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Abstract

Multiphase machines have been recognized in the last few years like an attractive alterna-
tive to conventional three-phase ones. This is due to their usefulness in a niche of applica-
tions where the reduction in the total power per phase and, mainly, the high overall
system reliability and the ability of using the multiphase machine in faulty conditions are
required. Electric vehicle and railway traction, all-electric ships, more-electric aircraft or
wind power generation systems are examples of up-to-date real applications using multi-
phase machines, most of them taking advantage of the ability of continuing the operation
in faulty conditions. Between the available multiphase machines, symmetrical five-phase
induction machines are probably one of the most frequently considered multiphase ma-
chines in recent research. However, other multiphase machines have also been used in
the last few years due to the development of more powerful microprocessors. This chap-
ter analyzes the behavior of generic n-phase machines (being n any odd number higher
than 3) in faulty operation (considering the most common faulty operation, i.e. the open-
phase fault). The obtained results will be then particularized to the 5-phase case, where
some simulation and experimental results will be presented to show the behavior of the
entire system in healthy and faulty conditions. The chapter will be organized as follows:
First, the different faults in a multiphase machine are analyzed. Fault conditions are de-
tailed and explained, and the interest of a multiphase machine in the management of
faults is stated. The effect of the open-phase fault operation in the machine model is then
studied. A generic n-phase machine is considered, being n any odd number greater than
three. The analysis is afterwards particularized to the 5-phase machine, where the open-
phase fault condition is managed using different control methods and the obtained re-
sults are compared. Finally, the conclusions are presented in the last section of the
chapter.

Keywords: Multiphase drives, Fault-tolerance, Predictive control techniques, Resonant
controllers
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1. Introduction

Multiphase machines have been recognized in the last few years as an attractive alternative to
conventional three-phase ones. This is due to their usefulness in a niche of applications where
the reduction in the total power per phase and, the high overall system reliability and the
ability of using the multiphase machine in faulty conditions are required. Electric vehicle and
railway traction, all-electric ships, more-electric aircraft or wind power generation systems are
examples of up-to-date real applications using multiphase machines, most of them taking
advantage of the ability of continuing the operation in faulty conditions. Among the available
multiphase machines, symmetrical five-phase induction machines are probably one of the
most frequently considered multiphase machines in recent research. However, other multi-
phase machines have also been used in the last few years due to the development of more
powerful microprocessors. This chapter analyzes the behavior of generic n-phase machines
(n being any odd number higher than 3) in faulty operation (considering the most common
faulty operation, i.e. the open-phase fault). The obtained results will be then particularized to
the 5-phase case, where some simulation and experimental results will be presented to show
the behavior of the entire system in healthy and faulty conditions.

The chapter will be organized as follows:

First, the different faults in a multiphase machine are analyzed. Fault conditions are detailed
and explained, and the interest of a multiphase machine in the management of faults is stated.
The effect of the open-phase fault operation in the machine model is then studied. A generic
n-phase machine is considered, n being any odd number greater than three. The analysis is
afterwards particularized to the 5-phase machine, where the open-phase fault condition is
managed using different control methods and the obtained results are compared. Finally, the
conclusions are presented in the last section of the chapter.

2. Faults in electromechanical multiphase drives

An electrical drive is an electromagnetic equipment subject to different electrical and mechan-
ical faults which, depending on its nature and on the special characteristics of the system, may
result in abnormal operation or shut down. In order to increase the use of electrical drives in
safety-critical and high-demand applications, the development of cost-effective, robust and
reliable systems is imperative. This issue has recently become one of the latest challenges in
the field of electrical drives design [1]. Therefore, fault-tolerance, which can be defined as the
ability to ensure proper speed or torque reference tracking in the electrical drive under
abnormal conditions, has been considered in three-phase electrical drives taking into account
different design and research approaches, including redundant equipment and over-dimen-
sioned designs, leading to effective and viable fault standing but costly solutions. Fault-
tolerance in three-phase drives for different types of faults is a viable and mature research field,
where the drive performance and the control capability is ensured at the expense of extra
equipment [1]. However, this is not the case in the multiphase drives area in spite of the higher
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number of phases that the multiphase machine possesses, which favors its higher fault-
tolerance capability compared with conventional three-phase drives. Multiphase drives donot
need extra electrical equipment to manage post-fault operation, requiring only proper post-
fault control techniques in order to continue operating [2]. Therefore, they are ideal for traction
and aerospace applications for security reasons or in offshore wind farms where corrective
maintenance can be difficult under bad weather conditions [3-6].
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Figure 1. Types of faults on a five-phase drive.

Faults in an electromechanical drive can be also classified depending on the nature (electrical
or mechanical), the location or the effect they have on the overall system (notice that different
types of faults can result in the same abnormal machine behavior). The most common
classification of faults in electrical drives defines three main groups of faults that can appear
in the electrical drive. The power converter, electronic sensors (current, temperature, speed
and voltage) and the electrical machine focus the main faults in an electrical drives, as shown
in Figure 1. These faults are detailed hereafter.

1.  Electrical machine faults that can be caused by either electrical or mechanical problems/
stress and are further divided as follows [7-11]:

2. Stator faults: open-circuit or short-circuit of one or more stator phase windings. These
kinds of faults appear due to mechanically damaged connections caused by insulation
failure, extreme electrical operating conditions (high temperatures in the stator core or
winding coils, starting stresses, over- or under-voltage operation, electrical discharges,
unbalanced stator voltages) or nonappropriate ambient conditions (dirt, oil and moisture
contamination) [10-12], leading to inter-turn [12], stator-winding [13], and different phase
winding short circuits [10- 11], which may result in further open-phase faults of one or
more phase windings [14-15].

