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Abstract. The paper presents modeling and analysis of a 5-phase induction machine connected to 2-level 5-leg converter in case of open-
phase failure. A control of the machine is accomplished using the Field Oriented Control with hysteresis current controllers. Moreover,

a fault-tolerant algorithm is addressed and simulated.
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1. Introduction

A ubiquitous presence of induction motors throughout whole
industry sector results in their utilization in many crucial high-
reliability applications as well. However, even with multi-level
converter topologies and more advanced control algorithms,
the three-phase induction motors are unable to work properly
under an open-phase fault condition, unless special convert-
ers [1] or connections are used [2]. This issue has an impor-
tant impact on applications such an aircraft or off-shore wind
generation systems [3]. In the first case, safety is the main con-
sideration, such as mentioned in “more electric aircraft” [4].
In case of off-shore generators, fault will have profound eco-
nomic impact as the generator can have a long downtime due
to its remote location that prohibits fast repair. Different pro-
posals for increasing reliability through a redundant converter
or machine sets were proposed in [5], at the cost of taking
up an extra space. This is why multiphase machines have at-
tracted more and more attention of researchers recently [6].
Besides their inherent feature of being able to maintain rotat-
ing magnetic flux in case of phase fault, multiphase machines
offer some additional advantages compared to their 3-phase
counterparts. These include lower torque ripples and the high-
er power density coefficient and lower audible noise level [7].
It is important to notice that even if a multiphase machine
can maintain rotating flux, it can be highly deformed what
may cause large electromagnetic torque ripples and in turn,
shorten bearings lifetime. Additionally, during phase fault, an
unequal currents amplitudes lead to non-uniform heating of
machine iron core and windings what significantly reduces
windings lifetime. All mentioned issues demand a more in-
depth investigation on various aspects of multiphase machines
research, such as multilevel topologies [8], modulation tech-
niques [9], fault-tolerant control [10,11], as well as phase-fault
detection [12]. In the past, multiphase machines of differ-
ent types, phase numbers and winding configurations have
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been reported [13]. In the paper, the modeling of a five-
phase induction machine with single neutral point is devel-
oped, to fully describe the machine’s behavior under both
healthy and faulty conditions. Particularly, this paper presents
method of phase lost modeling by calculation of back-EMF
(instead of utilization of circuit breakers that allow for simula-
tion of phase lost mainly in current zero-crossing condition).
Although this approach was published previously in [14], nei-
ther the dynamic states nor fault-tolerant algorithm were pre-
sented. Several basic vector control methods for conventional
three-phase induction machines have been developed in the
last decades [15]. Not all of them have found wide industri-
al applications. Although the state space based approach is
very promising method [16], the most popular strategy used
commercially is Field Oriented Control (FOC). Finally, in this
paper a post-fault FOC with hysteresis current controllers is
presented and verified by simulation during transient post-
fault states.

2. Modelling

2.1. Machine model. A basic approach to modelling a mul-
tiphase machine is described in [13] and similar notation is
used in this paper. The basic equations that describe a squir-
rel cage induction machine are shown in (1). Here, several
assumptions are made: the magnetic field is of sinusoidal dis-
tribution, parameters are temperature and time invariant and
there is no saturation effect in the core.

] = [Re] -] + 2 [[Las] - 5] + (L] - [l
[U'r] = [R,-] ’ [27] + % [[L'rv'] ’ [Zr] + [Lv'S] ’ [ls]] ) "
r.= i Sl
T.—T, =J d:fm +C - Wrm,

997



www.czasopisma.pan.pl P N www.journals.pan.pl
S

POLSKA AKADEMIA NAUK

M. Rolak, H.S. Che, and M. Malinowski

where v, — stator phase voltages vector, v, — rotor phase
voltages vector (that in case of squirrel cage induction ma-
chine equals 0), i, — stator phase currents vector, ,, — rotor
phase currents vector, R — stator winding phase resistance
matrix, R, — rotor winding phase resistance matrix, Lgs —
stator self and mutual inductance matrix, L,., — rotor self and
mutual inductance matrix, L, — stator to rotor mutual induc-
tance matrix, L, — rotor to stator inductance matrix. Two
last equations of (1) describe the electromechanical and me-
chanical dependencies where P — number of pole pairs, L —
matrix of size 2x2 consisted of matrices Lgs, Lsy, Ly, Ly,
respectively, see (6), T, — electromechanical torque, 17, — load
torque, w,,, — mechanical angular speed, 0, — rotor electri-
cal angle, ¢ — friction coefficient and J — inertia of rotating
mass.

