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Abstract: The paper presents the analysis of different fault states in drive systems with multi-
phase induction motors. The mathematical models of a five-phase and six-phase induction
motor and the MRASCC estimator have been presented and the description of the Space
Vector Modulation has been shown. The Direct Field-Oriented Control (DFOC) system is
analyzed. Results of the simulation and experimental studies of the Direct Field-Oriented
Control systems in the fault conditions are presented. The author’s original contribution
includes analysis and studies of the DFOC control method of a five-phase induction motor
resistant to the motor speed sensor fault with the use of the MRASCC estimator.
Key words: Direct Field-Oriented Control method, Fault Tolerant Control, MRASCC esti-
mator, multi-phase squirrel-cage induction motor, sensorless drives, Voltage Source Inverter
faults

1. Introduction

Development of frequency converters provides the possibility of applications of induction
motors with the number of stator phases greater than three. The interest in the multi-phase
induction motors is caused by the reduction of the power per phase in comparison with the three-
phase induction motors, reducing the ripples of the electromagnetic torque, reducing the losses
caused by current higher harmonics in the DC link of the frequency converter and improved
reliability [1, 2, 5–10, 12–14]. The motors with the number of stator phases greater than three are
usually used in high power applications.

Nowadays the reliability of the drive systems is very important in industry and for this reason,
the fault tolerant control methods of the drive systems are developed [3, 4, 13, 14]. The higher
reliability of the drive systems can be achieved, for example, by the application of multi-phase
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induction motors and by the use of the estimators of motor control variables. The multi-phase
induction motors may be conditionally operated upon the failure of one or more stator phases. In
the drive systems, the motor speed sensor can be often damaged and in this case, the motor speed
signal should be replaced by the signal from a speed estimator.

This article presents the analysis of a five-phase and six-phase induction motor with Direct
Field-Oriented Control (DFOC) [6, 8, 11] during the occurrence of different fault states in drive
systems. For the drive system with a five-phase induction motor the encoder failure in the control
system has been analyzed. For the drive system with a six-phase induction motor, the failure
introduced by blocking of the control signals of a three-phase Voltage Source Inverter (VSI),
consisting of the part of the six-phase VSI has been analyzed. In the DFOC system with a five-
phase induction motor, the MRASCC estimator of the magnitude of the rotor flux vector and of
the motor speed has been used. The conventional estimator of the magnitude of the rotor flux
vector, based on the current motor model [11] has been used in the DFOC system with a six-phase
induction motor. It is assumed, that other controllers in the DFOC system are the PI controllers
for both considered types of multi-phase induction motors.

The simulation and experimental studies of the DFOC systems with multi-phase induction
motors have been carried out and the obtained results have been presented and discussed.

2. Mathematical model of multi-phase induction motor

The mathematical models of five-phase and six-phase squirrel-cage induction motors have
been formulated on the basis of commonly used simplifying assumptions: a multi-phase stator
and rotor windings are considered as concentrated, a motor magnetic circuit is linear, the effects
of eddy currents and iron losses are neglected, the values of parameters and variables of the
rotor winding are converted to the side of a stator winding [1, 2, 5–10, 12–14]. The analysis and
control of these types of motors in the stator and rotor phase coordinate system is quite difficult,
because the motor models are then described by the differential equations with the time dependent
coefficients. For this reason, the appropriate transformation of phase variables are used and the
models of multi-phase induction motors with constant coefficients are obtained. After applying
the transformation matrix [12]:
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(α = 2π/n is the electrical angle between the axes of the machine phase windings, n is the
number of the stator phases) to the stator and rotor equations, the original multi-phase system
can be decomposed into several decoupled systems: the stationary α−β coordinate system, the
additional coordinate system z1−z2 and the system of zero components (one zero component
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for a five-phase induction motor and two zero components for a six-phase induction motor). The
components in the α−β coordinate system can be transformed afterwards to the x−y coordinate
system, which rotates at arbitrary angular speed ωk [1, 2, 5–10, 12–14] after applying the
transformation matrix presented below:
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where: ϑk =
∫ t

0 ωk dt; ωk is the arbitrary angular speed of the coordinate system relative to the
stator.

