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Abstract: This paper presents a new soft-switching solution recommended for three-level neutral-
point-clamped inverters. The operation principles of the proposed solution, working stages, selection
of elements, and the control algorithm are comprehensively discussed herein. The control method
of the inverter main switches is the same as that of the switches of an inverter operating according
to the hard-switching technique. The correctness of the proposed solution was confirmed by the
results of different tests using a laboratory neutral-point-clamped inverter with rated parameters
of 3 kW, 2 × 150 V, 12 A, and 3 kHz. Numerical analyses were performed for the inverter of rated
power 1.2 MW. The switching losses of the inverter operating with the proposed solution were
compared with those of an inverter with hard-switching method. The proposed soft-switching
solution increased the inverter efficiency and its competitiveness in relation to other proposals
because there were no connections between switches and capacitors or inductors, which pose a risk
of damaging the inverter when disturbances in the control system appear.

Keywords: neutral-point-clamped inverter; soft-switching; switching losses; three-level inverter

1. Introduction

Three-phase three-level neutral-point-clamped (3LNPC) inverters are usually em-
ployed in industrial and traction drive systems with medium and high-power induction
motors. These inverters are also applied in systems for the conversion and transmission
of electrical energy, and increasingly often in generation systems from renewable sources.
Insulated gate bipolar transistors (IGBTs), gate turn-off thyristors (GTOs), and integrated
gate commutated thyristors (IGCTs) are mainly used as semiconductor switches. It is
understandable that the switching frequency decreases with increases in the rated power of
voltage source inverters (VSIs). The 3LNPC inverters have more favourable possibilities of
output voltage shaping with respect to two-level inverters, because a significant reduction
in higher harmonics in the load currents can be obtained at lower switching frequencies in
comparison to two-level inverters.

The efficiency of three-level inverters depends primarily on both conduction and
switching losses [1–3]. The first type of losses depends on both the switch conduction
current and the voltage drop across the switch. The efficiency is significantly influenced by
losses in diodes, especially by the losses occurring during the reverse-recovery processes.
The switching losses can be significantly reduced using different soft-switching systems, by
which switches are turned ON and turned OFF when their currents or voltages are almost
equal to zero. In some cases, the same two soft-switching circuits, having relatively small
additional elements, support switching processes in all inverter phases [4–6]. However,
control algorithms of these systems are usually complex, and the frequency of the inverter
output voltage can change in a narrow range.

The second group of soft-switching systems includes solutions that support the switch-
ing processes individually in each phase of the given three-level inverter [7–12]. An ad-
vantage of these solutions is the ability to support switching processes in a wide range of
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output frequencies, especially when the inverter should operate with different methods of
pulse width modulation.

Typically, soft-switching solutions have additional circuits containing, among others,
capacitors connected to main switches [7,10,13–16]. In the case of disturbances, one of the
main switches may be turned ON at a non-zero voltage of the capacitor which is connected
in parallel with this switch; as a result, the switch current may reach an unacceptable value.
In other existing solutions of soft-switching, transistors or the above-mentioned thyristors
are connected in series with additional inductors or with inductive loads [4,10,11,14]. When
a given switch is turned OFF at a non-zero current of the inductor, then an overvoltage
appears, which is usually dangerous to this switch. Soft-switching systems that do not
have those connections of capacitors and inductors were also proposed [9], but their control
algorithm is notably complex because the start of the switching process of any main switch
has to be preceded by the turn-ON of the appropriate auxiliary switch at a specific moment.
However, this operation principle is quite inconvenient when, for example, an inverter
operates with pulse width modulation or an induction motor must be controlled by a
space-vector modulation method.

The aim of this article is to present a new soft-switching solution in 3LNPC inverters,
competitive with the existing systems of this type. Unlike these systems, in the proposed
solution capacitors are not connected in parallel to the main switches, and inductors are
not connected in series with auxiliary switches. This leads to an improvement in the
operational reliability of inverters with soft-switching systems. The authors propose a
simple control algorithm of auxiliary switches, which are turned ON and turned OFF
depending on operating states of the main switches, not the other way around. Loss
calculations performed for a 3LNPC inverter with a rated power of 1.2 MW show a
significant increase in efficiency.

2. Proposed Soft-Switching System in Three-Level Neutral-Point-Clamped Inverter
2.1. Structure and Operation Principles

It was assumed that IGBTs were applied as full-controlled switches in three-phase
3LNPC inverters. The structure of the proposed system is shown in Figure 1; this system is
slightly modified with respect to the original system presented in [17–19]. Both voltage
sources, marked in Figure 1 as UDC1 and UDC2, set the same voltage UDC. Capacitors C11–
C14 are applied to decrease the steepness of the voltage increase in the main switches S11–
S14 during their turn-OFF processes. The use of inductors L11–L14 is intended to reduce
the rate of the current rise of these switches during their turn-ON processes. It was assumed
that switches S13 and S14 and corresponding switches S13a and S14a are not turned ON
when the current flows to the terminal A of the load; for the opposite load current direction,
switches S11, S12, S11a, and S12a are not turned ON. The system operation analysis was
performed for two cases; in the first case, S11 was switched ON/OFF, and S12 was still
turned ON; in the second case, S11 was still turned OFF and S12 was switched ON/OFF.
The operation principles are described for one switching cycle, assuming that the load
current IL had a constant value in the analysed stages.

