1 4.

Stage tg—t7: At time tg, the current through diode D1p de-
creases to zero. Only the load current 74 flows through transistor
T1, whereas capacitor C1 continues to discharge [see Fig. 4(g)].

Stage t7—tg: At time t7, the voltage of capacitor C1 drops
to zero, causing auxiliary transistor Tla to turn-OFF with zero
current. During this interval, the current through inductor L.2a
flows through diode D1s and decreases to zero at time g [see
Fig. 4(h)].

The energy stored in capacitor C1 is returned to the voltage
source during the time interval #4-fg. At low load currents, the
maximum voltage of capacitor C1 may be less than twice the sup-
ply voltage. Consequently, the capacitor is not fully discharged,
and the subsequent turn-OFF of T1 is not soft. Capacitor C1 is
fully discharged only if its maximum voltage is at least twice
the supply voltage Upc.

a7)

C. Switching Algorithm

In the modified soft-switching system, the auxiliary and main
transistors are turned ON simultaneously, in contrast to the basic
soft-switching system [30], where the control signals for the
auxiliary transistors are delayed relative to those for the main
transistors. This simultaneous switching simplifies the control
system, which is beneficial for pulsewidth modulation (PWM)
applications in the VSI. However, appropriate time intervals
for the soft-switching processes must be accounted for when
determining the maximum modulation depth factor for a given
switching frequency.

As in traditional VSIs, the main transistors can be controlled
using a hard-switching technique. However, after turning OFF
T1 and turning ON T2, a relatively small current flows through
inductor L2b and transistor T2, respectively. When T2 is turned
OFF again, the current of inductor L2b flows through diode D2s,
capacitor C2, and diode DT2a, causing a slight increase in the
voltage of capacitor C2. Numerical calculations indicate that
the losses due to these currents do not exceed 0.2% of the total
losses in the inverter with the proposed soft-switching system.
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To eliminate these losses, an alternative control method for
transistors T1 and T2 in the considered phase has been proposed.

In the analysis of inverter operation, transistor T2 is assumed
to be in a nonconducting state when T1 is switched. The instan-
taneous load current i 4 (f) should be compared with the threshold
currents, —/Iy, and +/;, (see Fig. 5). When the load current
exceeds +1,, the main transistor T1 is switched, and T2 is in the
nonconducting state. When this current is lower than the value
—I,, transistor T2 is switched and T1 is in a nonconducting
state. In the case when the instantaneous value i(f) of the
load current ranges between —I;, and +/y,, both transistors are
turned ON and OFF. The main transistors and the corresponding
auxiliary transistors are controlled by the same control signal,
which significantly simplifies the control algorithm.

III. SELECTION OF SOFT-SWITCHING ELEMENTS
A. Selection of Transistors

Due to resonant processes, transistors should be rated for
voltages higher than the supply voltage Upc. After the main
transistors are turned OFF, the capacitors charge to a voltage
exceeding Upc which appears across the main transistors once
resonant charging is completed.

To ensure a soft turn-OFF process for the main transistors, the
maximum capacitor voltage should be at least twice Upc. Al-
though selecting transistors rated for this maximum voltage may
be inconvenient, the proposed soft-switching system mitigates
overvoltage risk for the main transistors, as each transistor is
paired with its own capacitor through a diode.

The main transistors must be rated for the maximum load cur-
rent and the relatively small current present during the interval
t5—tg in circuits T1, L1b, and D1p [see Fig. 4(f)]. The maxi-
mum current for the auxiliary transistors depends on the peak
discharge current of the capacitors. However, these transistors
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operate for much shorter durations than the main transistors,
resulting in significantly lower conduction losses. The presence
of inductors helps prevent sudden current surges in both main
and auxiliary transistors, and they also limit the rate of current
increase in the event of simultaneous turn-ON of both main
transistors in any phase.