3. Rotor faults: shorted rotor field winding, broken rotor bars and cracked rotor end-rings.
They are caused by electrical (shorted rotor windings) or mechanical (broken bars and
cracked rotor rings) problems. These types of faults appear due to thermal stress (drive
operation under overload and unbalanced load conditions), electromagnetic stress,
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manufacturing problems, dynamic stress from shaft torque, environmental conditions
and fatigued mechanical parts [10-11].

Air-gap irregularities due to static or dynamic eccentricity problems. Eccentricity is
caused by manufacturing and constructive errors that generate an unequal air gap
between the stator and the rotor, leading to unbalanced radial forces and possible rotor-
stator contact [10]. Static eccentricity appears when the position of the air gap inequality
is fixed, whereas dynamic eccentricity happens when the rotor center is not properly
aligned at the rotation center and the position of the air gap does not rotate equally.

Bearing faults, which are mainly caused by assembling errors (misalignment of bearings)
that result in bearing vibration forced into the shaft [16].

Bent shaft faults, which are similar to dynamic eccentricity faults [10]. These faults appear
when force unbalance or machine-load misalignment happens, resulting in machine
vibration and further machine failure [11].

Statistically, the most common faults in electrical machines are the bearing failures, stator

winding faults, broken rotor bar, shaft and coupling faults, cracked rotor end-rings, and air-
gap eccentricity [7-9], leading to unbalanced stator currents and voltages, the appearance of
specific harmonics in the phase currents, overall torque oscillation and reduction, machines
vibration, noise, overheating and efficiency reduction [10- 11].

1.

Sensor Faults. Electrical drives commonly include speed, voltage and current sensors for
control and protection purposes (Figure 1). In the multiphase drive case, standard FOC
and predictive control techniques require a speed and at least n—1 (for an n-phase drive)
current measurements in order to ensure proper control behavior. In case of abnormal
sensor operation, inexistent or nonaccurate signals can downgrade the system perform-
ance or result in a complete drive failure [17-20]. Sensor faults have been mainly analyzed
for three-phase drives, and recent works have also addressed this type of faults for the
multiphase case [21-23]. Notice that depending on the faulty sensor (i.e. DC-link voltage,
current or speed), the effect in conventional three-phase or multiphase drive is mainly the
same. In any case, the analysis of these kinds of faults mainly focuses on handling only
one faulty sensor due to the small probability of fault in more than one sensor [24], which
would include current and speed sensor faults, which are the most critical in electrical
drive applications. The main reason for this is that high-performance drives are based on
speed and current closed-loop controllers and consequently on speed and current sensors.
Any variation or systematic error on the measured quantities may result in instantaneous
power demanding control actions, subjecting the whole system to possible electrical stress
[17].

Power Converter Faults. The most common types of faults in electrical drives are those
associated to the power converter [25]. Power converter faults are presented graphically
in Figure 1, and can be further classified as single short-circuit switch fault, single open-
circuit switch fault, phase-leg short-circuit fault, phase-leg open-circuit fault or open-
circuit line fault [2]. These types of faults are mainly due to the burn out of the
semiconductor or due to the semiconductor driver failure, forcing the semiconductor to
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remain in a constant ON or OFF state. As a result, the power converter may either lose a
complete phase (also termed open-phase fault) or may physically maintain the number
of phases and current flow but lose specific control capabilities on either one or both of
the semiconductor of a certain phase. Thus, the configuration of the electrical drive varies,
and the post-fault electrical drive may be regarded as an entire different system [26].

The phase redundancy that multiphase drives possess allows managing faulty operation
without the need of extra equipment, depending on the specific electrical machine configura-
tion. Postfault control techniques exploit extra degrees of freedom of the multiphase system
to maintain a circular Magneto-Motive Force (MMF) and achieve the desired speed or torque
references. Depending on the type of fault and the electrical drive characteristics, different
postfault control strategies, drive configuration and electrical machine winding connections
are adopted under postfault operation. For instance, in the case of short-circuit faults, the
proposed fault management strategies are based on controlling the available four healthy
phases in a five-phase drive, maintaining operation at the expense of higher stator phase
winding losses and torque ripple [27]. Nonetheless, this increase in torque ripple is managed
in a dual three-phase drive [13] maintaining postfault operation with one three-phase drive in
short-circuit and compensating the braking torque with the healthy three-phase drive [28]. The
inclusion of auxiliary semiconductors in the electrical machine windings, in order to change
from a short-circuit fault to an open-circuit or open-phase fault, was also addressed in [29],
where ripple-free output torque was obtained with the appropriate control of the remaining
four healthy phases. As a result, the multiphase electrical drive is able to manage different
types of faults but at the expense of extra electronic equipment, like in the conventional three-
phase case. Different winding connections have also been considered for single and phase
short circuit faults for a dual three-phase machine, assessing the effect of the harmonics
obtained in the machines losses and torque, and evaluating its performance under different
working conditions [30]. A similar approach has also been followed for open-phase and open-
line faults, where different drive topologies or machine winding connections have been
considered. In one study [3], a six-phase drive was designed in order to independently control
each phase of a three-phase machine under different types of faults and its viability was stated
emulating an open-circuit line fault. Five-phase machines considering penta- and star-type
winding connections are also compared in another study [30], where fundamental and third-
harmonic components are used to control the post-fault operation of the electrical drive. The
available torque is increased, while torque ripple and losses are reduced. It is concluded that
penta-winding connection results in improved fault-tolerance capabilities due to the higher
number of open-circuit phases it can withstand (three open-phase faults in a five-phase drive).