2.2. Working Stages—Switch S11

In this stage, switch S12 is in conduction state, and S11 is switched ON/OFF; the
current of switch S12 is equal to the load current ILA, hereinafter referred to as IL. Simplified
waveforms of chosen currents and voltages are shown in Figure 2. Before the beginning of
the discussed cycle, the control signal of the switch S11 has a high value. This means that
this switch is in a conduction state; other switches are in non-conduction states. The load
current IL flows through switch S11, and the voltage of capacitor C11 is equal to zero. The
load current IL flows from voltage source UDC1 through inductor L11, first main switch
S11, inductor L12, and through the second main switch S12 to the load phase A (Figure 3a).



Energies 2021, 14, 2247 3 of 23

Figure 1. One phase of a three-phase three-level neutral-point-clamped (3LNPC) inverter with the
proposed soft-switching system; A, B, C—load terminals; N—neutral point.

2.2.1. Stage t11–t12

Switch S11 is turned OFF at time t11 (Figure 3b). From this moment, the load current
IL flows through capacitor C11, and its voltage increases linearly with time; the voltage of
switch S11 changes similarly. This allows us to conclude that the turn-OFF process of the
switch S11 is soft. The current IL flows through inductor L11, diode DS11a, capacitor C11,
diode D11, inductor L12, and switch S12.

Assuming that n relates to a certain switching cycle, the voltage of this capacitor and
the voltage of switch S11 change their values as follows:

uS11(t) = uC11(t) =
IL(n)
C11

t, (1)

where uC11(t11) = 0.
At time t12, the voltage of capacitor C11 reaches voltage UDC and this operating

stage ends.



Energies 2021, 14, 2247 4 of 23
Energies 2021, 14, x FOR PEER REVIEW 4 of 24 
 

 

 
Figure 2. Simplified waveforms when S11 is switched ON/OFF: uGS11, uGS11a—control signals of 
switches S11 and S11a, respectively; iS11, uS11—current and voltage of switch S11, respectively; 
uS11a—voltage of switch S11a; iC11, uC11—current and voltage of capacitor C11, respectively; iL11, 
iL12—currents of inductors L11 and L12, respectively; iD11, iD12, iD1p—current of diodes D11, D12, 
D1p, respectively; iN1—neutral conductor current; IL—load current. 

    
(a) (b) (c) (d) 

Figure 2. Simplified waveforms when S11 is switched ON/OFF: uGS11, uGS11a—control signals of
switches S11 and S11a, respectively; iS11, uS11—current and voltage of switch S11, respectively;
uS11a—voltage of switch S11a; iC11, uC11—current and voltage of capacitor C11, respectively; iL11,
iL12—currents of inductors L11 and L12, respectively; iD11, iD12, iD1p—current of diodes D11, D12,
D1p, respectively; iN1—neutral conductor current; IL—load current.

Figure 3. Cont.
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Figure 3. Operation stages when S11 is switched ON/OFF in individual time intervals: (a) before time t11; (b) t11–t12;
(c) t12–t13; (d) t13–t14; (e) t14–t15; (f) t16–t17; (g) t17–t18.

2.2.2. Stage t12–t13

As shown in Figure 3c, from time t12, the load current IL flowing through diode D11,
inductor L12, and switch S12 is the sum of two currents; the first one flows through diode
D11a from the voltage source UDC2 (point N), and the second current flows through
inductor L11 and diode DS11a. In this stage, capacitor C11 is resonantly charged to a
voltage higher than UDC.

Changes in the capacitor voltage can be described as follows:

C11L11
d2uC11(t)

dt2 + uC11(t) = UDC1, (2)

where uC11(t12) = UDC1, and iL11(t12) = IL(n).
Assuming that UDC1 = UDC2 = UDC, the next formulas enable determination of the

capacitor voltage and current:

uC11(t) = UDC +

√
L11

C11
IL(n) sin

(
t√

C11L11

)
, (3)

iC11(t) = IL(n) cos
(

t√
C11L11

)
. (4)

The maximum capacitor voltage is determined as follows:

UC11max(n) = UDC +

√
L11

C11
IL(n). (5)

Notably, in the time interval t11–t13, the voltage of main switch S11 changes as the
voltage of capacitor C11 changes.

2.2.3. Stage t13–t14

As shown in Figure 3d, from time t13, the load current IL flows only from voltage
source UDC2 through diodes D11a, D11, inductor L12, and switch S12 to terminal A of
the load. The voltage of switch S11 decreases rapidly to voltage UDC; the voltages of other
elements do not change.
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2.2.4. Stage t14–t15

Switch S11 is turned ON at time t14 (Figure 3e). The current of switch S11 increases
slowly to the load current IL. This current, which is equal to the current of inductor L11, is
described by the following equation:

L11
diL11

dt
= UDC, (6)

where iL11(t14) = 0.
In this stage, the current changes of main switch S11 are described as follows:

iS11(t) = iL11(t) =
UDC
L11

t. (7)

Main switch S11 is turned ON at a current close to zero. Therefore, this turn-ON
process can be treated as a soft-switching process. At time t15, the current of switch S11
reaches the value IL. The current flows similarly as in the initial state (Figure 3a). The
voltage of capacitor C11 has the highest value in the considered cycle.