B. Reactive Elements

The primary function of the capacitors is to mitigate the rapid
increase in the main transistor’s voltage during the turn-OFF
process. After the main transistor T1 is turned OFF, its current
decreases quickly to zero. Similar to the voltage behavior of
capacitor C1, the voltage across transistor T1 gradually rises
from zero. If this voltage, following the completion of the
turn-OFF process, does not exceed the specified value Ucon
(which is a few percent or up to a dozen percent of Upc), then
based on (1), the capacitance C can be determined using

¢ > TAmax, f (18)
Ucof

where /4pmax denotes the maximum load current, and #; is

the time interval during which the main transistor’s current

decreases from 90% to 10% of its maximum value.

For the main transistor to be turned OFF softly, the correspond-
ing capacitor must be fully discharged before the transistor is
switched OFF. This condition is met if the maximum capacitor
voltage is at least twice Upc. This is a key requirement for the
proper functioning of the soft-switching system. Based on (7)
and assuming that the maximum capacitor voltage is kmaxUpc
and M = Ly, the inductance L; can be expressed as

(kmax - ]-)UDC:| 2

Ly, = C[ (19)

1 A max
where k.« 1S the ratio of the maximum capacitor voltage to the
supply voltage Upc.

The primary role of inductors Lb1l and Lb2 is to mitigate the
rapid increase in current through the main transistors after they
are turned ON. Inductors L1a and L2a serve functions similar
to those of the auxiliary transistors. The turn-ON process is
considered soft switching if the transistor current during the
time period ¢, is approximately zero, where ¢, denotes the time
between when the main transistor current rises from 10% to its
maximum value and when the main transistor voltage drops to
10% of its maximum value. The inductance L, cannot be analyt-
ically determined using (11) and (12). Given that the transistor
current rise time t,., as specified in datasheets, is relatively short
compared to the denominator /C(L, — Ly), the sine function
in (11) and (12) can be approximated by its argument. The error
between the exact and approximate values is less than 0.5%.
Therefore, formula (11) for time #,- can be expressed as
kmax UDC

In stage 74—t5, the current through inductor L2a is equal
in magnitude but opposite in direction to the current through
capacitor C1. Assuming that the current through transistor Tla
at time ¢, does not exceed /7., (a few or several percent of the

(20)
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TABLE I
PARAMETERS OF TYPE-SKM100GB176D IGBT

Vee le Lon I Loy i y - Ver
M (A) (ns) — (ns)  (ns)  (ns) A (W)
1700 90.0 280 40 680 140 78.5 2.4

transistor’s maximum current), the inductance L, should satisfy
the following condition (iz2, = —i¢1):

L. > kmax UDC
a

t, + Ly, @1)

ITon

Under the same assumption regarding the simplification of the
sine function, formula (12) expressing the current of inductor
L1b can be written as

i (t ) ~ UDCt kmaxUDC
Lb1\lr Lb T La — Lb .
Based on the previous relationship, the second condition for
inductance L, is as

(22)

kmaxUDC
Ly, > Tre U + Lp. (23)
tr Ly

The maximum current flowing through diode D1p during
the interval #5—f; depends on the inductances L,, Ly, and the
mutual inductance M. While reducing the mutual inductance M
may lower this maximum current, some current will still appear
in inductors L1b and L2a during the nonconducting period of
transistor T1.

The inductance and capacitance of the reactive elements are
influenced by both the maximum load current /4,,,x and the
coefficient k.. It is also crucial to determine the maximum
voltage Ucop during the transistor turn-OFF process and the
maximum value / 7, at which the transistor current can increase
during the turn-ON process.

In the interval #3—t4, the current through inductor L1b is zero
if the mutual inductance M equals the inductance L;. However,
in the interval t5—tg, a low current flows through diode D1p.
To reduce this current, the value of M must be determined.
Consequently, in the interval t3—t4, a relatively low current flows
through inductor L1b, compared to the load current. The effects
of varying mutual inductance M are discussed in Section V-A.

IV. LABORATORY INVESTIGATION

To verify the functionality of the modified soft-switching
method, a three-phase laboratory VSI with a rated power
of 10 kW was constructed. It utilized an IGBT-type
SKM100GB176D (see Table I) and a diode-type DSEP30-12A
(1200 V, 30 A, forward voltage 2.15 V). The IGBTs and their
drivers, capacitors, current transducers, and overcurrent pro-
tection circuits were mounted on a steel plate [see Fig. 6(a)].
The inductors were placed on the opposite side of the plate to
minimize their magnetic field’s impact on the control circuits.
Fig. 6(b) illustrates the control system.