But fault management does not include only postfault control techniques. It is divided in four
different states namely, fault occurrence, fault detection, fault isolation and, finally, postfault
control or the fault-tolerant control operation. Different fault detection and fault isolation
techniques have been proposed based on the specific characteristics of the electrical drive to
ensure proper postfault behavior. Then, a proper posttault control method is implemented to
maintain correct reference tracking. This book chapter will be only focused on the postfault
controller, and fault-detection and fault-isolation techniques will not be addressed.
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3. Analysis of an open-phase fault in multiphase drives with odd number
of phases

The most common fault, the open-phase fault, is studied in this section. The ability of a
multiphase machine managing the fault operation lies in the greater number of phases and in
the greater number of independent variables that model the system. The model of the multi-
phase machine is analyzed. The analysis is done for a generic multiphase machine. Then, the
modeling equations of an n-phase multiphase drive under an open-phase fault operation is
presented, emphasizing their effect in the healthy model to understand the imposed con-
straints for the design of postfault control techniques.

In the first place, the n-phase one neutral induction machine model is studied. The machine
can be modeled by a set of stator and rotor phase voltage equilibrium equations referred to a
fixed reference frame linked to the stator as follows:

[V ]=[R L]+ A2 =[R L+ e[ ] (01])) a

[V )=[R 0T+ S04 R 3D+ p{[ 0+ . (0))) ®

Where 0 represents the rotor electrical angular position with respect to the stator, and rotates
at the rotor electrical velocity w,. The voltage, current and flux matrices are given by (3)-(8).

Notice that the voltage rotor components (4) are equal to zero.

[V.]=[0,0,0.040. 0, | 3)
[V, ]=[0,0,0,0,0, 0, | (4)
(2 ])=[ 2 AA At ] )
(2 )=y | ©)
(1] =[iy i i, iy ] )
[ )=l i, 1 (8)

The rotor and stator resistance and inductance matrices are defined as follows:



R0 0 O 0 R 0 0 0
0 R 0 0 0 0O R 0 O
0 0 R 0 0 0 0 R O
B0 0 0 k0o ®T0 0 0 r
0000 «r] oo 0o
[L.]=ndn]+L.{A(9),]
(L, ]=L,{1,]+L,{A(9),]
I 1 COS(19) cos(23) Cos(39)
cos((n—l)&) 1 cos(m9) cos(zg)
cos((n—Z)B) Cos((n—l)g) 1 cos(&)
[A(‘Q)HJ: Cos((n—3)9) cos((n—2)9) cos((n—l)&) 1
cos(219) Cos(:3l9) cos(4l9) cos(53)
i COS(S) Cos(23) cos(39) cos(43)
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0
0
0
X ©)
R
(10)
(11)
cos((n —1)19)_
cos((n - 2)9)
cos((n - 3)8)
cos((n - 4)9) (12)
Cos.(19)
1 .

msr) and rotor-stator (L ,,..) mutual induc-

Due to the machine symmetry, the stator-rotor (L

tances are given by:

Lmsr = Lmrs = Lms % Lms = kbzl).LmT' (13)
Making possible to conclude that:
[L,0)]=[L.0)] ->[L,®]=L, 1¥(0)] (14)
I COS(Al) cos(Az) cos(A3) COS(A4) X cos(An) ]
cos (An) cos(Al) cos(Az) cos(A3) cos(A(n_l))
[‘P(@):l _ cos(A(H)) cos(An) COS(Al) cos(Az) cos(A(nfz)) (15)
cos(A(}H)) cos(A(H)) cos(An) COS(Al) cos(A(H’))
i cos(Az) cos(A3) cos(A4) cos(AS) cos(Al) |
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Notice that [I,] is the identity matrix of order 1, A; angles are defined as: A=0 + (i-1)9, being
i={1,2,3, ,n}, L ,, and L ;, are the stator and rotor leakage inductances, and 9 is the angle between

phase windings.

Depending on the working state of the electrical drive and the number of phases it possesses,
different transformation matrices can be used in order to describe the machine’s electrical
parameters in an a - f - x - y - z reference frame. For instance, for normal operation the
traditional Clarke transformation (16) is used. (16)

1 cos(S) cos(23) cos(33) cos((n—l)g) 1

0 sin(S) sin(ZS) sin(39) sin (n—l)@)

1 cos(29) Cos(48) Cos(68) Cos(Z(n - 1).9)

0  sin(29) sin(49) sin(69) sin(2(n—1)9)

1 cos(38) Cos(69) cos(98) cos(B(n - 1)8)

0 sin(39) sin(69) sin(99) sin(3(n - 1)8)
[Tn _ 2|1 Cos(4.9) cos(&S‘) cos(128) Cos(4(n—1)3) (16)

"0 sin(49) sin(89) sin(129) sin(4(n-1)9)

1 COS[”T_lélj COS(ZHT_lngj cos(3n7_1l9j cos[(n - 1)”7_119j
0 sin(nT_l 8) sin[ZnT_lgj sin[3nT_1,9] sin((n —1)”7_1l9j
1 1 1 1

In order to eliminate the time dependence of the coupling inductances and divide the model
in a set of different independent-orthogonal equations, the Clarke transformation is applied
to the machine model. The stator and rotor voltage, current and flux components in the a, - 8,

-ay-p,- ... -z, reference frame can be calculated by:

vsal lsot1 ﬂ'sal

vsﬁ] is,(i’1 ﬂ'sﬂl

v ] A

S A a e R S R B (17)
vsﬂz ls,ﬁ2 ﬂ'sﬂz

vszn | sz, | _/’Lszn |
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_vral | [ roy | _ﬂ;a] |
Urp, g, o
v, b I .
S R A e A P B R Y (18)
vrﬁz Zrﬁz /q“rﬂz
Urzn rz, ﬂ“r'zn

Multiplying the transformation matrix T, with the stator and rotor phase voltage equations,

(1) and (2), we get:

TR T ]L]
(T]{T ] 19)
o) T {T]{1,]

[TV =1
+P{T (L. ]
(

+p{T, ][Lsr

[0]=[T, ){& HT.] {1, 1]
wp{T (L, {1, ] {T,]1L,1 (20)
wp{ T L. (O) T, ] {7, ]{L]

II 17

When an open-phase fault occurs in phase “i”, the stator windings become an unbalanced
system, the faulty phase current is now zero (i,=0), leading to a modification in the machine

equations.