2.2.5. Stage t15–t16

The time period t15–t16 is not constant and it depends on the current IL. The resonant
discharge process of the capacitor C11 can start when the current of the switch S11 rises
to the load current. The longest increase in current S11 occurs if the load current is at its
maximum, then the time interval t15–t16 is equal to zero. Due to a simplification of the
control algorithm, it was assumed that the turn-ON signal of the switch S11a does not
depend on the instantaneous value of the load current IL, and this signal is generated with
the same time delay in relation to the turn-ON signal of switch S11 in each switching cycle.

2.2.6. Stage t16–t17

As shown in Figure 3f, at time t16, auxiliary switch S11a is turned ON, and from this
moment capacitor C11 partly discharges resonantly through S11a, L11, UDC1, and D11a
and partly through S11a, S11, L12, D1p, UDC1, and D11a (Figure 4).
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The following equation system allows determining both the capacitor voltage and current:
L11

diL11(t)
dt + uC11(t) = UDC1

L11
diL11(t)

dt + L12
diL12(t)

dt = 0
iL11(t)− iC11(t)− iL12(t) = 0

, (8)

where iL11(t16) = iL12(t16) = IL, uC11(t16) = US11max.
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Solving this system of equations, the resulting formulas describing the capacitor
voltage and current are as follows:

uC11(t) = UDC + (k− 1)UDC cos(ω11t) + IL(n)

√
Leq

C11
sin(ω11t) , (9)

iC11(t) = −(k− 1)UDC

√
C11

Leq
sin(ω11t) + IL(n) cos(ω11t), (10)

where k = UC11max
UDC

in the considered cycle, and ω11 = 1√
LeqC11

, Leq = L11L12
L11+L12

.

Notably, in this case the direction of the capacitor discharge current is marked in the
opposite way with respect to those in Figures 1 and 4.

To calculate the maximum current of switch S11a, the time tmax at which the derivative
of the current iC11(t) equals zero must be determined. This time is expressed as follows:

tmax =
arctg

(
−(k− 1)

√
C11
Leq

Ud
IL(n)

)
+ π

ω11
. (11)

Hence, the maximum current values of switches S11 and S11a are as follows, respectively:

IS11amax = −(kmax − 1)UDC

√
C11

Leq
sin(ω11tmax) + IL(n) cos(ω11tmax) , (12)

IS11max = ILmax + IS11amax

(
L11

L11 + L12

)
, (13)

where ILmax denotes the maximum load current.
The energy of the electric field of capacitor C11 is delivered to voltage source UDC1,

and at time t17 this process ends. Owing to the resonant nature of the discharging current,
switch S11a is turned OFF softly. Auxiliary switch S11a can be turned OFF when capacitor
C11 is fully discharged.

2.2.7. Stage t17–t18

At time t17, capacitor C11 is completely discharged (Figure 3g). From this time, the
currents of inductors L11 and L12 vary linearly with time and reach the load current IL at
time t18; the current of the second inductor flows partially through diodes D1p, voltage
source UDC1, and diodes D11a and D11. This time interval occurs only if k > 2. This state
lasts until the moment at which switch S11 is turned OFF again. At time t19, the main
switch S11 is turned OFF again.

The capacitances and inductances are determined for the inverter rated load, as
described in Section 3. Then, the switching losses are significantly reduced. When the load
current is significantly smaller with respect to the rated current, the operation character of
the soft-switching system changes slightly. Main switch S11 is turned OFF (t11 in Figure 2);
therefore, capacitor C11 is charged with a lower load current, and the capacitor voltage
reaches a maximum value lower than twice UDC in the individual operation cycles. As
a result, the discharge of the capacitor after turn-ON of the auxiliary switch S11a is not
complete. Thus, the next turn-OFF process of switch S11 does not occur at zero voltage, and
this process is partially “hard”. This results in a reduction in the efficiency of the discussed
inverter. A similar situation occurs when switch S12 is turned ON and OFF.

2.3. Working Stages—Switch S12

In this case, switch S11 is in non-conduction state, and S12 is switched ON/OFF.
Figure 5 shows the simplified waveforms of chosen currents and voltages. The load current
IL flows through switch S12 at the beginning of the discussed cycle. The voltage of capacitor



Energies 2021, 14, 2247 8 of 23

C12 is equal to zero. The load current IL flows from voltage source UDC2 through D11a,
D11, L12, and S12 to the load phase A (Figure 6a).

Figure 5. Simplified waveforms when S12 is switched ON/OFF: uGS12, uGS12a—control signals of
switches S12 and S12a, respectively; iS12, uS12—current and voltage of switch S12, respectively; iS12a—
current of switch S12a; iL12—current of inductor L12; iC12 uC12—current and voltage of capacitor
C12, respectively; iD11, iD12 iD1n—current of diodes D11, D12, and D1n, respectively.
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Figure 6. Operation stages when S12 is switched ON/OFF in individual time intervals: (a) before time t21; (b) t21–t22;
(c) t22–t23; (d) t23–t24; (e) t24–t25; (f) t25–t26; (g) t26–t27.