The inverter was supplied with a voltage of 400 V, and the
permissible load current was 12 A. Measurements were con-
ducted using a laboratory inverter with a squirrel-cage induction
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Fig. 6. Laboratory prototype of inverter with modified soft-switching system.
(a) Power circuits. (b) Control system.

motor (Py = 3 kW, Un = 230/400 V A/Y). To qualify the
switching processes as soft, it was assumed that the transistor
current during the turn-ON processes could not exceed 10% of
the maximum load current, and the transistor voltage during the
turn-OFF processes could not exceed 10% of the supply voltage
Upc. The laboratory VSI with the modified soft-switching
system utilized capacitors and inductors with greater capacities
and inductances than those specified in the previous section. In
this study, the laboratory investigations were performed with
the following parameters: C = 0.5 uF, L, = 332 uH, and L, =
127 pH.

Fig. 7 shows the current and voltage waveforms of transistors
T1 and T1a, with green and yellow colors representing the pro-
cesses related to the soft turn-OFF and soft turn-ON of transistor
T1, respectively. As transistor T1 is turned OFF, capacitor C1
begins charging, and its voltage increases gradually from zero,
with the transistor voltage following a similar pattern. After
transistor T1 is turned ON, its voltage immediately decreases
to zero, whereas its current gradually increases from zero.

Simultaneously, transistor T1a is turned ON, and the resonant
capacitor begins discharging. Fig. 8 shows the current wave-
forms of transistor T1, inductors L1b and I.2a, and diode D 1n for
the same switching cycles. During the nonconduction interval
of transistor T1, a small current of approximately 0.4 A flowed
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Fig.7. Waveforms in one switching cycle: u1 and i 71—voltage and current

of transistor T1, respectively; u 71, and i 71 ;—Vvoltage and current of transistor
Tla and its freewheeling diode, respectively; Upc = 400 V, output frequency
40 Hz, switching frequency 2.4 kHz, modulation depth factor 0.85, C = 0.5 uF,
L, =332 pH, and Ly = 127 pH, period t1—t3: processes related to soft turning
OFF of transistor T1, and period t4—tg: processes related to soft turning ON of
transistor T1 and soft turning ON and turning OFF of auxiliary transistor T1a.

through inductors L1b and L.2a, as the mutual inductance M of
the negative magnetic coupling between inductors L1b and L2a
was not exactly equal to the inductance L.

The prototype inverter with the modified soft-switching sys-
tem was equipped with air-core inductors to ensure their constant
inductance regardless of the current. In industrial applications,
these inductors are typically manufactured using ferrite cores
with an air gap due to the high resistivity of ferrites. The
dimensions of the inductors and losses in the windings depend
on the core shape, air gap, and the magnetic induction in the
ferrite core, which is usually no higher than approximately 0.3 T.
Numerical calculations performed using finite element method
magnetics software indicated that, due to the smaller number
of turns in inductors with ferrite cores, losses in the inductor
windings maybe three to five times lower than those in air-core
inductors. It is also worth noting that hysteresis losses account
for approximately a dozen percent of the total losses in the
windings. Capacitors should be free of parasitic inductance as
their currents change abruptly when the main transistors are
turned OFF.

In the modified system, the processes related to the soft-
switching of transistors do not affect the motor voltages, unlike
in the basic soft-switching system [30]. Fig. 9 shows the current
and voltage waveforms of the squirrel-cage induction motor
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and iz,2 ;—currents of inductor L1b and L2a, respectively; and i p1 ,—current
of diode D1n; and operating parameters are the same as those for Fig. 7.

i (2.5A/div)

u, (100V /div)

Sms/div

Fig.9. Oscilloscope view of waveforms of phase current /7, and phase voltage
Uy, of squirrel-cage induction motor in a basic soft-switching system [30];
C=0.5uF, L, = Ly = 100 pH, and switching frequency 3 kHz.

recorded in the basic system over two periods. The waveforms
of the phase-to-phase voltage, phase voltage, phase current of
the induction motor, and the current of the main transistor T1 in
the modified soft-switching system are shown in Fig. 10. Anal-
ogous waveforms are depicted in Fig. 11 during the regenerative
braking of the induction motor.
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Uyp

M

Fig. 10.  Waveforms in two output-voltage periods while the motor was sup-
plied: i 71—current of transistor T1; i 4 and u—phase current and voltage of
induction motor, respectively; and u —phase-to-phase output voltage of the
inverter.

