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Abstract. The energy saving potential of induction motor
drives is investigated. Two new aspects are identified, a
multilevel frequency inverter and the speed control with variable
rotor flux. Multilevel inverters with new wide-bandgap
semiconductors for low voltage electrical drives (<1000 V)
reduce power semiconductor losses, voltage transients at the
motor windings and harmonic losses in the cables. The power
semiconductor losses of a two-level and a three-level inverter are
compared. At 20 kHz switching frequency the losses of the three-
level inverter are 38 % lower compared to the two-level inverter.
Another efficiency improvement potential is the speed control
with variable rotor flux instead of commonly used constant flux.
The rotor flux for maximum efficiency depends on the actual
load and speed of the motor. The optimal rotor flux for maximum
motor efficiency can be pre-calculated for each load and speed
and implemented as reference value for rotor flux control in the
frequency inverter. The maximum efficiency improvement with
an 11 kW induction motor at small load reaches 35 % in motor
and 45 % in generator operation mode. An increase in efficiency
can be reached below 2/3 of rated torque in the whole speed
range from 10 to 100 Hz.
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1. Introduction

The energy efficiency of electrical drives is becoming

more and more important in the last years. The rapid
growth in world energy prices and consumption force the
electrical drive companies to develop energy recovering
and saving features for electrical drives systems. In
Germany, electrical drives have an energy saving potential
of about 27 TWh, which can be realised by high-efficiency
motors, speed control and energy recovery. An additional
part of about 2 TWh can be reached with induction motors
by a combination of multilevel inverter and variable rotor

flux control, which is the content of this paper.

Multilevel inverter topologies are well established for
medium voltage applications up to 10 kV. Dividing high
voltage into smaller voltage steps allows the use of 3,3 kV-
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IGBT also at 10 kV DC link voltage. The progress in
research and development of low-voltage power
semiconductors leads to the idea to extend the application
of multilevel inverters from the medium to the low
voltage range (<1000 V) [1]. In the low voltage range a
lot of optimised switches (IGBT, MOSFET) are available
[2], [3]. Therefore multilevel topologies could out-
perform the classical two-level inverter with fewer losses.

Another potential for efficiency improvement of
induction motor drives is the vector control with variable
rotor flux, if the operation point differs from the rated
operation (e.g. at partial load or low speed) [4], [5].
Conventionally, the induction machine is controlled with
constant rotor flux over the whole load and speed range.
This reduces the motor efficiency at partial load. The idea
is to pre-calculate the optimal rotor flux in order to
maximize the motor efficiency for each load torque and
speed.

2. Multilevel Inverter

The most popular topology for multilevel inverter is the
neutral-point-clamped (NPC) three-level voltage source
inverter, which is shown in Fig. 1.
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Fig. 1. Three-level NPC inverter
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This three-level inverter can be equipped with 600 V-
IGBT instead of 1200 V-IGBT, which are used for two-
level inverter. 600 V-IGBT have lower conduction and
switching losses, therefore the three-level inverter enables
an improvement of the inverter efficiency.

A.  Quality of output voltage and current

The first obvious advantage of three-level inverter is the
better quality of output voltage and current, which are

shown in Fig. 2 and 3 for a switching frequency of 4 kHz.

The voltage steps in the three-level inverter (Fig. 3) are the
half of the DC link voltage. Therefore the current ripples

of the three-level inverter are nearly halved in contrast to
the two-level inverter (Fig.2) at the same switching

frequency [7].
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Fig. 2. Output voltage (blue) and current (red) of a two-level
inverter at 4 kHz switching frequency
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Fig. 3. Output voltage (blue) and current (red) of a three-level
inverter at 4 kHz switching frequency

The ripples of output voltage and current can be quantified
by the total harmonic distortion content (THD). Fig. 4
compares the calculated THD content of two-level and
three-level inverter for different motor operation points
between rated load and low load. The THD of the output
current strongly depends on the switching frequency and
on the motor operation point. A critical situation for the
output current quality is low load torque. In this case the
three-level inverter also reduces the THD considerably.
For example, at 4 kHz inverter switching frequency the
reduction of THD amounts 64 %. This reduces the
harmonic power losses in the induction motor and in the
motor cable.
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B. Conduction and switching losses

The calculation of conduction and switching losses by

means of the following equations is commonly used by

the power semiconductor manufacturers. This method
uses a linear approach for the voltage drop in the IGBT
and the diode for the conduction losses. It is also

assumed that the switching losses linearly depend on the
current [7]. The equations only deliver good results for

sinusoidal currents.