2.3.1. Stage t21–t22

Switch S12 is turned OFF at time t21 (Figure 6b). The voltage of switch S12 is close to
zero during the turn-OFF process owing to the charging of capacitor C12. Thus, it allows
us to conclude that this switch is turned OFF softly. A constant current IL flows from
source UDC2 to the load phase A through diodes D11a, D11, inductor L12, diode D12, and
capacitor C12, causing it to charge:

uS12(t) = uC12(t) =
IL(n)
C12

t, (14)

where uC12(t21) = 0. This stage lasts until the moment at which the capacitor voltage reaches
the value UDC. The load current IL(n) influences the duration of this process.

2.3.2. Stage t22–t23

The voltage of capacitor C12 reaches the value UDC at time t22 (Figure 6c). After
this moment, the load current IL flows partly from UDC2 (point N) through diodes D11a,
D11, inductor L12, diode D12, and capacitor C12, and partly from the negative bus of the
inverter through diodes D1n and DS13. A relatively small current also flows in the branch
consisting of inductor L14, diode DS14, and inductor L13. The distribution of these currents
depends on the voltage drops across the diodes and on the resistances of the inductors.
The current of capacitor C12 decreases in this time interval, and this capacitor charges
resonantly to a voltage higher than UDC.

Assuming that the voltages across diodes D1n and DS13 are equal to zero, the capacitor
voltage changes can be described as follows:

C12L12
d2uC12(t)

dt2 + uC12(t) = UDC2, (15)

where uC12(t22) = UDC, and iL12(t22) = IL(n).
Solving this equation, we obtain the following expressions:

uC12(t) = UDC + IL(n)

√
L12

C12
sin(ω12t), (16)

iC12(t) = IL(n) cos(ω12t) . (17)
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where ω12 = 1√
L12C12

.
The maximum capacitor voltage is equal to:

UC12max(n) = UDC + IL(n)

√
L12

C12
. (18)

Notably, in the time interval t21–t23, the changes of both the voltage of main switch
S12 and the voltage of capacitor C12 are the same. At time t23, these voltages reach a value
which is equal to twice UDC. It can be proved that the maximum voltage of capacitor C12
is not greater than twice the supply voltage UDC.

2.3.3. Stage t23–t24

At time t23, the current of capacitor C12 decreases rapidly to zero, and the current of
inductor L12 begins to decrease linearly to zero flowing through diode D1p, voltage source
UDC1, and diodes D11a and D11 (Figure 6d). The load current flows only from the inverter
negative bus through diodes D1n and DS13 to phase A of the load, and partly through
inductor L14, diode DS14, and inductor L13; switch S12 is in a non-conducting state.

2.3.4. Stage t24–t25

As shown in Figure 6e, in the time interval t24–t25, only the load current flows from
the inverter negative bus mainly through diodes D1n and DS13; a relatively small fraction
of the load current flows in the branch consisting of L14, DS14, and L13.

2.3.5. Stage t25–t26

At time t25, both main switch S12 and auxiliary switch S12a are turned ON (Figure 6f).
The current of switch S12 increases linearly to current IL flowing from source UDC2 through
D11a, D11, and L12; simultaneously, the current that flows from the negative bus of the
inverter to the load phase A decreases to zero. At time t26, the current of switch S12 reaches
the value IL of the load current; its changes can be expressed as follows:

L12
diL12

dt
= UDC2, (19)

where iL12(t25) = 0.
Hence, the current of the main switch S12 is described by the following linear time

function (it was assumed that UDC1 = UDC2 = UDC):

iS12(t) = iL12(t) =
UDC
L12

t. (20)

During the turn-ON process of main switch S12, its current is close to zero. Hence,
we can conclude that this switch is turned ON softly. Notably, although S12a is turned
ON in this stage, capacitor C12 does not discharge because diode D12a is in the reverse
region. However, a simultaneous turn-ON of both switches S12 and S12a simplifies the
control algorithm.

2.3.6. Stage t26–t27

As shown in Figure 6g, at time t26, capacitor C12 starts to discharge resonantly in the
circuit consisting of diode D12a, switch S12a, inductor L11, voltage source UDC1, diodes
D11a, D11, inductor L12, and switch S12. According to the current markings in Figure 1,
the following equation can be written:

L11
diL11

dt
+ uC12 − L12

diL12

dt
= UDC1. (21)



Energies 2021, 14, 2247 11 of 23

In this stage, iL11(t) = iC12(t), iL12(t) = IL(n) − iC12(t). The last equation can be trans-
formed to the form:

C12(L11 + L12)
d2uC12

dt2 + uC12 = UDC1, (22)

where uC12(t26) = kUDC, iC12(t26) = 0.
By solving this equation, we obtain the following expressions:

uC12(t) = UDC(1 + (k− 1) cos ω12t), (23)

iC12(t) = −(k− 1)UDC

√
C12

L11 + L12
sin ω12t, (24)

where ω12 = 1√
C12(L11+L12)

.

