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Abstract. The article presents a slip compensation method for traditional scalar (V/f) control of a five-phase induction motor. The proposed
control method uses the possibility of injecting the third harmonic of voltage to increase the motor’s electromagnetic torque. The solution is
characterized by both the simplicity of scalar control and improved speed control efficiency. The paper presents the PLECS simulation results
and describes the laboratory tests that were conducted. The several scenarios were performed with dedicated and self developed algorithm in a

laboratory stand using a 5-phase induction motor.
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1. INTRODUCTION

In light of the global energy crisis, it is becoming increasingly
clear that there is a need for more energy-efficient electromag-
netic conversion systems. In order to address the challenges
posed by global and local pollution, the depletion of fossil fu-
els, and higher gas prices, it would be beneficial to consider
ambitious plans for new residential and industrial appliances
and machines with less energy consumption [1-6]. Conse-
quently, researchers are currently concentrating their efforts on
the development of devices with enhanced energy efficiency
and a minimal carbon footprint.

Due to their cost-effectiveness and robust construction, in-
duction motors are utilised extensively in both industrial and
domestic settings [7]. One of the primary advantages of the in-
duction motor is its mechanical simplicity, which contributes
to its widespread applicability.

The development of multiphase machines is common in a
range of fields related to motors and generators [8—11]. Multi-
phase electric drives are the focus of research for the improve-
ment of industrial technologies such as fans and pumps. In ad-
dition, there is an opportunity to increase the number of phases
by increasing the number of legs with the advent and flexible
use of high-power semiconductor devices in inverter drives for
power applications [12, 13]. In general, the multi-phase ma-
chine has several advantages over the classical three-phase ma-
chine. These include less torque ripple, greater fault tolerance,
higher torque density, reduction of switches used in the inverter
legs (lower current per phase for the same phase voltage and
power), improved noise characteristics, and flat torque [14].
However, the main disadvantages of five phase machines are
higher switching losses and more complex control algorithms
due to the higher number of phases.

This induction machine is a significant competitor to the
three-phase induction motor due to the possibility of torque
increase through third harmonic injection combined with high
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Fig. 1. Schematic diagram of the drive system with five-phase induction
motor

robustness. In five-phase drives, torque can be improved by
injecting the [15, 16].

Moreover, the control system allows the 1* and 3 stator

voltage harmonic components to be controlled independently.
Therefore, two synchronised voltage sources for stator voltage
component Usq, Usg , Usx, Usy generation for each mathematical
plane in orthogonal frames are required to implement a 3rd
harmonic injection drive.
This paper introduces and elaborates on the slip compensation
method for traditional scalar (V/f) control of a induction motor.
The focus is on the five-phase induction motor drive, with its
general structure showcased in Fig. 1. Furthermore, this mod-
ification of scalar control method is new and it has been devel-
oped from a classical three-phase system and implemented for
modern five-phase drives.

2. MODEL OF FIVE-PHASE INDUCTION MOTOR

In this system, a five-phase induction motor is used. Gener-
ally, a five-phase induction motor can be represented as two
independent virtual machines supplied by a single five-phase
voltage or current source. The presented solution uses a five-
phase voltage inverter, which can be considered a fully regu-
lated five-phase power source. A common drive shaft physi-
cally connects these machines.

Based on the classical model of a three-phase induction ma-
chine in steady states [17] was used to determine the five-phase
model. Some assumption has been made. It has been assumed
that only the fundamental harmonic of the motor supply volt-
age is responsible for the average electromagnetic torque of
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Fig. 2. Schematic diagram of the drive system with five-phase induction
motor