1) Two-leve inverter

The conduction losses of one bridge leg can be calculated
by means of the following equations. It depend on the
motor current amplitude i the modulation index (m),
the phase anglé() and on the steady-state parameters of
the power semiconductor devices.
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For the switching losses of one bridge leg the
equations (3) and (4) can be used. The switching energies
Eonty Eotir and Egp depend on the DC link voltage and
the amplitude of the motor current. In general, a linear
dependence on the motor current is assumed.

ot (LU B (0, )

R/ 7&2_ Df |:EoffD ( )

®)
(4)

Ren =

2) Three-level inverter

The conduction losses of one bridge leg can be calculated
by means of the followmg equations [6].
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For the switching losses of one bridge leg the equations (9)
to (12) can be used. Each IGBT of the three-level inverter
is fired only during one half of the period. That means,

two-level and three-level inverters have the same number
of switching events. However, the switching energies of

the three-level inverter are lower and therefore the overall
switching losses.
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The calculation of conduction and switching losses was
done for 1200 V-IGBT (2L) and 600 V-IGBT (3L) with
the parameters in Table | [7]. The 600 V-IGBT is a special
module which is designed for three-level NPC inverters.
Additionally, the power losses are simulated by means of a
complete model of the drive system.

Table I. - IGBT parameters for calculation of conduction and
switching losses

Uceto fce Uro e Eont Eorrr Eotip

Vv mQ Y, mQ | mWs | mWs | mWs
2L 0,9 12 0,9 7 10 9 5,5
3L 0,7 6,5 0,9 4 2,7 5,9 2,4

The two methods for estimation of conduction and
switching losses (calculation, simulation) are applied to
different motor operation points (35 kW, 16 kW). The
results are shown in Fig. 5 and 6. The diagrams show the
total (conduction and switching) losses of one inverter leg
for the two-level and three-level inverter as a function of
switching frequency.

In general, the simulated losses are higher than the
calculated losses. At rated power (Fig. 5) the deviation is
smaller than 5 %. At 4 kHz inverter switching frequency
the losses of the two-level are nearly equal to the three-
level inverter (break-even). However at 20 kHz the power
semiconductor losses of the three-level inverter are 38 %
lower compared to the two-level inverter. The optimal
recommended switching frequency of three-level inverter
is between 16 kHz (above the audible frequency) and
30 kHz.
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At medium power (Fig.6) the difference between
simulated and calculated losses increases, but only for the
two-level inverter. In the three-level inverter the
deviation between simulation and calculation is also
small. At 20 kHz switching frequency the power
semiconductor losses of the three-level inverter are 48 %
lower compared to the two-level inverter.
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Fig. 5. Total losses per leg as a function of switching frequency
at rated motor torque
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3. Variablerotor flux control

The second part of energy saving is the variable rotor
flux control of induction motors. Conventionally, the
induction motor is controlled with constant rotor flux
over the whole load and speed range. At rated operation
point this leads to maximum efficiency, however constant
rotor flux reduces the motor efficiency at partial load.
The motor efficiency is based on the power losses, which
are shown in Fig. 7 for a self-cooled induction motor.
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Fig. 7. Power flow of a self -cooled induction motor
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A. Power losses calculation

The steady-state model is based on the well known

equivalent electric circuit of the induction machine

(Fig. 8). It contains the stator and rotor resistances
R,), the stator and rotor leakage inductancas, (L), the
main inductance (}) and the iron loss resistance-{R

R 2L,

27-[1 LZU

o *~—o
Fig. 8. Equivalent electric circuit of the induction machine

Some of these parameters are not constant. For instance,
the non-linearity of the main inductance as function of the

rotor flux (magnetizing curve) is shown in Fig. 9.
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Fig. 9. Main inductance as function of rotor flux and stator
frequency

For the calculation of the efficiency in the motor as well as
generator operation mode the following equations are used

R

[8], where My is the mechanical shaft torque. The

windage and friction losses are also included, which are

proportional to the square of the mechanical speed.

. L =L +
stator and rotor inductances: * " Lo (13)
L, =L, +L,
friction torque: M= @ (14)
mon
air gap torque: M, =M, +M, (15)
stator copper losses:
2
[\/5 L, I\/JJJ LATH M,
3z, L, ¥ 372, Re, 16
Rou = 3R, (19
LR B f Lt O
2(Ly Re.)
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rotor copper IossespvC =3R, ‘F 2M, a7
3z, LIJ
iron losses: P :i(n f, @0)2 (18)
R
mechanical speedy, - 60 f. |, _ R v | @9
z, 3mfz, W2 ¢

2
friction and windage Iosses:pVR =Pro (nJ (20)
n()

2nf,

air gap power: P = M, (22)
ZP
Nvoer = P, ~Rewe ~Rr
efficiency: P+ Rew * Ree (22)
”Generator = Pcr I?/Cul + I?/Fe
P, = Rew ~Rr

The power losses depend on the motor torque, the speed
and the rotor flux. Therefore, an optimum rotor flux with
which the efficiency has a maximum can be found for
any motor torque and speed.