The measurements showed that all transistors of the inverter
with the modified system were softly switched, and the switching
processes did not affect the current waveforms of the load.

V. POWER LOSSES IN INVERTER WITH MODIFIED
SOFT-SWITCHING SYSTEM

A. Numerical Calculations

The total losses of the inverter with the modified soft-
switching system were estimated using numerical calculations
performed with the PSpice simulation program and the IGBT
model described in [34]. The numerical model of the VSI with
soft-switching was validated by comparing selected calculated
waveforms with analogous measured waveforms under various
operating conditions [30].

Similar to the basic system, the modified soft-switching sys-
tem is intended for medium- and high-rated-power inverters.
Power losses were estimated for two inverters with rated powers
of 100kW (120 A, 600 V) and 1 MW (1200 A, 1 kV). For the 100-
kW inverter, IGBTs rated at 3.3 kV and 450 A (SKM450GB33F)
and diodes rated at 3.5kV, 720 A, with a forward voltage of 1.9V
at 450 A (D721S) were used. For the 1 MW inverter, transistors
rated at 4.5 kV and 1500 A (CM1500HC-90XA) and diodes
rated at 4.5 kV, 1970 A, with a forward voltage of 2.8 V at
1.5 kA (5SDF 20L45) were used (see Table II). The transistors
and diodes were selected with some margin to ensure safety in
the event of potential increases in voltage or current.
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Fig. 11.  Waveforms in two output-voltage periods while the motor was braked
to provide energy to DC voltage source: i 4 and u4—phase current and voltage
of induction motor, respectively; and ua p—phase-to-phase output voltage of
the inverter.

TABLE II
PARAMETERS OF IGBTS

Vee Ic  tom &ty tw Low Ve

V) (A) (1s) (us) (us) (us) (us) (A) (V)

Transistor type

SKM450GB33F
CMI1500HC-90XA
CM300DY-34A
FZ1500R33HE3

3300 450 0.44 0.12
4500 1500 0.80 0.25
1700 300 0.80 0.20
3300 1500 0.76 0.38

1.47
7.70
1.20
3.55

0.29 1.49 493 2.86
0.50 1.60 2100 2.80
0.35 0.45 300 2.45
0.35 1.73 1850 3.15

The power losses in the inverter with the modified soft-
switching system were compared to those in the inverter using
the hard-switching technique. In this comparison, the IGBTSs
used in the hard-switching inverters had a lower rated voltage
and a lower conduction voltage drop than those used in the
soft-switching inverters. Power losses in the hard-switching
inverter with a rated power of 100 kW were determined using
the CM300DY-34A, whereas those for the 1-MW inverter were
determined using the FZ1500R33HE3 (see Table II).

The 100-kW and 1-MW inverters were assumed to supply
the Y2-315L1-6 squirrel-cage induction motor (Py = 110 kW,
Uy =400V, Iy = 196 A) and the Y2-500L2-6 motor (Py =
I MW, Uy =690V, Iy = 1002 A), respectively. The equivalent
circuit of the squirrel-cage induction motor presented in [35] was
used. Numerical calculations were performed for three switch-
ing frequencies. The parameters of the inductors and capacitors
for the assumed values of the coefficient k., are listed in
Table III. Power losses were estimated under the assumption
that, during the turn-ON process, the transistor current /7oy
does not exceed 10% of the maximum load current 4.y,
and during the turn-OFF process, the transistor voltage U cof
does not exceed 10% of the source voltage Upc. Therefore,
the capacitance C and inductances L, and L; were determined
according to the following specifications: 100 kW: [4pax =
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TABLE III
VALUES OF INDUCTANCES AND CAPACITANCE FOR MODIFIED
SOFT-SWITCHING SYSTEM