the motor. This assumption was based on the observation that
the rotating magnetic field from the higher rotating harmonic
of the motor voltage has a very high speed. Furthermore, it
has been assumed that all electrical energy losses occurring in
the rotor from higher rotating harmonics are dissipated as ther-
mal energy within the rotor cage. It should be noted that some
losses are converted to heat in the rotor core by eddy currents;
however, this has been neglected to simplify the model. A re-
view of the literature reveals that third harmonic injection in a
multi-phase system has the potential to reduce overall losses.
In instances where higher torque demands are placed upon the
system, the third harmonic field serves to mitigate the effects
of iron saturation that would otherwise be caused by the basic
field. This results in a reduction of overall losses. The com-
bined influence of the basic field and the third harmonic field
enables a modest reduction in losses, amounting to approxi-
mately 3-10%. Careful design and analysis are required to en-
sure that the benefits of third harmonic injection are realized
in a five-phase induction motor. The 5-phase induction motor
system could be represented as two machines with phase trans-
positions that are independent of each other, as mentioned ear-
lier. The equivalent circuits of the five-phase induction motor
in the two orthogonal mathematical planes are shown in Fig. 2.
Based on the simplified assumptions for the fixed orthogonal
plane on the stator side [18], the model of the induction motor
can be described as follows [19]:

(@)
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where ‘P§i),i2i),u1(i) and ¥,;),i,(;) and ‘Pﬁi),iz(i),uz(i) are

the stator and rotor space vectors of magnetic fluxes, circuit
currents and voltage for each mathematical plane, respectively.
The superscript (i = 1..2) defines the sets of state variable equa-
tions for two independent mathematical planes of state vari-
ables 1 and 2. Assuming that @, = ®;; for the first mathemat-
ical planes and w, = wj; for the second machine and orienting
stator fluxes accordingly with the d-axis at each plane is easy
to write as follows:

For first virtual motor (1% plane)

v = e =0 (©)
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For second virtual motor (2"¢ plane)
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where @y, and @ are a synchronous speeds for a each
planes. In the scalar method of controlling an induction mo-
tor, the dependencies of the control variables are based on the
machine’s equations in a steady state as follows:
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The modules of the stator voltage vectors ugl) and u§2), for

both mathematical planes in the steady state have the form:
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Assuming that the value of the stator winding R§1>,R§ ,
resistance measured on both the first and second mathematical
planes can be neglected for a higher power supply frequency
value due to the stator reactance’s high value.

(11)
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The nominal flux value in relative units is one for the flux
of the first machine and a value of 0.2 pu for the flux of the
second machine, which corresponds from O to 30 percent, the

nominal value of the ‘I’gl)

)

voltage amplitude u; ' and frequency fs for each mathematical
plane (i) can be taken as:

(12)

13)

flux of the V/f relationship between

el =1, ) = el (14)
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The control system used to utilise the 3"/ harmonic injection
is well described in literature [20-24]. Orthogonal plane that
rotates three times faster and in the opposite direction of the
fundamental is required to take advantage of the 3’ harmonic.

3. CONTROL SYSTEM

In general, the slip speed of induction motors is defined as
the difference between the synchronous angular speed and the
rotor angular speed. The principle of this control algorithm
for 5-phase systems is basically the same as for 3-phase sys-
tems [19]. It has implemented two independent subsystems
in voltage modulation. To obtain the quasi-rectangular rotor
flux distribution, the third harmonic must be injected. There-
fore, fully independent control of the 1* and 3’¢ harmonics
requires a separate control system for the 1 and 2"¢ mathe-
matical planes. In order to obtain the desired quasi-rectangular
resultant rotor flux distribution, the stator voltages components
on the 1* and 2" planes must be generated while maintain-
ing synchronization with each other. This is possible due to
the very flexible, fast and accurate operation of the voltage in-
verter. In five-phase machines, the coil shift is 72 degrees due
to the number of phases. In properly adapted five-phase in-
duction motors, increasing the saturation of the magnetic cir-
cuit can increase the rated electromagnetic torque by up to
12 [25,26]. This is done by injecting a third harmonic into
the stator supply voltage to change the shape of the flux to a
quasi-rectangular one.

The drive control system’s operation is based on the clas-
sic solution with a slip compensation algorithm for drives with
three-phase induction motors. In the presented control sys-
tem, the motor feature in a five-phase configuration was used,
allowing smooth, independent injection of the third harmonic
into the fundamental stator supply voltage (Fig. 4). This allows
you to generate an additional value of electromagnetic driving
torque, allowing slip compensation in cases of high motor load.