The capacitor discharge current flows in the opposite direction with respect to that
marked in Figure 1. In this stage, the current of switch S12 is equal to the current of
capacitor C12. Thus, the maximum currents of auxiliary switch S12a and main switch S12
are as follows:

IS12amax = (k− 1)UDC

√
C12

L11 + L12
, (25)

IS12max = ILmax + (k− 1)UDC

√
C12

L11 + L12
. (26)

Switch S12a is turned ON softly owing to the resonant nature of its current. Auxiliary
switch S12a can be turned OFF when the voltage of capacitor C12 is equal to zero.

Main switches S13 and S14, and their auxiliary switches S13a and S14a, are controlled
similarly for the opposite load current direction.

2.4. Switching Algorithm

The auxiliary switches are controlled depending on the main switches (as shown
in the example in Figure 7), unlike existing soft-switching systems. Auxiliary switches
S11a and S14a are turned ON with a slight time delay relative to the turn-ON instants
of the corresponding main switches; auxiliary switches S12a and S13a are turned ON
simultaneously with the corresponding main switches S12 and S13. The turn-OFF signals
of all auxiliary switches should be generated when the corresponding capacitors are
discharged, and before the corresponding main switches are turned OFF. A block diagram
of the control signals is shown in Figure 8.
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The input parameters are entered into the block “Control parameters of hard switched
inverter”, which specifies the control parameters. These parameters are entered into the
block “Control algorithm of hard switched inverter”, which generates a control signals
for the main switches S11, S12, S13 and S14 of a 3LNPC inverter without a soft-switching
system. The “Work blocking of switches” is applied to reduce additional losses that may
occur in switches S13, S14, S13a and S14a when the switches S11, S12, S11a and S12a are
turned ON and turned OFF. The measured instantaneous value iL(t) of the load current is
compared with assumed threshold currents −Itr and +Itr. When the load current is higher
than +Itr, main switches S13 and S14 and their auxiliary switches S13a and S14a are in
non-conduction states. In turn, if the load current is lower than the value−Itr, switches S11,
S12, S11a and S12a do not change its operating states. In the case when the instantaneous
value iL(t) of the load current is in the range from −Itr to +Itr, all switches are turned ON
and turned OFF. Two “Control unit of auxiliary switches” blocks generate control signals
for auxiliary switches depending on the control signals of the main switches.

3. Selection of Inverter Elements
3.1. Selection of Switches

The switches in 3LNPC inverters are selected for a single supply voltage UDC. Owing
to the working principles of the proposed solution, the switches should be selected for
rated voltages higher than the supply voltage UDC. This especially concerns switches S11
and S14, because the maximum voltage of switches S12 and S13 is not higher than twice
the value UDC.

The turn-OFF process of the main switches has a soft character, given that the maxi-
mum voltage of capacitors C11 and C14 should not be less than twice the voltage UDC. The
maximum current values of switches S11, S14, and S12, S13 are determined using Equations
(12), (13), and (25), (26), respectively. The auxiliary switches conduct significantly less than
the main switches. Consequently, their conduction losses are relatively small. Notably, the
maximum current of switches in a 3LNPC inverter with hard-switching method is the sum
of the load current and the current of either the freewheeling diode or clamping diode at
the given phase. The necessity to select switches for a voltage twice as high as the rated
voltage is a certain inconvenience of the proposed soft-switching solution.
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3.2. Reactive Elements

If ISon1 denotes the maximum current value after the turn-ON process of the main
switch, then using Equation (7), the following expression can be derived for inductance
L11,14 of inductors L11 and L14:

L11,14 =
UDC
ISon1

tr, (27)

where tr denotes the so-called rise time defined in the datasheets of the selected switches.
Based on Equation (20), the inductance of inductors L12 and L13 can be determined

using an analogous formula:

L12,13 =
UDC
ISon2

tr, (28)

where ISon2 denotes the current of switches S12 and S13 after their turn-ON process. Both
currents ISon1 and ISon2 can have the same value in individual cases.

Capacitors C11 and C14 are charged with constant load currents until their voltages are
lower than UDC. Therefore, capacitance of these capacitors can be determined as follows:

C11,14 =
ILmax

UCOFF
t f , (29)

where UCOFF denotes an assumed maximum capacitor voltage at the end of the main switch
turn-OFF process, and tf is the so-called fall time defined in the datasheets of switching
elements.

The turn-OFF process of the main switches has a soft character if the capacitor voltages
are equal to zero before these switches are turned OFF. Hence, the maximum capacitor
voltage should be at least 2UDC.

Assuming the maximum capacitor voltage as kmaxUDC and using Equation (5), the
following additional condition concerning capacitance C11,14 must be set:

C11,14 = L11,14

(
ILmax

(kmax − 1)UDC

)2
. (30)

To determine this capacitance, the value UCOFF, which is not higher than, e.g., 10%
of supply voltage UDC, should be assumed. Next, using Equation (29), the minimum
capacitance C11,14 should be calculated. For the assumed coefficient kmax, capacitance
C11,14 should be also determined using Equation (30). If this capacitance is higher than
the value resulting from Equation (29), then the first capacitance should be accepted.
Otherwise, the inductance L11,14 should be increased so that capacitances determined from
Equations (29) and (30) are the same.