The common general equations for the five-phase and six-phase induction motor after suitable
transformations take the following form [1, 2, 5–10, 12–14]:

– the voltage equations for the stator and rotor circuits, expressed in the rectangular x−y
coordinate system, which rotates relative to the stator at arbitrary angular speed ωk :

usx = Rs isx − ωkψsy + pψsx , (3)

usy = Rs isy + ωkψsx + pψsy , (4)

0 = Rr irx − (ωk − ωe)ψry + pψrx , (5)

0 = Rr iry + (ωk − ωe)ψrx + pψry , (6)

– the stator voltage equations, expressed in the additional coordinate system z1−z2:

usz1 = Rs isz1 + pψsz1 , (7)

usz2 = Rs isz2 + pψsz2 , (8)

– the equation of the motor electromagnetic torque:

Te =
n
2
· pb ·

Lm

Lr
·
(
ψrxisy − ψryisx

)
, (9)

where: usx , usy , usz1, usz2 represent the components of the stator voltage vectors; isx , isy , isz1,
isz2, irx , iry are the components of the stator and rotor current vectors; ψsx , ψsy , ψsz1, ψsz2, ψrx ,
ψry are the components of the stator and rotor flux linkage vectors; ωk is the arbitrary angular
speed of the coordinate system relative to the stator;ωe is the electrical angular speed of the rotor;
Te is the motor electromagnetic torque; Rs , Rr represent the stator and rotor phase resistance; Lm

is the motor magnetizing inductance; Lr is the rotor inductance; n is the number of stator phase
windings; pb is the number of motor pole pairs; p = d/dt is the derivative operator.

The variables considered in the coordinate system z1−z2 are not involved in the generation
of the electromagnetic torque, but they should be considered in the analysis, because they can
cause enlargement of the amplitude of the stator phase currents and power losses in the stator
windings. The zero components can be neglected in further analysis because in typical designs
of multi-phase induction motors with the phase winding connections in star, these components
are always equal to zero.
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3. Space vector modulation method

In the research presented in this article it was assumed, that the considered multi-phase
induction motors are supplied respectively by a two-level five-phase or six-phase Voltage Source
Inverter (VSI). The voltage space vectors generated by the five-phase VSI and by six-phase
VSI, expressed in the stationary system α−β, are presented, respectively, in Figure 1(a) and in
Figure 1(b).
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Fig. 1. Voltage space vectors generated in α−β coordinate system: (a) by five-phase VSI;
(b) by six-phase VSI

The methods of Space Vector Modulation for the five-phase and six-phase VSIs have been
based on the synthesis of the reference voltage vector by using the switching times of two long
voltage vectors from the same sector in which the reference voltage vector is located and by using
the switching times of two zero voltage vectors [1, 2, 5, 10].

As an example, the graphical interpretation of the applied SVM method for a five-phase VSI
has been presented in the Figure 2. For the case, when the reference voltage vector u s ref falls
into Sector 1 it can be synthesized by choosing two long voltage vectors: u 25, u 24 and by suitable
choosing two zero voltage vectors u 0 and u 31.

Fig. 2. The principle of space vector modulation for five-phase VSI
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For the case presented in Figure 2, when the reference voltage vector is situated in Sector 1,
the principle of a space vector modulation method can be described by the following equations:

u s ref · Ts = u 25 · t1 + u 24 · t2 + u 0 ·
t0

2
+ u 31 ·

t0

2
, (10)

t0 = Ts − t1 − t2 , (11)

where: t1, t2 are the switching times of long voltage vectors; t0 is the switching time of zero
voltage vectors; Ts is the switching period; ϑ is the angle position of the reference stator voltage
vector.

4. MRASCC estimator model

The MRASCC estimator [3, 4, 9] has been developed for the control systems with three-phase
induction motors. In this article MRAS control principles will be generalized to the control system
with a multi-phase induction motor. This estimator has been used to the reproduction of the speed
signal of the five-phase induction motor and the rotor flux vector in the DFOC control system
with the five-phase induction motor, resistant to the damage of the motor speed sensor. It is an
adaptive estimator in which the implemented reference model is the model of the induction motor.
The block scheme of the MRASCC estimator is presented in Figure 3 [3, 4, 9].