The |is,| parameter corresponds to the stator current value
for the motor without braking torque load. If the current can-
not be measured, a conventional value of 40-50% of the rated
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Fig. 4. Schematic diagram of the drive system with five-phase induction
motor

motor current can be assumed. It is worth mentioning that in-
correct slip compensation settings can lead to a higher DC-link
voltage or instability of drive work.

The 6 coefficient is selected to obtain stiff mechanical char-
acteristics of the drive and depends strictly on the motor’s de-
sign and, more precisely, air gap field distribution [27-29]. The
value of the A coefficient determines the amount of magnetic
flux deformation caused by the additional 3’¢ voltage harmonic
added to the motor supply fundamental voltage [14, 30, 31].
However, this section presents the authors’ contribution to the
slip compensation technique in the five-phase machine. The
five-phase induction motor model is basically the same as the
three-phase induction motor approach, but implemented for
two independent subsystems. The drive system has been im-
plemented on the simulation platform for power electronic and
electric drive systems simulation PLECS. Fig. 3 shows the
structure of the system model. The operation of the electric
drive was simulated using different cases of the slip compen-
sation algorithm. Fig. 5 shows a selected result of changes in
the dynamics of the drive system with slip compensation at the
rated motor speed. At time ¢#1, the motor was loaded with brak-
ing torque, and then at time ¢, the slip compensation algorithm
was started. The algorithm’s operation forced an additional in-
crease in the voltage value of the first harmonic and injection
of the third harmonic of the stator supply voltage components
(usa, ugp). As aresult, the instantaneous value of the stator cur-
rent increased, which can be seen by increasing the length of
the vector modules of the first |is;;| and third |is3;| harmonic
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of the current. The algorithm’s operation reduced the motor
slip by a value equal to 0.02. The simulation results illustrate
the significant potential of motor slip compensation using an
additional third harmonic in the stator supply voltage. The fol-
lowing section describes in detail the results of synthetic labo-
ratory tests.
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Fig. 5. The simulation of the 5-phase induction motor dynamic with slip
compensation.

The parameters of the 5-phase induction motor for the first
and second mathematical planes are presented in Appendix in
Table I.

4. LABORATORY TESTS

Laboratory tests were divided into few parts. The first part
investigated the effect of the harmonic injection amplitude on
the change in the motor slip value depending on the load value
and low speed 0.3pu. The second part presents the effect of the
harmonic injection amplitude on speed of 0.7pu. Finally, the
simultaneous load switching and harmonics injection has been
the subject of investigation.

To further verify the accuracy of the proposed method, ex-
periments were conducted on the platform constructed in the
laboratory. The PWM modulator utilizes the calculated phase
voltages to generate PWM signals for a five-phase voltage
source inverter. The inverter, which supplies power to the
motor, generates sinusoidal, balanced voltages. The drive in-
creases its output voltage to the maximum output voltage as
a function of the DC link voltage and output frequency only
when the maximum output voltage is reached. To validate the
proposed control method, the dedicated algorithm was imple-
mented using a developed five-phase inverter.
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Fig. 6. Injection of 3" harmonic for non-load motor with 10% (left) and
30% (right) of 3" harmonic value. Motor speed is 0.3pu..

The initial laboratory test was performed with a non-load
motor, 0.3pu of motor speed and the injection of a 10% and
30% of 3’ harmonic value. The operation with the third har-
monic injection presents a significant challenge due to the ne-
cessity of synchronizing with the fundamental. Moreover, it is
possible to operate at a reduced speed with a third harmonic
injection, and the resulting rotor flux distribution remains con-
sistent throughout the duration of the test. As illustrated in
Fig. 6, incorporating in time (#) the 10% third harmonic does
not influence the slip, whereas the minimum impact of the
third harmonic is 30% of the third harmonic, where o and
Usspe are voltage components for 1¥ and 3" harmonics, and
Usq 18 voltage component treated as a sum of 1 and 3 voltage
components, i, is stator phase current. Nevertheless, the in-
jection of the third harmonic of 30% value when the motor is
under load has improved slip compensation by approximately
10% (Fig. 7).