Due to the fact that the machine has no longer symmetrical stator windings, the back-emf terms
are no longer mutually canceled, consequently the sum of the phase voltages are no longer

Zero.

Y[ Vs]#0 @1)

Even though the faulty phase stator current will be zero, the corresponding phase voltage with
respect to the neutral machine point will have an equivalent voltage value equal to the back-
emf (22).

vis = Rsiis + p.ﬂis = p.ﬁ“is = BackEmfl (22)

Taking this into account the new voltage, current and flux matrices are:
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[ ] I:vas bs P BIZCkEMFI ve
[O:| - I:varvbrvgvd,ver 0, ]T
(2 ]=[AAA i ]

I:)’r] = I:)’a rﬂ’crﬂ“dr/ler o .)’nr]T

..... PR
I:I :I arlbr crldr er lnr]

T
Uns ]

(23)

(24)

(25)

(26)

(27)

(28)

Notice that the rotor components remain the same as in normal operation, due to the fact that

in postfault operation the machine rotor maintains a symmetrical winding distribution.

The absence of the stator phase results in a loss in one degree of freedom. Depending on the

position of the faulty phase the transformation matrix (16) is modified, making it no longer

possible to generate the same number of orthogonal sub-systems, leading to the removal of

one or more of the generated components (29).

1 COS(S) cos(ZS) cos(39)

0  sin(9) sin(29) sin(39)

1 cos(28) cos(49) cos(69)

0 sin(23) sm(48) sm(68)

1 cos(39) Cos(63) COS(919)

) 0 sin(.319) sm(.619) sm(.9l9)
Tl : ;

N | =

o O O O o o o o o

o

(29)
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Consequently, the machine coupling inductance matrices (10-14) for the stator-rotor compo-
nents need to be arranged considering the absence of the faulty phase.

1 cos(%) cos(29) 0 cos((n-1)9) |
cos((n—1)9) 1 cos(9) 0 cos((n—2)9)
cos((n—2)9) cos((n—1)9) 1 0 cos((n—3)9)
cos((n—3)9) cos((n—2)%) cos((n—-1)39) 0 cos((n—4)9)

[AD),ue |= : : : X 5 (30)

0 0 0 0 0 0

: : : 0 :

cos(9) cos(29) cos(39) 0 1

The equations (1) and (2) need to be multiplied by the new Clarke transformation matrix
[T, ], to express the stator and rotor voltage, current and flux components in the a; - §; - a, -

B, - ... -z, reference frame in post-fault situation:

= | T IR T | 1'[ T, (1]

+p'[Tnuf]' 1T ] '[Tnuf][lsl (31)
P '[Tnuf]' L, 9)]’[Tnuf]il'[wa][Ir]

[o]=[,, ]’[Rr]'[Tm«fT'[Tmf 5]
[T ] {7 J10 (32

0) [T, ] {7, J(1.]

The equations (31) and (32) depict the stator and rotor voltage vector equations in the a, - ; -

—
.
3
P S |

- B, - ... -z, reference frame in postfault situation, when an open-phase fault occurs in a

multiphase drive with odd number of phases. In the next section these equations are particu-
larized for a five-phase machine.

4. Open-phase fault operation in five-phase drives

The case study presented in this chapter is a 5-phase induction machine with symmetrical and
distributed windings. The n-phase mathematical model presented in the previous section must
be first particularized for the 5-phase case to understand the system behavior in the faulty
situation and to predict the effect of the selected control actions on the post-fault controlled
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system. Two different post-fault control strategies for the open-phase fault management will
be presented. The first one is based on linear Proportional Resonant (PR) current controllers
and the field oriented control technique. The second one is also based on the field oriented
control method but combined with a Predictive Current Control (PCC) technique. Both control
methods can be applied during postfault operation, and will be described in this section, along
with the criteria that can be used to generate the current references in the drive during the
fault. These criteria differ from those established in healthy operation, and constitute one of
the bases of the postfault operation of the drive.

4.1. A. Five-phase induction machine modeling under an open phase fault

The general n-phase induction machine model introduced before can be particularized for the
5-phase case. Taking also into account that the faulty phase is ‘a’, which can be made without
any lack of generality, from now on it can be assumed that i, = 0. The stator/rotor resistance,

inductance and coupling general matrices can be obtained as follows:

[R.]=R[1,] (33)
[R]=R-[1,] (34)
L.=LJ{L]+L,{A9] (35)
L, =L {1 ]+L,{A)] (36)

1 cos(&l) Cos(23) cos(38) cos(419)_

( 1 cos(S) cos(29) cos(38)

[A(S)n]= Cos(39) Cos(49) 1 Cos(19) Cos(28) (37)

(23) Cos(39) cos(49) 1 cos(g)
(29) cos(39) cos(49) 1

(4) cos(4,) cos(A;) cos(a,) cos(a;)
(45) cos(a;) cos(4,) cos(a,) cos(A,)
[\I/(H)] = COS(A4) cos(As) COS(Al) cos(Az) cos(A3) (38)
(45) cos(A,) cos(a;) cos(a;) cos(a,)
(4;) cos(a;) cos(a,) cos(a;) cos(a,)
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where L, and L |, are the stator and rotor leakage inductances, M is the mutual inductance of
the machine M =5L , /2, and the stator and rotor inductances are defined as L ;= M +L

and L ,.= M +L ,, respectively.

