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Introduction
Squirrel-cage induction motors are very often used 

in electric drives due to their simple construction, reli-
ability and relatively low cost. In less demanding ap-
plications, where the angular velocity of the motor is 
not regulated or motor dynamics are not a priority, sca-
lar control methods are mainly used. In these control 
methods, the set parameters are the frequency and the 
effective value of the voltage supplying the motor. In 
the case of high dynamics of angular velocity, control 
and rapidly changing external load torque, the field-
oriented vector control becomes more appropriate [1-
5]. This solution allows direct control of the electro-
magnetic torque and magnetic flux of the motor.

Controlling the torque generated by a squirrel-cage 
induction motor is one of the important issues in elec-
tric drives. However, an equally significant problem 

is efficiency of drive systems. This efficiency depends 
not only on the induction motor but also on the voltage 
source inverter (VSI) supplying this motor. The VSIs 
are characterized by relatively efficiency, that ranges 
from about 94 to 99 %. Transistors, which are main el-
ements of the VSIs, are responsible for power losses 
first of all. These losses can be divided into conduc-
tion losses and switching losses. The switching loss-
es occur during the switching-on and switching-off of 
the inverter transistors. The share of these losses in 
the total balance depends on the switching frequency. 
The power losses also occur in the freewheeling di-
odes of transistors. The soft-switching systems cause 
a reduction of the voltage or current of the switched 
element to a value close to zero [6,7]. In the existing 
soft-switching systems, uncontrolled discharge of the 
capacitor connected in parallel to the main transistor 
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or interruption of the current of an inductor connected 
in series with an auxiliary transistor may occur.

Field-Oriented Vector Control
The vector control method, which is applied in 

drive systems with squirrel-cage induction motor, is 
widely known and well described [1-4]. Figure 1 shows 
an example structure of a field-oriented vector control 
system with signals rs

sxv , rs
syv  generated by the control 

system. These signals are transformed into phase com-
ponents rz

Uv , rz
Vv , rz

Wv . The set signals are the relative ro-
tor flux rs

rψ  and the rotor angular velocity rsω .
The set relative values of the rotor flux and angular 

velocities are introduced into the control system. Based 
on the measured actual angular velocity and the cal-
culated actual rotor flux, errors of these values are in-
troduced into the inputs of appropriate controllers. The 
rotor flux controller Rψ  generates an output signal of 
the set x-axis current, which is compared with the cal-
culated x-component of the actual stator current. The 
difference between these currents is introduced into the 
x-component input of the stator current controller R xi
. The output signal rs

Rxv  of this controller, after taking 
into account the decoupling voltage r

xe , constitutes the 
set x-component of the relative stator voltage rs

sxv . The 
output signal of the angular velocity controller Rω  re-
fers to the y-component of the set relative stator current 

r
syi . After taking into account the calculated actual val-

ue of this current component, the control error is intro-
duced in the input of the y-component of the stator cur-
rent controller R yi . The signal obtained at the output of 
this controller, after decoupling the calculated voltage 

r
ye , constitutes the set y-component of the relative sta-

tor voltage rs
syv . Both components of the set stator volt-

age are transformed into phase coordinates rz
Uv , rz

Vv , rz
Wv

, which control the operation of the VSI.

VSI with soft-switching system
One phase of the VSI with the proposed soft-

switching technique is shown in Figure 2 [8,9]. The 
capacitors C1, C2 reduce the steepness of the voltage 
increase in the main transistors T1, T2 during the turn-
off processes. The inductors L1b, L2b, which connect 
the main transistors to the load terminal A, limit the 
rate of current increase in these transistors during their 
turn-on processes. The resonant discharge current of 
the capacitors C1, C2 is limited by the inductors L1a, 
L2a, connected in series with the diodes D1z, D2z, 
respectively. The negative magnetic coupling M be-
tween the inductors helps to reduce the current of the 
inductors L1b, L2b to zero after they are turned off. 

Simplified waveforms of control signals and select-
ed voltages and currents in the VSI with the modified 
soft-switching system are shown in Figure 3.

The detailed description of the soft-switching of 
transistors and the selection of transistors and reactive 
elements are discussed in detail in [8]. These papers pre-
sent, among others, the waveforms of the voltages and 
currents of transistors during their switching in the VSI 
with the presented soft-switching system of transistors.