Fig. 3. The block scheme of the MRASCC estimator

The stator phase currents of the five-phase induction motor are measured and the components
of the stator current vector in the α−β coordinate system are afterwards determined. These
components are compared to the components reproduced by using the stator current-voltage
model of the motor [3, 4, 9, 11]. The rotor flux vector estimator [11] is tuned by the angular speed
signal of the rotor of the induction motor, determined by the adaptation algorithm. The estimator



822 J.J. Listwan Arch. Elect. Eng.

of the stator current vector can be obtained with using the voltage model and the current model
of the rotor flux estimator [3, 4, 9, 11]. The operation of the estimator of the stator current vector
depends on the values: components of a stator voltage vector, components of a rotor flux vector
and the rotor angular speed.

The rotor-flux model of the motor is described by the following equations [3, 4, 9, 11]:
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The stator-current model of the motor is described by the following equations [3, 4, 9, 11]:
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where: iest
sα, iest

sβ are the estimated values of the components of the stator phase current vector in
the α−β coordinate system; Ls is the stator inductance; σ = 1 − L2

m/LsLr is the total leakage
factor; ψest

rα, ψest
rβ are the estimated values of the components of the rotor flux vector in the α−β

coordinate system; ωest
e is the estimated value of the angular electrical motor speed.

The errors between the estimated stator current values and the measured values are used in
the motor speed reproduction algorithm, which can be defined as follows [3, 4, 9]:

ωest
e = Kp ·

(
eisα · ψrβ − eisβ · ψrα

)
+

1
Ti

∫ (
eisα · ψrβ − eisβ · ψrα

)
dt, (14)

where: eisα = isα − iest
sα, eisβ = isβ − iest

sβ represent the errors between the measured and estimated
values of the components of the stator current vector in the α−β coordinate system; Kp , Ti are
the coefficients of the proportional and integral parts of the PI controller.

5. Direct field-oriented control systems

In this article the two faults states have been analyzed for chosen two types of the multi-phase
induction motors and for the two different DFOC systems [8, 11].

As Fault State 1, the operation of the DFOC with a six-phase induction motor during oc-
currence of the fault state consisting in blocking the control of the three-phase Voltage Source
Inverter, constituting the component part of the six-phase Voltage Source Inverter was analyzed.
As a consequence of this emergency condition, only three phases of the stator windings of the
six-phase induction motor are supplied.

As Fault State 2, the damage of the speed sensor of the five-phase induction motor with the
DFOC system and MRASCC estimator [3, 4] was analyzed.



Vol. 68 (2019) Analysis of fault states in drive systems with multi-phase induction motors 823

The block diagram of the DFOC system with a five-phase induction motor is shown in Figure 4
and with a six-phase induction motor is shown in Figure 5. In order to implement the DFOC
control system of the multi-phase induction motor, the estimator of the instantaneous magnitude
and the angle of the rotor flux vector must be used. In the fault tolerant control drives also the
motor speed estimator must be applied. The estimator of the magnitude of the rotor flux vector
based on the current model of the motor [11] has been used in the DFOC system with a six-phase
induction motor and the MRASCC estimator of the magnitude of the rotor flux vector and the
motor speed has been used in the DFOC system with a five-phase induction motor.

Fig. 4. The control system of five-phase induction motor with Direct Field-Oriented Control
and MRAS estimator

The DFOC control schemes for analyzed multi-phase induction motors consist of four control
loops. The first outer control loop regulates the motor mechanical speed ωm and the second
outer control loop regulates the magnitude of the rotor flux vector ψr . The x component of the
stator current vector, responsible for the rotor flux control is determined by the PI controller of
magnitude of the rotor flux vector and the y component of the stator current vector, responsible for
electromagnetic torque control is determined by the PI speed controller. The both inner control
loops with PI controllers regulate values of the x and y components of the stator current vector.
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Fig. 5. The control system of six-phase induction motor with Direct Field-Oriented Control

The output control signals from these controllers determine the reference components u∗sx and
u∗sy of the stator voltage vector. These values are transformed to the stationary α−β coordinate
system and given next to the Space Vector Modulator (SVM), which sets the switching states
of the multi-phase VSI. In order to improve the dynamical properties of the drive systems, the
decoupling blocks have been also applied in the control systems [11].