B. Optimumrotor flux for maximum efficiency

The efficiency calculation is applied to an 11 kW high-
efficiency induction motor [7] with the following
nominal parameters for star connection:

Pv=11kW  R=1475milt  My=71,2 Nm

Uw =400V  |y=215A PF=0,82

For constant motor torque the rotor flux varies between
0,1 and 1,2Vs. The results are shown in Fig. 10 for
50 Hz motor frequency. Each curve for constant motor
torque has a maximum, which leads to the best efficiency
at this load. At rated load (70 Nm) the rated rotor flux

(0,96 Vs) leads to the maximum efficiency. However, at

low load the rotor flux has to be reduced in order to

improve the efficiency. For example at the motor torque
2 Nm, the efficiency can be improved from 41 % to 76 %

if the flux is reduced to 0,21 Vs.
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Fig. 10. Efficiency as a function of rotor flux for different
motor torques at 50 Hz motor frequency
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Starting from Fig. 10 all efficiency maxima are detected
and drawn into a 3D diagram as function of motor torque
and frequency (Fig. 11). The optimum rotor flux is a
monotone increasing function of the motor torque and
depends on the motor frequency. At higher motor
frequencies (>50 Hz) the motor operates in field-

weakening area and therefore the motor torque has to be

reduced. At low frequencies (10 Hz) the optimum rotor
flux can be even higher than the rated flux. This leads to
an efficiency improvement at high torque. In this case the
maximum efficiency occurs in the range of magnetic
saturation.
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Fig. 11. Optimum rotor flux as a function of motor torque and
frequency

C. Maximum efficiency operation

The following diagrams show the results for steady-state
operation of an 11 kW high-efficiency induction motor at
optimum rotor flux [8]. The maximum efficiency operation
is compared to the commonly used constant rotor flux
operation. The dots in the diagrams mark the
corresponding measurement results. Theff-curve
(difference between constant and optimum rotor flux) in
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Fig. 13. Power factor for constant and optimized rotor flux at
50 Hz stator frequency
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D. Space vector control with optimum rotor flux

The control principle for high dynamic requirements is
space vector control (Fig. 15). The 3D diagram in Fig. 11
is implemented as reference value for the rotor flux to
realize energy-efficient operation at any motor torque and
speed. The variable rotor flux affects the main inductance
and the rotor time constant. Therefore the parameters of
the flux and speed controllers have to be adapted to the

Fig. 12 shows a good accordance between calculation and variable flux continuously.

measurement. The efficiency can be improved in the range
below 2/3 of the rated load. The maximum improvement at
small motor torque reaches 35 % in motor and 45 % in
generator mode. The average value of the efficiency
improvement between no load and rated load is 4,5 % in
motor and 6,0 % in generator mode. Additional advantages
are the great increase in the power factor (Fig. 13) and the
reduction of stator current consumption (Fig. 14).
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Fig. 12. Efficiency for constant and optimized rotor flux at
50 Hz stator frequency
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The dynamic behaviour of the drive is shown in Fig. 16
and 17 for a typical industrial motion cycle. The speed
changes from stand-still to nominal speed and return. At
1,8 sec. the load changes from no load to nominal load
and at 2,6 sec. to 15 % of nominal load. Fig. 16 shows
the rotor flux @,g). At no load and small load the rotor

flux is reduced in contrast to the constant flux control
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mode. The reduced rotor flux causes lower total losses 4. Conclusion

(Fig. 17). However, changes in speed and load lead to

higher transient losses. Nevertheless, the performance of |n order to save energy with induction motor drives a
the drive is qUite gOOd. The rotor flux varies so that the combination of a new t0p0|ogy for the frequency inverter
motor is running at every time in the energy-efficient and the control with variable rotor flux is investigated.
mode. The dynamic behaviour during speed and load

variations has nearly the same quality as with constant The three-level frequency inverter can be equipped with

rotor flux. 600 V-IGBT instead of 1200 V-IGBT for the two-level
13 T T T T T . . . .
2] | | | | j inverter. The conduction and switching losses of the
pq | eccseraton [ noload [ ratedioad ] 15%matedioad [ slowdown ] three-level inverter are lower compared with the two-

104 level inverter. For example, at 20 kHz switching

frequency the power semiconductor losses at rated load
are 38 % lower and at medium load are 48 % lower.
Therefore, new wide-bandgap semiconductors (SiC,
GaN) with low blocking voltage have the potential to

reduce the conduction and switching losses in multilevel
inverters. This would lead to a reduction of cooling effort

and to smaller inverter size. Moreover, the sine filter at
the inverter output can be chosen smaller which is
00 05 10 15 20 25 30 35 40 45 accompanied by lower power losses inside the filter. The

Ei . el . application of multilevel inverters can make a contribu-
ig. 16. Dynamic performance of the rotor flux in the energy- . . - . . .
tion to efficiency improvement in electrical drives.

efficient control mode
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The variable rotor flux control has also a potential for
energy saving in induction motors. The optimum rotor
flux is load-dependent and has to be reduced at low load.
The energy saving potential is in the range from low to
medium load and in the whole speed range from 10 to
100 Hz motor frequency. The optimum rotor flux curve
can be used as reference value in the space vector
control. The commonly used space vector control has to
be extended by a variable rotor flux reference value and
adaptive flux and speed controllers. The dynamic
behaviour of the energy-efficient speed-controlled drive
T ' ' ' ' with variable rotor flux is quite excellent.

Fig. 17 Dynamic performance of the total losses in the energy-
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