To verify the functionality of the described soft-
switching method, a three-phase laboratory VSI with 
the rated power of 10  kW was constructed. It uti-
lized an IGBT-type SKM100GB176D and a diode-
type DSEP30-12A. The inverter was supplied with 
a voltage of 400 V, and the permissible load current 
was 12 A. Measurements were conducted using a lab-
oratory inverter with a squirrel-cage induction motor 
(PN = 3 kW, VN = 230/400 V ∆/Y). The inverter oper-
ated with sinusoidal pulse width modulation.

Fig. 1. Structure of control system with field-oriented vector control of 
squirrel-cage induction motor

Fig. 2. One phase of soft-switching system in three-phase VSI; M repre-
sents a magnetic coupling
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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 soft-
switching system are shown in Figure  3. Analogous 
waveforms are depicted in Figure 4 during the regen-
erative braking of the induction motor.

In the VSI with the described soft-switching sys-
tem, capacitors are not connected in parallel with the 
main transistors or inductors in series with the aux-
iliary transistors. Consequently, capacitor discharges 
through the main transistors, and abrupt interruptions 
in the inductor currents are eliminated.

The soft-switching processes do not affect the 
shape of the phase-to-phase voltage or the phase volt-
age of the load, which is crucial for protecting the 
windings of the motor and insulation from exceeding 
their rated voltage.

Additionally, the control system is significantly 
simplified because the auxiliary transistors are con-
trolled by the same signal as the main transistors, en-
hancing the reliability of VSIs operating with the soft-
switching system. Laboratory tests confirmed that 
both the main and auxiliary transistors switched soft-
ly, significantly reducing the switching losses and im-
proving the efficiency of the VSIs.

Analysis of vector control of 
induction motor supplied by inverter 
with soft-switching technique

The use of soft-switching system is recommend-
ed for VSIs with a rated power of at least 1 MW, be-
cause then VSIs are built based on IGBTs. These in-
verters with lower power ratings are constructed using 
SiC-MOSFETs, which have shorter switching times 
compared to IGBTs. Therefore, such inverters can op-
erate at higher switching frequencies and with lower 
switching losses.

Control methods with the field vector orientation 
are already used in drive systems with a rated power 
of about a dozen or so kW. To show the possibilities 
and effects of the described soft-switching system in 
the vector control of an induction motor, the analy-
sis of the operation of the drive system with the vec-
tor control method was performed for a squirrel-cage 
induction motor with a rated power of 1 MW (model: 
Y2-500L2-6, VN = 660 V, IN = 1002 A, nN = 995 r/min, 
cosφN = 0.86, ηN = 96.8 %, J = 72.3 kgm2). In the line-
ar model of the squirrel-cage induction motor, only the 
fundamental harmonic of the magnetic field was tak-
en into account. It was assumed that the inverter was 
made on the basis of Insulated-gate bipolar transistors 
(IGBTs) type CM1500HC-90XA (4500  V, 1500 A). 

The conduction voltage drop of IGBTs, and processes 
related to their switching were considered. The capaci-
tors were modeled as ideal elements, having only ca-
pacitance. The winding resistance of the inductors was 
also taken into account. The parameters of the passive 
components for kmax = 2.0 were as follows: C = 3.9 µF, 
La = 5.1 µH, Lb = 2.2 µH, M = 2.2 µH; kmax denotes 
the ratio of the permissible voltage value on the main 
transistors and capacitors in relation to the supply volt-
age VDC. Numerical calculations were performed using 
Isspice software.

Fig. 3. Waveforms in two output-voltage periods while motor was sup-
plied: iT1 – current of transistor T1; iA and vA – phase current and volt-
age of induction motor, respectively; and vAB – phase-to-phase output 
voltage of inverter

Fig. 4. Waveforms in two output-voltage periods while motor was 
braked to provide energy to DC voltage source: iA and vA – phase cur-
rent and voltage of induction motor, respectively; and vAB – phase-to-
phase output voltage of inverter
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The analysis was performed for the case when the 
induction motor was supplied by a VSI with hard-
switching technique, and for the same operating con-
ditions, when this motor was supplied by the VSI with 
soft-switching technique. Attention was paid to the dy-
namics of the motor operation with the vector control, 
checking whether the supplying from a VSI with the 
soft-switching did not deteriorate the dynamic param-
eters. The efficiency of the VSI with both switching 
techniques of transistors was analyzed. The individual 
losses were determined as the integral of the product 
of the current and voltage on a given inverter element. 
A comparison of the higher harmonic content in the in-
duction motor currents was also made. The switching 
frequency was 4 kHz. For comparison, Figure 5 shows 
the voltage and current waveforms of the transistor T1 
with hard- and soft-switching technique, respectively.