Irr

The 5-phase case is characterized by the transformation matrix (T'5). The stator and rotor phase

variables can be mapped to a set of four independent variables divided in two orthogonal
stationary planes (namely a-f and x-y subspaces) and a zero sequence component (z compo-
nent). Notice that the distributed windings’ characteristic of the five-phase machine deter-
mines that the torque production is only dependent of the a -  components, while x - y
components only generate motor losses. This particularization for the 5-phase case can be
summarized in the following equations:

. . . . . r . . . . .7
|:Zas l/)’s sz lys Zzs :| = [T5 :H:las lbs lcs lds les :I (39)

T T
|:vas vﬂs st Uys Z)zs :| = [TS :Hivas Ubs Z)cs Z]tils ves ] (40)

1 cos(S) cos(23) Cos(33) cos(419)_

5 0 sin(%) sin(29) sin(39) sin(49)

[T5]=g- 1 cos(28) cos(48) cos(&) cos(38) (41)
0 sin(29) sin(49) sin(Y) sin(39)

/2 1/2 1/2 1/2 1/2

1

While the traditional Clarke transformation matrix (T;) is applied in healthy state, a modified
matrix can be used under open-phase postfault operation in order to have a reduced-order
subset of equations. If the reduced-order Clarke transformation matrix remains orthogonal as
in (T}), the asymmetries lead to noncircular « - g current components. In order to compensate
for the stator/rotor impedance asymmetries appearing in postfault situation, a new nonor-
thogonal transformation matrix that will be named (Tycc) is used here [31]. When the fault
appears, it is no longer possible to define four independent variables in the system because a

fixed relationship exists between a and x current components, being i, = -i..

cos(S) -1 cos(28) -1 cos(38) -1 cos(49) 1
I:Tpcc] _ % s‘in(19) éin 29 s1n(3.9) sm(49) (2)
sin(29)  sin(49)  sin(69)  sin(89)
1 1 1 1

In a similar way, the coordinate transformation can be applied to the machine voltage
equations. The stator phase voltages in normal operation (V,,,) depend on the switching state
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of every leg of the power converter (S;), being S;=0 if the lower switch is ON and the upper
switch is OFF, and S;=1 if the opposite occurs.

(0] (4 -1 -1 -1 -1][S, ]
0| , |14 1 As,
__DC| _ _ 11 A
s | T 5 1 1 4 1 1 Sc _Vpre (43)
v, 1 -1 -1 4 -1]|8,
o, 1 -1 -1 -1 4|0,

During prefault operation the five-phase drive possesses 2°=32 switching states and the sum

of the healthy phase voltages is zero (Z v, =0). However, if an open-phase fault appears, the

available switching states are reduced to 2*=16 and the faulty phase current is zero. Nonethe-
less, the faulty phase voltage is not null since there is a back-emf induced in the faulty phase,
leading to an asymmetric effect in the machine modeling [31]. Taking this into account, the
phase voltage of the faulty phase (‘a’) is given by:

v =R:i_+ i/las = i/ias = BackEmf, (44)
dt dt

Consequently, the back-emf term can be expressed as (45), estimating the stator flux term in

(44) and considering the transformation matrix (T;) and i ,, = -i,.

As=A, +A =Li +Li +Li

Is"xs

45
B[ZCkEmfu = ditl:Lsias + Lmiar - Llsias:l ( )

As a result, the stator phase voltage matrix (43) must be modified considering the faulty phase
back-emf in the phase voltage equilibrium equations and must guarantee sinusoidal flux [4].
Consequently, taking into account the faulty phase voltage and the absence of current in the
open-phase, the stator phase voltage matrix can be written as in (46).

1 1
. 3 1) | diy o di,

| Vo.|l-1 3 -1 1 w gy The Ty

DC t dt

v, | =L {s. |- {1 46

cs 4 _1 _1 3 _1 c 4 [ 4:' ( )
Uds Sd

-1 -1 -1 3

Z)CS Se
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where [I,] is the identity matrix of order 4 and the second term on the right hand side is the
counter electromotive force (45).

4.2. B. Implemented fault-tolerant control methods

In what follows, the two implemented open-phase fault-tolerant controllers are presented.
Different control criteria can be implemented depending on the overall electrical drive aim.
However, only field oriented control methods have been recently used to manage postfault
(open-phase type) operations. The inner current controllers of the field oriented controller have
been implemented using linear or predictive control techniques. Both methods require a
redefinition of the stator current references in the postfault operation to ensure minimum
copper losses, a minimum derating strategy or minimum torque ripples in the drive [4, 31-35].
The maximum achievable a -  currents in the electrical drive vary depending on the selected
control criteria. In general, the minimum copper loss criteria is used in applications where
efficiency is of special interest and, consequently, Joules losses need to be minimized, while
the minimum derating or the minimum torque ripple strategies are preferred when the faulty
electrical drive must provide the maximum achievable torque or ensure smooth, vibration-
free operation, respectively. From the postfault operation control performance and controller
perspective, all the techniques behave in a similar way in the multiphase drive. In our case,
the minimum copper loss criteria will be used for comparison purposes for the sake of
simplicity.