6. Experimental and simulation results

The first presented results refer to the operating state of the six-phase induction motor with
a control lock of a three-phase VSI which forms a six-phase VSI (Fault State 1). These fault
state has been analyzed by experimental studies. The experimental research was carried out
using the specially designed and built laboratory set-up. The photo of the drive system with a
six-phase induction motor with the specification of the system components is shown in Figure 6.
The experimental system consists of a six-phase squirrel-cage induction motor with a slip-ring
induction motor used as the load machine, a six-phase VSI consisting of two three-phase VSIs,
a measuring system with LEM-type sensors and an incremental encoder, a PC computer with
Control Desk Software and with the dSpace 1104 Processor card. The control boards that change
signals from the processor to the signals transmitted through optical fibers are also applied in
the experimental set-up. The three-phase VSIs are able to run independently and this advantage
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has been used during the experimental research. The experimental studies were carried out for
a 6-phase squirrel-cage induction motor with the following data and parameters: PN = 1.5 kW,
UfN = 230 V, fN = 50 Hz, pb = 2, Rs = 7.8 Ω, Rr = 11 Ω, Lls = Llr = 0.06 H, Lm = 0.75 H.

Fig. 6. The photo of the laboratory set-up with six-phase induction motor

The operation of the DFOC with a six-phase induction motor was analyzed for the case of
failure, caused by a blocking control signal in the system of one three-phase VSI and the resulting
lack of operation of this inverter. It was assumed that this fault condition occurred while the
induction motor was running at a constant speed and was previously fed with a symmetrical
system of phase voltages. The induction motor was not loaded during this test. The fault state
occurred in the time t = 2.1 s.

Figure 7 shows the waveforms of the reference and measured mechanical speed of the six-
phase induction motor for DFOC control system at Fault State 1.

Fig. 7. The experimental waveforms of speeds of the six-phase induction motor for DFOC at Fault State 1
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The results of these experimental studies indicate that the occurrence of the considered fault
state had no effect on the accuracy of the motor speed control for the analyzed control method.
The trajectories of the reference and measured motor speed coincide with high accuracy.

The experimental waveform of the motor electromagnetic torque of the six-phase induction
motor for DFOC at Fault State 1 is presented in Figure 8. The analyzed control method ensures
proper control of the motor electromagnetic torque during the control system operation at nominal
conditions and after the three-phase VSI control lockout.

Fig. 8. The experimental waveform of the electromagnetic torque of the six-phase induction motor
for DFOC at Fault State 1

The experimental waveforms of the stator phase currents for the DFOC at Fault State 1 have
been presented in Figure 9.

Fig. 9. The experimental waveforms of the stator phase currents of the six-phase induction motor
for DFOC at Fault State 1

The time moment of the occurrence of the analyzed fault state is clearly visible in Figure 9.
For the analyzed control method after the failure of the control system of the three-phase VSI,
the amplitudes of the stator phase currents in the three active phases increased twice, while in the
remaining three phases, the phase currents of the six-phase induction motor were zero.

Figure 10 shows the trajectory of the estimated rotor flux vector of the six-phase induction
motor for the DFOC at Fault State 1. It can be observed that the rotor flux vector has been
regulated correctly at the rated value when the induction motor was powered from an efficient
converter system and when the motor is supplied from a single three-phase VSI.
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Fig. 10. Trajectory of the estimated rotor flux vector of the
six-phase induction motor for DFOC at Fault State 1

Below the analysis of the encoder failure for the DFOC system with a five-phase induction
motor has been presented (Fault State 2). The simulation studies have been carried out for the five-
phase squirrel-cage induction motor with the parameters: PN = 3 kW, UfN = 230 V, fN = 50 Hz,
pb = 2, Rs = 7.48 Ω, Rr = 3.68 Ω, Lls = Llr = 0.0221 H, Lm = 0.411 H. The absence of the
measured signal from the encoder was analyzed. The fault state of the encoder has been simulated
during the start-up of the five-phase induction motor. The drive system, resistant to the motor
speed sensor fault, has been analyzed. After the occurrence of the failure condition of the motor
speed sensor, the simulated (considered as measured) speed signal from the speed sensor has
been replaced by the estimated speed signal obtained from the MRASCC estimator.