100 kW 1 MW
Fomax 1.5 2.0 25 15 2.0 25
L, (uH) 4.6 12.6 18.4 48 14.4 185
R,(mQ) 220 3.25 4.59 0.29 0.49 0.54
Ly (uH) 13 5.3 11.8 1.2 48 10.8
R,(mQ)  0.99 1.99 2.98 0.14 0.27 0.40
C (uF) 1.6 1.6 1.6 52 52 52
TABLE IV
PARAMETERS OF REPLACEMENT IGBTS
. Vcc Ic Uy t VCE
Transistor type
P vV @A @ w W)
5SNA 1300K450300 (ABB) 4500 1300  0.60 0.68  3.40
FZ1500R45KL3_B5 (INFINEON) 4500 1500 023 197 325
DIM1200ASM45-TS000 (DYNEX) 4500 1200 0.16 053  3.20

332 A, Ugot = 60 V, Upc = 600 V, I7,, = 33.2 A; 1 MW:
Tamax = 1410 A, Ugog =135V, Upc = 1350 V, I 1, = 141 A.

When selecting IGBTs other than those listed in Table III,
attention should be paid to the conduction voltage drop V¢,
current rise time #,, and current fall time f; (see Table IV) as
these parameters significantly impact conduction and switching
losses. Notably, there are significant differences in both the rise
and fall times of the transistor currents.

The selected waveforms for the currents and voltages cal-
culated for the 1 MW inverter are presented in Figs. 12 and
13, respectively. In the numerical calculations, the control of
transistor T2 was assumed to be disabled when transistor T1 was
switched, as explained in Section II-C. Notably, when the motor
operated as a generator, the phase shift between the voltage and
phase current was significantly greater compared to when energy
was supplied to the motor.

The changes in voltages and currents depend not only on the
inverter’s operating parameters but also on the load. Fig. 14
shows the waveforms when the load torque changes suddenly. It
was assumed that during the time interval from 0.2 to 0.4 ms, the
load torque was zero, and the VSI supplied only reactive power
to the motor. To clarify the presented waveforms, the moment
of inertia was reduced several times.

As described in Section II, when transistor T1 is not conduct-
ing, a certain current may flow through inductor L1b during stage
t3—t4 [see Figs. 3 and 4(d)] if the mutual inductance M is smaller
than the inductance L;. Consequently, the next turn-ON process
for transistor T1 will not be completely soft. However, if M =
Ly, then during the conduction of transistor T1 in stage t5—fg,
where the resonant discharge of capacitor C1 occurs, a small
current flows through circuit L1b, diode D1p, and transistor T1
[see Fig. 4(f)]. The maximum value of this current primarily
depends on M. While this current can be limited by reducing M
relative to Ly, the current in inductor L1b during stage t3—t4 is
not zero.

The influence of mutual inductance M on the changes in the
current of inductor L1b and diode D1p can be expressed as a
direct function of M. Since the inductance L; can vary from
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Fig. 12.  Waveforms in two output-voltage periods while 1-MW induction
motor was supplied; i 4 and u 4—phase current and phase voltage of induction
motor, respectively; 14 p—phase-to-phase voltage; and 7.—electromagnetic
torque.

1.2 pH (kpax = 1.5) to 11.2 pH (kpax = 2.5), it is clearer if
the changes in these currents are presented as a function of the
parameter k

M|
VoL

Fig. 15 shows the relative values of the current /1,1, and the
relative maximum current value /pipmax Of diode DIp with
respect to the maximum current value /4,,x of the load as a

kv = 24)
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Fig. 13.  Waveforms in two output-voltage periods while 1-MW induction
motor worked as a generator; waveform markings as in Fig. 12.

function of kj;. For the given mutual inductance M and the
assumed values of k.., and the inductances L, and L;, the
current in inductor L1b during the time interval #3-74 and the
maximum current in diode D1p during period 75—t can be
estimated.