5. Minimum copper loss criteria

The minimum copper loss (MCL) criterion focuses on reducing the drive losses. The a - § stator
current references are then calculated in order to ensure proper torque/flux control while
imposing a rotating circle-shaped MMF and maintaining the amplitudes of the phase currents
bellow the rated values of the drive (these maximum values are established by the power
semiconductors of converter and the stator windings of the electrical machine). As a result, the
drive needs to be derated in such a way that the remaining healthy phases do not exceed their
nominal current value (I,) and the maximum reference currents in the a - § subspace are [36]:

i = 0.6813- 1 i7" = ~0.6813-1, (47)

The non-torque contributing y -current reference is set to zero (zy = O) in order to minimize Joules

losses, whereas the x -current component is not anymore an independent variable for the
controller (it is inherently fixed to the a -current component after the fault occurrence). Notice
that the procedure to manage the postfault operation effectively minimizes the electrical drive
losses, at the expense of reducing the maximum obtainable postfault torque and generating
unequal peaks of the phase currents [36, 37].
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6. Predictive Current Control (PCC)

The first fault-tolerant control scheme is the PCC method, based on Finite-Control Set (FCS)
Model-Based Predictive Techniques [38]. An accurate discrete system model is required in
order to predict the machines’ operation for every VSI state. The implemented controller is
based on an outer PI-based closed-loop speed control and an inner fault-tolerant PCC method,
as shown in Figure 2. During every sampling period (k), the speed and the stator currents of
the machine are measured. Then, stator currents are mapped into the stationary a - - x - y
subspaces by means of the modified Clarke transformation (Tpc) for postfault operation. The

postfault available voltage vectors (2¢=16) are used afterwards to predict the stator currents
evolution for the next sampling period (k+1). These current references are finally evaluated in
a cost function (J) to determine which voltage vector produces the minimum values of . This

voltage vector is referred as the optimum switching state (S-C”’“"”“m(k + 1)) to be applied in the

1
power converter of the electrical drive to minimize the cost function (equivalent to the control
law). Notice that different cost functions can be defined in order to include different control
criteria. This can be easily done by setting weighting factors in the definition of the cost

function, as shown in (48) where the A, B, C and D terms multiply errors between the reference
N

(i7) and the predicted (i) stator currents in the a - § - x - y reference frame (49)-(50).

]=Ai+BZ+C:+DZ (48)
i, =i (k1) =1 (K1), iy =i (k+1) =1, (k+1) (49)
i:i;(kn)—@x(kn), Z:i:y(k+1)—fsy(k+1) (50)

The main control criterion in healthy operation is to maintain a desired electrical torque, while
ensuring sinusoidal stator current references in phase coordinates (a-b-c-d-¢). This objective is
met under normal drive operation by setting a constant circular stator current reference vector
in the o - g plane and a zero reference stator current vector in the x - y plane. In postfault
operation, the x -axis stator current is inherently fixed to the a -axis stator current. Then, the
a - B stator current references can be set following a circular trajectory but with a derating
factor in its maximum value, while the y-axis stator current is now controlled to be null.

Successively, the a-f current components are mapped in the rotating d-q reference frame by
means of the Park rotating transformation (51) and the field-oriented control position estimator

(52).
{l:m} _ |:C(.)S(0) —sin(@)lesd} 51)
L sin(f) cos(0) ||y
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3

1
9=.|' o +—2— |dt (52)

o

Tr ’ lsd

The implementation of PCC techniques for multiphase fault-tolerant drives requires the same
control scheme for pre- and postfault operation, as long as the following considerations are
addressed after the fault occurrence detection:

* The weight of the x - y currents has to be changed in the cost function. The x current weight
will be set to zero and the y current will be the same as for the a-f currents, i.e. C=0 and
A=B=D in (48).

* The y current reference has to be changed, depending on the selected postfault control
criteria.

* The limitation of the « - g currents need to be changed to (47), changing the settings of the
saturated anti wind-up PI speed controllers.

* The transformation matrix that relates the switching functions with the phase voltages need
to be modified as in (46) and the Clarke transformation of (42).

PCC i ¥ A MODEL PREDICTIVE )
Sa CONTROL - MPC
sd dg /|——» v
Sl_optrmum (k +1 )
l S* l s*ﬁ > ¥k cost L J S Iivizer
PI Lol % q= g FUNCTION FUNCTION >
‘ Min(J) 4
3 POSSIBLEVOLTAGE | ] i(k+1)
POSITION o i VECTORS PREDICTIVE
ESTIMATOR sy ! MODEL
—_—
SEQUENCER YN W
Jl_=N ,
iP5 _Sik+D)
sd 'sq S J

Notations Om— | '
om: measured angular rotor speed. Vdc i)
Is(k): measured stator currents. i
is(k+1): predicted stator currents. — Lbed %V
Is*(k): reference stator currents. fabed ST @ 10 L L k)
S/(k+1): One of the possible switching voltage vector. » apyz | 1 sy

oplimum . i EC — >
Si (k+1): Switching voltage vector that minimices J.

Figure 2. Postfault controller based on the PCC technique.

7. Proportional Resonant Control (PR)

The second open-phase fault-tolerant implemented control scheme is based on stator current
x-y Proportional Resonant (PR) regulators, as it is explained in [37]. The control techni-
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que is detailed in Figure 3. It is based on a rotor flux controller, where the speed and flux
control are implemented in a rotor-flux-oriented reference frame (d-q coordinates) using PI
regulators. For simplicity, the d-current reference is set to a constant value while the g-
current reference is obtained from the speed error and a PI controller. The phase currents
of the machine can then be mapped in the stationary a-f-x-y planes using the classic Clarke
transformation and a position estimator. In order to improve the controllers” perform-
ance, two feedforward terms e, and ey which depend on the machine model (it is used a
rotor-flux estimator based on the speed measurement and the d-current component [37]),
are included in the control loop:

e, =0 L i o, (53)
A
eq = LS . L . wg (54)
d 1 . L .
_ﬂ'r +(__]wmjir z_mlsd (55)
dt T, T,

Traditional PI regulators are capable of following the constant x-y current references under
normal operation. However, PR regulators are required under postfault operation to appro-
priately track the oscillating x-y reference current components [39], where the x-current
component is forced to track the stator current in the a-current component and the y-current
reference is set depending on the postfault control method.