In Figure 11 the waveforms of the reference speed (black color), simulated speed (blue color)
and estimated speed (green color) of the five-phase induction motor for the DFOC at Fault State 2
have been presented.

Fig. 11. The simulation waveforms of speeds of the five-phase induction motor for DFOC at Fault State 2
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On the basis of the analysis of the presented simulation results, it can be stated that the DFOC
system ensures precise control of the five-phase induction motor speed before the failure of the
speed sensor. The proper operation is obtained also after the sensor failure, when the control
system is switched to sensorless speed control. After the failure of the encoder, the immediate
decrease of the motor simulated speed reduced to the zero value occurs. The moment of switching
to sensorless speed control is not visible in the waveform of the estimated motor speed.

Figure 12 shows the waveforms of the load torque and the electromagnetic torque of the
five-phase induction motor for the DFOC at Fault State 2.

Fig. 12. The simulation waveforms of load torque and electromagnetic torque of the five-phase induction
motor for DFOC at Fault State 2

The DFOC control method ensures precise control of the motor electromagnetic torque.
The precise regulation of this motor variable occurs when the drive system is working with the
measurement of the motor mechanical speed and after the failure of the speed sensor and while
working with the estimation of speed by the MRASCC estimator.

The waveforms of the y component of the stator current vector of the five-phase induction
motor for the DFOC at Fault State 2 have been shown in Figure 13.

Fig. 13. The simulation waveforms of the y component of the stator current vector of the five-phase induction
motor for DFOC at Fault State 2

The considered DFOC method ensures the exact regulation of the analyzed variable of the
five-phase induction motor. The exact regulation of this variable of the motor occurs in the same
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way as in the electromagnetic torque when the drive system is working with the measurement
of the mechanical speed and after the failure of the speed sensor and while working with the
estimation of speed by the MRASCC estimator.

The waveforms of the stator phases currents of the five-phase induction motor have been
presented in Figure 14(a) and the waveforms of the reference and estimated magnitude of the
rotor flux vector of the five-phase induction motor for the analyzed DFOC control system have
been presented in Figure 14(b).

(a) (b)

Fig. 14. The simulation waveforms: (a) the stator phase currents of the five-phase induction motor for DFOC
at Fault State 2; (b) the waveforms of the reference and estimated magnitude of the rotor flux vector of the

five-phase induction motor for DFOC at Fault State 2

The moment of the motor speed sensor failure and the change of the control system to
sensorless speed control are not visible in the stator phase currents. The magnitude of the rotor
flux vector is regulated by the control system at the given rated value and the oscillations are not
visible during every tested states of the drive system.

7. Conclusions

The mathematical model of a five-phase induction motor, six-phase induction motor, MRASCC

estimator and the Space Vector Modulation have been presented. In the Space Vector Modula-
tion method for five-phase and six-phase VSIs, long and zero voltage vectors have been used.
DFOC systems with a five-phase induction motor and with six-phase induction motor have been
analyzed.

Two types of faults in drive systems with multi-phase induction motors have been analyzed.
Fault State 1, consisting in blocking of the control of a three-phase VSI and Fault State 2 consisting
in the damage of the speed sensor, have been chosen to the analysis.

The failure of the power electronics control system did not affect the proper operation of the
six-phase induction motor at a given trajectory of the motor speed. According to the simulation
results for the DFOC with a five-phase induction motor with fault condition of the speed sensor, it
can be stated, that the DFOC control system, resistant to the encoder damage, allowed for precise
regulation of the five-phase induction motor variables during the presented states of the drive
system.
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