The relative current values for the condition M = L, are
indicated for k.« = 1.5, 2.0, and 2.5, where k.« 1S the ratio of
the maximum capacitor voltage to the supply voltage Upc. The
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Fig. 14.  Waveforms when load torque changed suddenly. 77,—Iload torque
and poy—output power of VSL

effect of changes in mutual inductance M on the waveforms of
the inverter with the modified soft-switching system is shown
in Fig. 16. The current and voltage waveforms of the 1-MW
inverter, calculated for M differing from L; by £20%, were
compared with the analogous waveforms for M = L.

B. Estimation of Power Losses

Power losses were calculated separately for each inverter
element as the integral of the product of the current and volt-
age of the element in question. Unlike VSIs operating with a
hard-switching technique, diodes in soft-switching systems do
not generate turn-OFF losses. However, power losses do occur
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TABLE V
POWER LOSSES OF 100-KW INVERTER WITH MODIFIED
SOFT-SWITCHING SYSTEM

f. (Hz) kmax = 1.5 knax = 2.0 knax = 2.5 hard switching
Total switching losses (W)
1000 328 165 109 372
2000 601 279 169 773
4500 1245 516 318 1742
Conduction losses in transistors and diodes (W)
1000 1269 1301 1322 1297
2000 1289 1333 1360 1296
4500 1329 1386 1438 1295
Conduction losses in inductors (W)
1000 125 252 377 -
2000 125 251 388 ---
4500 127 243 416 ---
Total losses of the inverter (W)
1000 1722 1718 1808 1669
2000 2015 1863 1916 2070
4500 2701 2146 2172 3037
Efficiency (%)
1000 98.31 98.31 98.23 98.40
2000 98.02 98.17 98.12 97.98
4500 97.37 97.90 97.87 97.05

in additional components of soft-switching circuits, such as
auxiliary transistors, their freewheeling diodes, and inductors,
which must be considered when estimating total power losses.
The IGBT model described in [34] was used in the estimation of
power losses. This model allows one to consider the nonlinear
properties of the IGBTSs, the variable values of the transistor, the
diode-conduction voltage drops, and the switching processes
without having to linearize the current and voltage waveforms,
as in the case of analytical calculations.

The turn-ON losses of these transistors were nearly zero due
to the resonance of the capacitor discharge current. Power losses
in the inductors depend on their internal resistance, conduction
times, and currents. The total power losses for the inverters
considered are listed in Table V (100 kW) and Table VI (1 MW)
for three values of ky,y.

The estimation of power losses and efficiency for a 100-kW
VSI is comparable to that of an inverter with a rated power
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Fig. 16. Current and voltage waveforms of 1-MW inverter calculated for
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TABLE VI
POWER LOSSES OF 1-MW INVERTER WITH MODIFIED
SOFT-SWITCHING SYSTEM

f. (Hz) kmax = 1.5 knax = 2.0 Kinax = 2.5 hard switching
Total switching losses (W)
1000 2716 1074 708 10382
2000 5184 1841 1086 20950
4500 10860 3744 2370 47274
Conduction losses in transistors and diodes (W)
1000 6278 6455 6607 5990
2000 6412 6673 6867 5986
4500 6693 7173 7514 5976
Conduction losses in inductors (W)
1000 329 666 1029 -
2000 333 688 1077 ---
4500 346 744 1203 ---
Total losses of the inverter (W)
1000 9322 8195 8345 16372
2000 11929 9202 9030 26935
4500 17899 11661 11087 53251
Efficiency (%)
1000 99.08 99.19 99.17 98.39
2000 98.82 99.09 99.11 97.38
4500 98.24 98.85 98.90 94.94
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10 times higher. Inverters with several hundred kilowatts are
currently based on SiC MOSFETs. However, the reduction in
switching losses was qualitatively similar to that observed in
VSIs based on IGBTs.

Power losses in VSIs with the soft-switching system were
compared with those in a VSI using a hard-switching technique.
Notably, due to their higher operating voltage, IGBTs with a
higher rated voltage drop must be used in inverters with a soft-
switching system, unlike IGBTs with lower voltage drops used
in hard-switching systems.

Notably, the diodes are turned OFF without any loss, and their
currents drop to zero when their operating state changes. For
diodes D1s and D2s (at time #4) in the considered phase, the
current is relatively low, and no abrupt reverse recovery current
occurs, unlike in VSIs using hard-switching techniques.