The PR controller is implemented using two PI regulators in two different reference frames to
track positive and negative stator current sequences [37], one rotating in the direction of the
field-oriented reference frame (w;) and the other in the opposite direction (-w,). These PI

regulators are capable of appropriately following the current references with nonoscillating
terms. When their outputs are summed, and the action of the PR control is generated, the
controller is capable of effectively driving to zero the total tracking error.

The main advantage of implementing linear controllers in open-phase fault-tolerant drives is
that the asymmetry in the impedance terms in the a-p plane does not affect the controller
performance. Then, there is no need to consider the back-emf of the faulty phase in the voltage
equilibrium equations, and the same electrical drive model can be used for control purposes
in normal or abnormal operation. Nonetheless, it must be considered that due to the low
bandwidth that PI regulators possess, the parameters of the utilized PI must be tuned for
different operating points in pre- or postfault operating conditions, increasing the complexity
of the implemented controller.
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Figure 3. Postfault controller based on PR technique.

8. Experimental and simulation results

In this section, simulation and experimental results will be presented to show the behavior in
healthy and faulty states of the five-phase induction machine with symmetrical and distributed
windings. Simulation results were obtained using the mathematical model of the machine and
a Matlab & Simulink based simulation tool described in [40], whereas the experimentation was
done using an electrical drive test-bench designed and implemented in a lab. To start with, the
test bench will be described.

8.1. A. Simulation Environment and Test-bench

The developed Matlab & Simulink simulation environments are shown in Figure 4. Each
simulation model is composed of three main parts: the controller algorithm (PR and PCC
based, respectively), the voltage source converter and the five-phase induction machine model.
Depending on the selected postfault control criteria, appropriate current references must be
provided to the controller. The minimum copper loss is used during postfault operation and,
consequently, the y-current reference is set to zero.

The experimental test-bench is shown in Figure 5. The five-phase machine was built based on
a conventional three-phase induction machine (IM) that has been rewound to obtain a
symmetrical five-phase induction motor with distributed windings. This five-phase machine
is driven by two conventional SEMIKRON (SKS22F) three-phase two-level voltage source
inverters (VSI's), connected to an independent external DC power supply as the DC-Link. The
IM is mechanically connected to a DC motor, which can provide a programmable mechanical
load torque to the five-phase drive. The rotational speed is measured by means of an incre-
mental encoder from the manufacturer Hohner with reference 10-11657-2500, coupled to the
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Figure 4. Developed MATLAB/Simulink model, including both PCC (upper figure) and PR controllers (lower figure).

shaft. For control purposes, four phase hall-effect current sensors are used to measure the stator
phase currents. The control actions are performed using a DSP-based Electronic Control Unit
(ECU) connected to a personal computer (this PC acts as a Human Interface Unit which
manages the entire test bench) using a standard RS232 cable. The user of the system can
program the control algorithm using the Texas Instruments proprietary software called Code
Composer Studio. This software runs in the DSP and configures the ECU’s internal peripherals,
the communication protocol and the data acquisition system.

The PCC and PR control strategies are implemented in the DSP to analyze and compare the
behavior of the real system. Regardless of the control strategy, the experimental tests that
follow are performed setting a constant d-axis stator current reference of 0.57 A for constant-
flux operation, while the g-axis stator current reference is obtained from the Pl-based speed
controller (Figure 2 and Figure 3). The VSI's DC-link voltage was set to 300 V. The fixed
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switching and sampling frequency for PR is set to 2.5 kHz, whereas the sampling period for
PCC is set to 0.1 ms, providing around 2.5 kHz of average switching frequency. The postfault
operation of the multiphase drive considers always an open-phase fault in leg ‘a’.

CONTROL UNIT

FIVE-PHASE IM |
MOTOR DRIVE

L DC MOTOR FIVE-PHASE IM
>4 d

Figure 5. Experimental test bench.

8.2. B. Steady-state performance in postfault operation

The steady-state performance can be easily studied using the simulation environment. First,
the postfault model of the system, and the PCC and PR controllers are implemented using
aforementioned Matlab & Simulink environments. The behavior of the system is evaluated
driving the motor at a reference speed of 500 rpm and applying a load torque of 56% of the
nominal one (T,). The obtained stator phase currents are shown in steady-state in Figures 6

and 7 for PCC and PR controllers, respectively. The minimum copper loss operation is applied.
Then, phase currents possess unequal peak values, with phases b-e equal in magnitude and
higher than those of phases c-d. It is observed that the fault-tolerant PCC produces higher
current ripple than the PR control method, even though the sampling frequency of the
predictive controller is set at four times the value of the PR method. This is due to the intrinsic
property of FCS predictive controllers, where the switching frequency is not fixed and depends
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on the electrical drive operating point. The behavior of the entire system offers faster response
and lower switching frequency using PCC than PR-based controllers. The « - § current vector
describes a circular trajectory and the x-y terms present the same behavior using both postfault
controllers, being the x-current term fixed to —a and the y-current term null.
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Figure 7. Phase current evolution in different subspaces using the PR controller and the minimum copper loss criteri-
on.
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The same steady-state test is performed experimentally using the real test bench. The experi-
mentally obtained results in postfault situation are presented in Figure 8. Notice that simula-
tion and experimental results agree, and the fault-tolerant system using the PCC controller
provides higher current ripple than using the PR control method. Nonetheless, both controllers
appropriately track the current references in all subspaces, producing a circular trajectory
similar to the one obtained in healthy operation.
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Figure 8. Stator phase current evolution in different subspaces using the PCC (left side) and the PR (right side) control-
ler and the minimum copper loss (MCL) criterion.