Capacitance C12,13 of capacitors C12 and C13 is determined similarly. However, the
maximum voltage of these capacitors is not higher than twice UDC, as mentioned above.

4. Laboratory Research

A three-phase 3LNPC laboratory inverter was built to verify the correctness of the
presented solution. The rated power of the prototype was 3 kW, and IGBTs type G4PH50KD
(Table 1) were applied in this laboratory inverter.

Table 1. Parameters of insulated gate bipolar transistors (IGBT) type G4PH50KD.

VCC
(V)

IC
(A)

ton
(ns)

tr
(ns)

toff
(ns)

tf
(ns)

trr
(ns)

Irrm
(A)

VCE
(V)

1200 24.0 139 72.0 700 390 164 8.30 2.77

This inverter was supplied by a dual voltage source of 150 V; the admissible load
current was 12 A. The three-phase star-connected inductive-resistive load (R = 12.2 Ω,
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L = 3.1 mH) was supplied by the laboratory inverter. Laboratory tests were performed
with the assumption that the switch current during the turn-ON processes should be
lower than 10% of the maximum load current, and the switch voltage during the turn-OFF
processes should not be higher than 10% of the single supply voltage of 150 V. If the times tr
and tf of a certain switch are equal to 1 µs, the inductances are as follows: L11, L14 = 120 µH,
L12, L13 = 300 µH; all capacitances are equal to 1 µF. Laboratory research was performed
for an output frequency of 50 Hz and switching frequencies of 500 Hz and 1 kHz.

Figure 9 shows the waveforms of voltages and currents of switches S11 and S11a. At
approximately 14 µs, switch S11 is turned OFF, and capacitor C11 starts to be charged with
a constant load current. The voltage of switch S11 rises slowly and reaches 14 V after the
turn-OFF process is ended. Both the capacitor voltage and voltage of switch S11 exceeds
twice the supply voltage UDC (255 V) after the charging process. At approximately 202 µs,
this switch is turned ON again. Its voltage suddenly drops to zero, whilst the current of
this switch rises almost linearly from zero, and it reaches 1.6 A after the turn-ON process.
Figure 9b shows waveforms of switch S11a during the resonant discharge of capacitor C11.
The shapes of both the capacitor current and the current of auxiliary switch S11a are the
same. Capacitor C11 discharges partly through L11, UDC1, and D11a, and partly through
S11, L12, D1p, UDC1, and D12a. When the current and voltage of switch S11a equals zero,
switch S11a is turned OFF.

Figure 9. Waveforms of (a) switch S11, and (b) switch S11a; C11 = C12 = C13 = C14 = 1.0 µF; L11 = L14 = 120 µH,
L12 = L13 = 300 µH, switching and output frequency of 500 Hz and 50 Hz, respectively, and modulation depth factor
of 0.8.

Waveforms of the voltage and current of switch S12, and currents of inductor L12 and
diode D12 are given in Figure 10. At about 170 µs, switch S12 is turned OFF, its voltage
rises from zero, and the current of inductor L12 flows through diode D12 and capacitor C12.
After approximately 40 µs, the processes related to the turn-OFF of switch S12. This switch
is turned ON again at approximately 330 µs, and its current rises slowly to the value of the
load current IL. The resonant discharge process of capacitor C12 begins at approximately
690 µs. In this case, the turn-ON of switch S12a is deliberately delayed compared to the
turn-ON of switch S12 to better illustrate the operation of both switches.
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Figure 10. Waveforms of (a) voltage and current of switch S12, and (b) currents of inductor L12 and diode D12; the
measurements were made for the same parameters as in Figure 9.

Figure 11 shows the phase voltage up, phase current ip, and currents of inductors
L12 and L13 measured in three output voltage periods when the inverter supplied the
star-connected inductive-resistive load (R = 12.2 Ω, L = 3.1 mH).

Figure 11. Waveforms of (a) phase voltage up, phase current ip, and (b) currents of inductors L12 and L13 measured at
a switching frequency of 1 kHz when the inverter supplied the star-connected inductive-resistive load; the operation
parameters are the same as those in Figure 9.

5. Estimation of Power Losses
5.1. Numerical Analysis

It is well known that the power losses in inverters depend on rated powers; parameters
of switches also have a significant impact on these losses. It is unreasonable to build a
laboratory inverter of medium- or high-power ratings with the described soft-switching
solution at an initial stage of research. Therefore, the total losses were estimated based
on numerical analysis using the IsSpice software, and the IGBT model described in [20]
was used. This model is especially recommended to represent features of high-power
transistors. The numerical model of the 3LNPC inverter was validated by comparing
calculated and measured waveforms. Figure 12a shows changes in the current and voltage
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of switch S11 during its turn-OFF and turn-ON processes. Moreover, voltage and current
waveforms of auxiliary switch S11a are presented in Figure 12b. Waveforms concerning
the switching processes of S12 are also shown in Figure 13.

Figure 12. Comparison of measured (black lines) and calculated (red lines) voltage and current waveforms of (a) main
switch S11, and (b) auxiliary switch S11a.