Although power losses in the inductor windings amount to
approximately 12% of the total losses in extreme cases, the
efficiency of the inverter with the soft-switching system is signif-
icantly higher compared to the VSI with hard-switching IGBTs.
As mentioned earlier, these losses can be further reduced by
using inductors with ferrite cores. Notably, even for kyax = 1.5,
the efficiency of the VSI with the proposed soft-switching sys-
tem was higher than that of the inverter with the hard-switching
technique.

Fig. 17 illustrates the relationship between total switching
losses on the switching frequency and the coefficient ky,,x for
both inverters. Fig. 18 compares the losses in the inverter with
the modified soft-switching system to those in the inverter with
the hard-switching system. Fig. 19 compares the efficiencies of
the inverter with the modified soft-switching system to those of
the inverter with the hard-switching technique.

The efficiency of a 100-kW inverter with a hard-switching
system is slightly higher than that of an inverter with a soft-
switching system, albeit only at a switching frequency of 1 kHz.
In other cases, when the modified soft-switching system is used,
the efficiency of the inverters with soft switching is higher than
that of the inverter with hard switching by approximately 2%.

The difference in efficiency between inverters using differ-
ent switching techniques increases with switching frequency.
Fig. 20 shows the efficiencies of the 1-MW VSI as a function
of output load power for a switching frequency of 4.5 kHz.
Notably, the efficiency of high-power inverters with the modified
soft-switching system exceeded that of inverters using the hard-
switching technique, even when k. was significantly less than
2.0. This should be taken into account when selecting transistors.

The maximum efficiency of the 1-MW VSI with the proposed
soft-switching system was approximately 99% at a switching
frequency of 4.5 kHz. Inverters with various soft-switching
systems, as presented in [19], [20], [22], and [25] achieved
efficiencies ranging from 98% to 99%. However, these efficien-
cies were measured at load powers up to 10 kW and switching
frequencies of 20 kHz or 30 kHz. In [26], a soft-switching system
with an auxiliary inductor was proposed, achieving an efficiency
of approximately 99.6%. However, the authors of this article
noted that the use of this system is not recommended because
employing only one inductor can prevent the simultaneous use of
all three phases, potentially leading to collisions when accessing
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Fig. 17. Total switching losses as functions of switching frequency and
coefficient ky,ax for an inverter with rated power levels of (a) 100 kW and
(b) 1 MW.

an auxiliary circuit. Notably, in each soft-switching system dis-
cussed in the aforementioned studies, disturbances in the control
system may cause abrupt capacitor discharge or interruptions in
the current of auxiliary inductors.

To compare the switching techniques, the total harmonic dis-
tortion (THD) was estimated for both soft- and hard-switching
VSIs (see Table VII). The modulation depth factor was set at
0.85, and the switching frequency was 4.5 kHz.

The results in Table VII indicate that the THD values in the
VSI with the modified soft-switching system are similar to those
in the VSI with the hard-switching technique.

C. Comparison of VSIs With Soft-Switching Systems

VSIs with soft-switching systems are commonly compared
based on the number of additional transistors and passive
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TABLE VII
THD VALUES FOR 100 HARMONICS (IN PER CENT)

k UA UAE IA
max (THD %) (THD %) (THD %)
15 40.15 40.21 0.85
2.0 40.12 40.05 0.86
25 41.96 41.95 1.01
hard 4023 40.22 0.85
switching

components, as well as their efficiency. However, efficiency
can vary significantly depending on factors such as load power,
switching frequency, and the type of semiconductor used. It
is important to note that many comparisons do not account
for factors like the complexity of the control system or the
VSI’s resistance to disturbances that could potentially damage
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the inverter. The number of additional components becomes
more relevant when producing VSIs in large quantities, such
as inverters for energy conversion from renewable sources. In
contrast, for inverters with a rated power of several hundred
kW or several MW, used in industrial applications like mining,
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TABLE VIII
COMPARISON OF NUMBER OF ADDITIONAL COMPONENTS