8.3. C. Dynamic operation: From pre- to postfault operation

The pre- and postfault operations are now analyzed and compared. In order to provide a more
realistic insight, tests have been conducted considering a fault detection delay. Consequently,
a delay between the fault occurrence and the control action is observed.

The results provided in Figure 9 show the pre- to postfault transition with a fault detection
delay of 40 ms between the fault occurrence in phase ‘a” at t=0.2 s and the control software
reconfiguration. The results obtained when the PCC is implemented are presented in the left
column whereas results obtained with PR are shown in the right side. The speed reference is
set to 500 rpm, as in previous tests, while a constant load torque of (0.56T ) is demanded.

In the case of PCC, the g -current waveform clearly indicates that the control is completely lost
during the fault detection delay (Figure 9, second row), and as a result a speed drop is observed
(Figure 9, first row). Notice that the -current component is not affected during the fault
detection delay because the faulty phase ‘a” does not contribute to the f§ component (Figure 9,
third row). Conversely, the a and x stator current components are both driven to zero (Figure
9, third and fourth rows), causing torque oscillations. This abnormal operation is observed
during the fault detection delay due to the absence of an accurate system model for the PCC
to provide an adequate control. After the fault detection delay, the control scheme is recon-
figured and a more accurate system model is considered. As a result, the a-current reference
is immediately tracked (Figure 9, third row), the x-current becomes sinusoidal (i,=-i,,) and
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Figure 9. Transition from pre- to postfault operation considering fault detection delay. The motor is driven at 500 rpm
with a constant load torque 0.561',. The minimum copper loss strategy is used in postfault operation, and PCC (left

plots) and PR-based (right figures) controllers are applied. The fault occurs at t = 0.2 s but it is detected 40 ms after its
occurrence. The speed response and g-current component in pre- and postfault situations are shown in rows (a) and
(b), while the zoomed-in postfault a-f and x-y currents are presented in rows (c) and (d), respectively.

the y-current is null according to the minimum copper loss criterion (Figure 9, fourth row). On
the other hand, the g-current waveform when PR control is implemented shows a slight drop
in the moment when the phase is open (Figure 9, second row), but the control action is
maintained during the fault detection delay and the motor speed is only slightly affected
(Figure 9, first row). Thus, the effect of the delay and the control reconfiguration is noticeably
less severe in the case of PR compared to PCC. This can be explained by the fact that the prefault
PR control scheme is essentially similar to the postfault scheme except for the transition from
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PI to PR in the x - y current controllers. Once the postfault current references have been

properly tracked, PR control can effectively provide the reference torque and regulate the

speed, but an important current oscillation appears at double the fundamental frequency due

to some negative sequence current that cannot be regulated by the d - g controllers. The speed

is, however, not affected, so the system is regulated with minimum modifications in postfault

situation.
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Figure 10. Transition from pre- to postfault operation considering fault detection delay. The motor is driven at 50 rpm

with a constant load torque 0.567T',. The minimum copper loss strategy is used in postfault operation, and PCC (left

plots) and PR-based (right figures) controllers are applied. The fault occurs at t = 0.2 s but it is detected 200 ms after its
occurrence. The speed response and g-current component in pre- and postfault situations are shown in rows (a) and
(b), while the zoomed-in postfault a-f and x-y currents are presented in rows (c) and (d), respectively.
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The transition from pre- to postfault is also tested under low speed operation (Figure 10). The
fault detection delay is considered equal to 200 ms and an instantaneous control reconfigura-
tion of the system after the fault occurrence is not considered. As in previous tests, the fault
occurs at t = 0.2s and constant load and speed references are maintained from pre- to postfault
operation.

The machine is driven at 50 rpm, and a 56% of the nominal torque is applied during the test.
This value of torque matches with the maximum quantity that the minimum copper loss
criteria can manage in a postfault situation. As it is observed, the speed reference tracking is
slightly affected after the fault occurrence with PR controller (Figure 10, first row); however,
this effect is much more noticeable when the PCC controller is implemented (Figure 10, first
row). Despite this considerable drop of speed, the system reaches the reference speed using
the PCC controller sooner than when using the PR technique. Then, PCC controllers present
again faster responses compared with the PR controllers.

9. Conclusions

This chapter focuses on the management of open-phase faults in multiphase electrical drives.
First of all, the different types of faults that appear in conventional and multiphase drives are
presented. The ability to continue operating in the event of a fault, which is one of the main
advantages of multiphase drives compared to standard three-phase ones, is discussed next.
The open-phase fault being the most common type of fault, it is next analyzed in a generic
multiphase drive with an odd number of phases. The analysis is particularized for one of the
most common multiphase drives, the five-phase induction machine with symmetrical and
distributed windings. The considered open-circuit is located in phase ‘a’, but the result is
general due to the spatial symmetry of stator windings. Two recently proposed controllers
based on the field oriented control technique, the PR and PCC-based methods, are described
as alternatives to manage the pre- and postfault operation with a minimum cost in the redesign
and performance of the controllers. Both methods must share the strategy to operate in
postfault operation, which must change the limits of the impressed stator currents to guarantee
the safety operation of the entire system. This is the case of the minimum copper loss criterion,
described in the document and applied with PCC and PR techniques to study the performance
of a five-phase IM using simulation and experimental results. These results not only show the
behavior of the system in steady and transient states, but also compare the ability of predictive
and linear controllers to manage the fault appearance. Provided results show that speed control
in postfault operation is viable using either PCC or PR control methods, with nearly similar
performance. Speed response of the predictive technique is faster than using a PR controller
at the expense of a higher steady-state current ripple. Additionally, PCC proves to be more
affected in the transition from pre- to postfault modes of operation because the high depend-
ence on the model accuracy provides less robustness during the unavoidable fault detection
delay. Both control methods, however, ensure safe operation within the postfault current
ratings, and proper postfault current reference tracking.
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