Figure 13. Comparison of measured (black lines) and calculated (red lines) waveforms of (a) main switch S12, and
(b) inductor L12 and diode D12, respectively.

The turn-OFF losses of switches S11 and S12, determined from the simulation model,
are equal to 7.12 µJ and 6.32 µJ, respectively, whereas the measured losses are equal to
6.74 and 5.97 µJ, respectively. The turn-ON losses of switch S11a are equal to 5.41 µJ and
5.14 µJ, respectively. Note that the turn-OFF processes of the auxiliary transistor are lossless.
Calculated power losses differ from the measured values by approximately 6%.

The proposed soft-switching system can be applied especially in high-rated power
inverters. Therefore, assessment of the power losses and determination of efficiency
were performed for a 1.2 MW (2.35 kV) inverter. In the tested inverter, IGBTs with rated
parameters 6.5 kV and 750 A (FZ750R65KE3) were applied (Table 2). The efficiency of the
inverter with the proposed system was compared with the efficiency of the inverter without
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hard-switching. In the inverter operating without soft-switching, IGBTs (CM1500HC-90XA)
with lower voltage drop in the conduction state can be used.

Table 2. Parameters of IGBTs.

Type VCC
(V)

IC
(A)

ton
(µs)

tr
(µs)

toff
(µs)

tf
(µs)

trr
(µs)

Irrm
(A)

VCE
(V)

FZ750R65KE3 6500 750 1.20 0.40 8.10 0.50 1.33 1200 3.7
CM1500HC-90XA 4500 1500 0.80 0.25 7.70 0.50 1.60 2100 2.8

The squirrel cage induction motor type 6 FXA 7059 (PN = 1.15 MW, UN = 2180 V,
IN = 370 A) was assumed as an inverter load. The motor equivalent circuit, based on
the mathematical model described in [21], takes into account the fundamental harmonic
of the air-gap magnetic field. Numerical analysis was performed for several switching
frequencies. The parameters of inductors and capacitors are presented in Table 3; R11 and
R12 denote resistances of inductors L11 and L12, respectively.

Table 3. Parameters of inductors and capacitors.

kmax L11, L12 (µH) R11, R12 (mΩ) C11, C12 (µF)

1.75 17.6 0.79 1.6
2.00 22.0 0.88 1.1
2.25 34.0 1.10 1.1

The waveforms of the inverter of rated power 1.2 MW are presented in Figures 14 and 15.
In practice, switch S12 is in the continuous conduction state when the system operates at a
high-power factor close to unity (Figure 15a). However, when the power factor is relatively
low, this switch is turned ON and turned OFF (Figure 15b). In the time interval from 6.25 ms
to 8.75 ms, switch S12 is turned ON and turned OFF. The proposed soft-switching system
enables significant reductions in the switching power losses. However, the effectiveness of
this reduction decreases for time intervals in which the instantaneous values of the load
current are relatively small. Note that VSIs typically operate as rectifiers with pulse width
modulation. In this particular case, with a power factor equal to 1, switch S12 is still turned
ON and turned OFF. Notably, in this case, switch S11 is almost in a non-conduction state.

5.2. Power Losses Analysis

The power losses were calculated as previously described, i.e., separately, as an integral
of the product of the instantaneous voltage and current values of particular elements. Note
that losses also occur in freewheeling diodes of switches and in other diodes; however,
only conduction losses occur in diodes.

The losses occurring during turn-ON processes of main switches S11 and S14 depend
on the inductance of inductors L11 and L14. At the beginning of the turn-OFF process of
the considered switch, the voltage of the corresponding capacitor should be equal to zero.
However, when the load current is relatively low, this capacitor is not discharged to zero.
Then, the turn-OFF process can be partially hard. However, owing to the low load current,
the switching losses occurring in this switch are relatively small. Moreover, the conduction
losses also occur in auxiliary switches and their freewheeling diodes (excluding diodes
DS12a and DS13a); these losses depend on the conduction time of the auxiliary switches,
which in turn depend on the resonant discharge process of capacitors.
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After the turn-OFF processes of main switches S11 and S14, conduction losses also
occur in the freewheeling diodes of auxiliary switches DS11a and DS14a during the charg-
ing of the appropriate capacitors, i.e., C11 and C14 [22]. However, the turn-OFF losses in
the mentioned diodes can be neglected owing to the occurrence of inductors. To estimate
the total losses, the conduction losses in the other diodes (D11, D11a, D12, D12a, D1p, and
D1n) should be taken into account. The switching losses of these diodes are negligible, as
previously mentioned, owing to the nature of the changes in their currents. The conduction
losses in freewheeling diodes DS11, DS12, DS13, and DS14 are also small because currents
flowing through these diodes are multifold lower than the load current. Table 4 presents
the particular power losses of the inverters with and without the proposed solution.