Additional This
components (191 (20] (22] (23] 26] article
Auxiliary transistors 6 6 6 - 6 6
Capacitors 3+6* 6 6+6%* 3 2 6
Inductors 3 3 12%*  3+6%** 1 120
Efficiency (%) 98.6 98.3 98.8 98.7 99.6 98.6
* including capacitors connected in parallel to the main transistors
** including the number of coupled inductors
TABLE IX
COMMENTS ON VSIS WITH SOFT SWITCHING
Comments References
1 A risk of sudden capacitor discharge through [19], [20],
*  main transistors in case of disturbances [22], [26]

The auxiliary transistors must be turned ON
before switching the main transistors
Employing only one inductor can prevent the

[19], [20], [22]

3. simultaneous use of all three phases, potentially [26]
leading to collisions
The switching frequency must be updated at the

4 beginning of each switching cycle. Rather for [25]

photovoltaic systems, not for vector control of
squirrel-cage induction motor.

metallurgy, and electric traction, the reliability of operation is
of paramount importance, whereas the number of additional
components may be of secondary concern. Table VIII presents
a comparison of the number of additional components and the
efficiencies of several proposed soft-switching systems.

Comments on the control of inverters with individual soft-
switching systems and their resistance to disturbances are pre-
sented in Table IX.

When selecting a soft-switching system for a VSI, it is impor-
tant to consider the number of additional components, the risk
of emergency states, and the operational reliability of the VSI,
especially at high power ratings. Additionally, the complexity
of the control system and the dimensions of the VSI with the
chosen soft-switching system should be taken into account. The
cost of the device is also significantly influenced by the quantity
produced.

VI. SUMMARY
A. Conclusion

Similar to the basic soft-switching system in a three-phase
VSI, the modified system does not connect capacitors in parallel
with the main transistors or inductors in series with the auxiliary
transistors. Consequently, the capacitor discharges through the
main transistors, and abrupt interruptions in the inductor currents
are eliminated.

The modified soft-switching system offers several advan-
tages over its basic counterpart. The soft-switching processes
do not affect the shape of the phase-to-phase voltage or the
phase voltage of the load, which is crucial for protecting the
induction motor’s windings and insulation from exceeding their
rated voltage. Additionally, the control system is significantly
simplified because the auxiliary transistors are controlled by the
same signal as the main transistors, enhancing the reliability of
VSIs operating with the modified soft-switching system.
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Laboratory tests confirmed that both the main and auxil-
iary transistors switched softly, significantly reducing switching
losses and improving the efficiency of the voltage inverter,
despite additional conduction losses in the auxiliary transistors,
diodes, and inductors. However, like all soft-switching systems,
the modified system has limitations concerning control param-
eters, such as switching frequency and maximum amplitude-
modulation ratio.

The presence of capacitors in the proposed soft-switching
system protects all transistors from overvoltage. Additionally,
the inductors placed between the main transistors and load
clamps limit the rate of increase in short-circuit current if both
main transistors are accidentally turned ON in a given phase.
It is important to note that the control algorithm for the main
transistors can remain the same as that used in VSIs with typical
PWM or vector control methods.

The proposed soft-switching system is recommended not only
for high-power VSIs used in industrial drive systems, electric
traction, and energy conversion systems but also for lower-
power inverters, particularly those used in renewable energy
applications.

B. Future Works

Future research should focus on analyzing the efficiency of
the VSI with the proposed soft-switching system using different
IGBTs. This is important because the parameters of IGBTs with
the same rated voltage and current can vary significantly, par-
ticularly regarding current rise and fall times during switching
processes.

Vector control is commonly used in drives for induction mo-
tors with rated powers exceeding several kilowatts. Therefore,
it is essential to investigate the interaction between the inverter
and the induction motor, as resonance processes may influence
the conduction times of the main transistors. This issue is also
significant for VSIs used in renewable energy systems.

Itis important to note that using SiC MOSFETs in VSIs does not
completely resolve the problem of switching losses. Although
SiC elements have shorter switching times compared to IGBTs,
they operate at higher switching frequencies. Thus, the challenge
of reducing switching losses remains pertinent and will continue
to be a relevant issue.
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