To more clearly demonstrate the slip compensation associ-
ated with the injection of the third harmonic, a series of steps
was conducted. The Fig. 8 shows the test when a step load
is switched on (#;) and then the third harmonic of 30% value
is injected (7). Enhancements in slip compensation are dis-
cernible. The Fig. 11 shows the time waveform of selected
phase currents in injecting the 3" harmonic of voltage into
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Fig. 7. Injection of 3" harmonic for load motor with 10% and 30% of
31 harmonic value. Motor speed is 0.3pu.

the fundamental motor supply voltage registered in the oscillo-
scope Tektronix MSO46. The current waveform before time #{
correspond to the motor operating at a slip of 0.97. Activation

on the third harmonic of the voltage reduced the slip value to
0.98.

4 Time [s]

Fig. 8. Step load motor and 3’ harmonic injection test.

The next part of laboratory tests was performed with 0.7pu
of motor speed and under the load (Fig. 9). As in the previous
test, the third harmonic of 30% was injected at time #;. The
time waveforms show the slip, the components of the voltage
vectors in the alpha axis for the first u 5 and second uggq
mathematical planes, respectively, and the sum of the voltage
components iy in the alpha axis in the stationary reference
frame connected with the stator. The slip compensation is im-
proved. However, compared to the speed of 0.3 pu, the com-
pensation is not as significant as expected despite the same load
value. It is evident that enhancements in slip compensation are
occurring. However, in comparison with 0.3pu of speed, the
compensation is not as significant as would be expected de-
spite the same load value.
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Fig. 10. Simultaneous injection of the 1* and 3™ harmonics under a
motor step load.

Finally, the investigation of the simultaneous injection of the
1*" and 3’¢ harmonics under the motor step load has now been
tested and the results are presented (Fig. 10). In 71 the load is
applied, in 1, the injection on 1* harmonic of 10% of funda-
mental and in 3 the injection on 3¢ harmonic 30%. As has
been expected the overall slip has been almost reduced (im-
proved).

5. CONCLUSIONS

The paper presented a modified classic slip compensation
method for scalar (V/f) control for a five-phase induction mo-
tor using a third voltage harmonic injection. This open-loop
scalar drive control method allows the five-phase motor to be
controlled only in the drive’s steady state. The selection of
the 6 and A coefficients in the control system structure depend
strongly on the air gap magnetic flux distribution assumed at
the machine’s design stage. Therefore, for the purposes of con-
ducting laboratory tests with a particular prototype of a five-
phase motor, these values were selected on the basis of experi-
mental evidence.

The paper presents the simulation results and describes the
laboratory tests that were conducted. The several scenarios
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Fig. 11. Stator currents time waveforms during the step load and third harmonic injection tests.

were performed in a laboratory stand using a 5-phase induction
motor. As has been predicted the injection of the 1 and espe-
cially 3¢ harmonics has resulted in a reduction in slip. The
degree of slip was compensated for by a factor of 5% to 10%,
contingent upon the specific test. Nevertheless, the profitabil-
ity of this approach is contingent upon certain circumstances,
as the injection of harmonics is not a universal solution. At
lower speeds, there is the potential for markedly superior re-
sults to be achieved. Moreover, this solution is more benefi-
cial when the motor is loaded with a torque close to the rated
torque. The injection of a third harmonic into the stator volt-
age allows for a wider utilization of the stator magnetic circuit.
This is achieved through the incorporation of a 2" plane that
synchronizes the stator flux. However, when using this solu-
tion, it is essential to consider the increase in losses in the mo-
tor’s magnetic circuit due to the presence of strongly distorted
currents.
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APPENDIX

Table 1 presents the parameters of the prototype of a 5-phase
induction motor used for laboratory tests. Fig. 12 shows a
configuration of the laboratory setup with the analysed 5-phase
motor coupled with three 3-phase load motors. The prototype
of a 5-phase voltage source inverter supplies the analysed 5-
phase induction motor in an electric drive shaft.

Fig. 12. Laboratory stand with 5-phases induction motor (left) and in-
duction motor emulated the load (right).
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