Table 4. Comparison of power losses.

kmax

1.92 kHz 3.84 kHz 7.68 kHz

Soft
-Switching

Hard
-Switching

Soft
-Switching

Hard
-Switching

Soft
-Switching

Hard
-Switching

Total Switching Losses (W)

2.25 1357

9733

2399

17,700

6229

33,5422.00 1859 2975 7531

1.75 3186 4802 11,392

Conduction Losses of Transistors and Diodes (W)

2.25 6781

2236

7824

2241

7785

22052.00 6367 7490 7943

1.75 6736 6257 7905

Total Conduction Losses of Inductors (W)

2.25 1212

—

1242

—

887

—2.00 1131 1170 816

1.75 1065 1098 695

Total Power Losses of the Inverter (W)

2.25 9349

11,969

11,465

19,940

14,901

35,7472.00 9357 11,635 16,290

1.75 10,988 13,789 19,486

Efficiency (%)

2.25 99.19

98.97

99.01

98.30

98.72

96.992.00 99.19 99.00 98.60

1.75 99.05 98.82 98.33

The results presented in Table 4 are partially displayed in Figures 16 and 17. The
inverter efficiency changes for three switching frequencies and three coefficients kmax are
shown in Figure 18.



Energies 2021, 14, 2247 20 of 23

Figure 16. Total switching losses as a function of both the switching frequency and coefficient kmax

for the 1.2 MW inverter.

Figure 17. Comparison of the switching losses, conduction losses, and total power losses; switching
frequency: 7.68 kHz, kmax = 2.25.

Figure 18. Efficiencies for 1.2 MW inverters; kmax = 2.25.
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The 3LNPC inverter with the proposed solution achieved the highest efficiency for all
considered values of the coefficient kmax. However, for the lowest values of the switching
frequency, i.e., 1.92 kHz and coefficient kmax = 1.75, it is worth noting that the efficiency of
the 3LNPC inverter with the proposed solution was almost independent on the switching
frequency, whereas the efficiency of the hard switched inverter significantly decreased
with the increase in this frequency. The difference between efficiencies of both types of
mentioned inverters was approximately 2%.

The proposed soft-switching system allows increasing the efficiency for each assumed
coefficient kmax, despite the fact that transistors applied in the proposed solution should
have a higher rated voltage than transistors in inverters with hard-switching techniques;
this results in slightly higher conduction losses in the proposed solution. Even after
taking into account the losses in additional elements of the proposed solution, and the
higher conduction losses of the main transistors for a coefficient kmax = 1.75 and the lowest
assumed switching frequency of 1.92 kHz, the application of the proposed solution allows
reducing the total losses by approximately 8% compared to the hard-switched inverter. The
efficiency of inverters operating with the proposed solution increases with the switching
frequency; when this frequency is equal to 7.68 kHz, the use of the proposed solution
results in decreasing the overall inverter losses approximately 45.5% for kmax = 1.75, and
approximately 58% for kmax = 2.25 in comparison to the hard-switching method.

The 3LNPC inverters with soft-switching systems, presented in the literature over
the last 10 years, have the highest efficiency in the range from 92.0% to 98.3% [11,12,15,16];
however, the rated powers of these systems are from 2 to 20 kW and their structures signifi-
cantly vary with respect to the proposed solution. Therefore, it is difficult to compare the
efficiency of the described solution with other soft-switching systems, especially because
the parameters of the switches used today, e.g., voltage drops and switching times, are
more favourable than a few years ago. Moreover, these systems often have transformer
couplings inside soft-switching systems or between inverters and the load [10,11,13,16].
Significant inconveniencies of soft-switching systems proposed so far concern connections
between capacitors, inductors, and switches. In systems described in [10,13–16], capacitors
are connected in parallel to main switches. Note that in some low-rated power inverters,
parasitic capacitances of a given switch are used, but this refers to soft-switching systems
with MOSFETs [11–13]. In case of disturbances, a given switch may be turned ON when
the capacitor is not discharged; it can cause damage of the inverter. Disturbances in the
inverter operation may cause an uncontrolled turn-OFF of main switches which are con-
nected in series with transformer windings [10] or with a resistance-inductive load [11,12].
Additionally, due to different disturbances, an uncontrolled turn-OFF of auxiliary switches,
which are connected in series with inductors, may occur. In this case, overvoltage ap-
pears, which is generally dangerous for semiconductor elements. Notably, in the proposed
soft-switching solution, the mentioned dangers to the inverter operation do not occur.

The control system of the main switches of the proposed solution is essentially similar
to that of the inverter with hard-switching. The modification of the control system mainly
concerns the auxiliary switches; as a result, the control algorithm of the 3LNPC inverter is
relatively simple.

6. Conclusions

In the presented soft-switching system for three-phase 3LNPC voltage source inverters,
parallel connections of capacitors with main switches and series connections of inductors
with auxiliary switches do not exist. Therefore, there is no risk of damage to the switches by
a sudden capacitor discharge or by interruption of the current flowing through inductors; it
significantly increases the reliability of inverters with the described soft-switching solution.
It is worth emphasising that the auxiliary switches are controlled depending on the turn-ON
and turn-OFF signals of the main switches; this makes the control system relatively simple.
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The switching processes of all switches are soft, which leads to a significant reduction
in the switching losses. Consequently, the efficiency of the three-phase three-level inverter
is higher than the inverter operating with the hard-switching technique.

Note that the proposed soft-switching systems have certain limitations on the oper-
ation parameters, such as switching frequency, modulation depth factor; however, this
feature is related to all soft-switching solutions.
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