It should be emphasized that the relatively short 
voltage increases on transistor T1 are not overvoltages, 
but the effect of the resonance processes related to the 
soft-switching of transistors. To ensure a soft turn-on 
process of the transistor T1, the voltage across capacitor 
C1 should be approximately twice as high as the supply 
voltage VDC. This condition is included when selecting 
transistors and capacitors. Note that drive systems with 
an induction motor with rated voltage above 6 kV often 
have a transformer between the VSI and the induction 
motor. Therefore, the VSI can operate at lower voltage.

Figure 6 shows results of numerical calculations 
regarding the dynamics of the squirrel-cage induction 
motor supplied by the VSI with the hard-switching 
technique. At the beginning, the magnetic flux was in-
duced in the motor to the assumed relative value of 1. 
The induction motor starts in 0.8 s to 1.8 s. In the time 
interval from 2.5 s to 3.0 s, the motor is loaded with the 
rated torque. At 3.5 s, the motor starts to reverse which 
lasts up to 5.5 s. In the range from 6 s to 6.5 s, the mo-
tor is loaded with the rated torque of the opposite sign.

The calculated factor of the Total Harmonic Dis-
tortion (THD) of the stator current for the motor sup-
plied by the inverter with hard-switching technique 
and loaded with a positive rated external torque is 
2.47%. For the induction motor operating under the 

a)

b)

Fig. 5. Waveforms of voltage and current of transistor T1 of the VSI 
with: a) hard-switching technique, b) soft-switching technique; vT1, iT1 – 
voltage and current of transistor T1, respectively, vT1a – voltage of tran-
sistor T1a, iC1, vC1 – current and voltage of capacitor C1, respectively, iL2a 
– current of inductor L2a

Fig. 6. Calculated waveforms of electrical and mechanical variables 
when the induction motor was supplied by VSI with hard-switching 
technique: vAB – phase to phase voltage, vA – phase voltage, iA –motor 
phase current, 

r
rψ  – relative rotor flux, Tm – load torque, Te – electro-

magnetic torque, ω – rotational velocity of the rotor
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same conditions and supplied by the VSI with the soft-
switching system, the stator current THD is 2.42 %. 
Both values are very close, and they are within the 
limits of accuracy. This indicates that the use of the 
proposed soft-switching system does not adversely af-
fect motor operation.

Table 1 shows the inverter efficiency for several 
load power values and three assumed values of the kmax.

The efficiency of the VSIs depends not only on the 
switching frequency but also on the switching tech-
nique of transistors. The efficiency of the 1 MW VSI 
with the soft-switching system is about 4  % higher 
than the efficiency of the VSI with the hard-switching 
technique at the rated load power. Notably that the ef-
ficiency of drive systems is the product of the efficien-
cy of both the inverter and induction motor.

Conclusions
Supplying squirrel-cage induction motors from 

voltage source inverters with the soft-switching tech-
nique does not degrade the dynamics of the motor. The 
speed changes are the same as when the induction mo-
tor was supplied by the inverter with the hard-switch-
ing technique. The drive system operates correctly for 
both directions of energy flow between the inverter 
and the induction motor.

The resonant processes concerning the soft-switch-
ing technique do not affect the shape of the voltage 
supplying the squirrel-cage induction motor. The con-
tent of the higher harmonics of the motor currents is 
similar to that which are generated by inverter with 
hard-switching system.

It is important to emphasize that the efficiency of 
inverter with soft-switching system can be approxi-
mately 4 % higher than that of the inverter with the 
hard-switching technique. As a result, using voltage 
source inverters with the soft-switching system can 
significantly lead to increased efficiency of the drive 
system.
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Table 1. Efficiency of the VSI with hard- and soft-switching technique; 
switching frequency 4 kHz

Switching 
technique 0.25PN [%] 0.5PN [%] 0.75PN [%] PN [%]

hard-switching 92.79 93.60 94.42 94.80

soft-switching
kmax = 1.5

95.18 97.03 97.84 98.29

soft-switching
kmax = 2.0

96.44 97.81 98.42 98.72

soft-switching
kmax = 2.5

97.31 92.22 98.69 98.95