Despite the higher number of equations, the modelling
procedure for a five-phase machine is similar to the method
used in case of 3-phase machines. Equations (1) describe the
machine model in phase a, b, ¢, d, e natural phase reference
frame. However, it is possible to simplify the model analy-
sis by transforming voltages, currents and fluxes denoted in
general as g variables vector in (2)

[ga,@zy()] = [TS] [gabcde] (2)
into stationary («, 3, x, y, 0) reference frame utilizing trans-
formation (3) which is also known as the decoupling ma-
trix. The term decoupling is used because the resultant ma-
chine equations appear as multiple decoupled planes, with the
variables corresponding to electromagnetic conversion being
placed only in «— 3 plane, while the remaining loss-producing

[Vsa | (s [Lis + M 0 0

Vs isp 0 Lis+M 0

veor | =R 1| + 5| |0 0o L.

Vsyn isy 0 0 0 Lis
| Vso L %50 L 0 0 0
(Ve | (0] Ly, + M 0 0

Urg irg 0 Li,+M 0

Vrz, | = [Rr] |dra | + % 0 0 Ly,

Vryy iry 0 0 0 L
L Uro | L%4r0 L 0 0 0
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variables are located on x — y planes. The angle utilized in
the decoupling transformation is v = 27/N where N is the
phase number and equals 5.

[ 1 cosy €os2vy cos3dy cos 47_
0 siny sin2y sin3y sindy
2
[Ts] = = 1 cos2y cosdy cos6Gy cos8y| (3)
0 sin2y sin4dy sin6y sin8y
1 1 1 1 1
Lv2 v2 V2 V2 V2

In [17] it is proved that these planes are orthogonal to each
other what means that equations considered in one plane
do not affect equations mapped into remaining ones. More-
over, harmonics of different orders are mapped onto differ-
ent planes, as it is described in [18]. It should be men-
tioned here that the transformation (3) is in its power invari-
ant form, where its inverse form can be easily obtained by
simple transposition. In the case of a 5-phase induction ma-
chine, there are two complex planes which are denoted here
as the a — 3, 1 — y; and one zero component. It can be
noticed in [13] that the latter may be ignored when a single
neutral point is used. This allows a multiphase machine to
be analyzed in a way similar to a 3-phase machine what in
turn, allows to utilize a similar control schemes. The trans-
formed 5-phase induction machine can be expressed in terms
of their stator and rotor equations, as (4) and (5) respecti-
vely

01 [isal [co, —so, 0 0 0] [ira]
0 13 sg, co. 0 0 O] [t
0 isz | +Lm | O 0 0 0 O] |bra| |- D
0 isy 0 0 0 0 0f [ipny
Lis| |isol L O 0 0 0 0] Lirol
07 [iral [ co, so. 0 0 O] [isal
0 irg —s9, co. 0 0 0] |igp
0 lrg | +Lm | O 0 0 0 0 |ise| |, O
0 Ty 0 0 0 0 0 |isy
Lir] Lirol L O 0 0 0 0] [iso0]
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where L;; — stator leakage inductance, L;. — rotor leak-
age inductance, L,, — mutual inductance, M = 2.5L,,,,
cp, = 2.5cosf, and sg, = 2.5sinf,. As it was mentioned
earlier L matrix of (1) consists of:

(6)

However, only matrices L, and L, are 6,. dependent. Hence,
electromagnetic torque equation has a form as in (7).

Te = PM [cos 0, (isgira — isairg)

7
— sin 0, (iraisa +irpisp)] 7

and indeed, utilizes only o — /3 variables as mentioned earlier.
It is worth mentioning here that the rotor and stator currents
and voltages are in their own reference frames.

2.2. Open-phase fault modeling. There are different ap-
proaches to model a faulted multiphase machine, such as pre-
sented in [19,20]. In this paper the method based on back-
EMF calculation presented in [14] is used for dynamic open
phase-fault simulation which, in turn, allows to a clear depic-
tion of the fault-tolerant algorithm application. Moreover, the
dynamics issues of fault-tolerant control application may be
crucial for high-reliability solutions. For purpose of discussion
in this paper, the phase a is chosen arbitrarily as the phase
with open-phase fault. Calculation of back-EMF bases on ob-
taining an induced voltage in faulted phase and its application
into machine model input terminal. This can be calculated by
utilizing Eqgs. (2) and (3) with the phase current of the faulted
phase being zero. The g variables in (2) can describe both
currents and voltages quantities. When transforming variables
from natural reference frame into stationary reference frame,
the following dependencies can be observed:

2

Ja — Gz = (gb
OéJr Cl)2\/>a \/7 +C+ +8

Ja+9 (9 + 9ge + 9a + ge) ©)

(cosy + cos27v),

— gd + ge) (cosy —cos2y), (8)

when g, is unknown, then 1st, 3rd and 5th equations of (2) are
unknown as well when stator voltages are considered. How-
ever, when stator currents are considered and assuming that
faulted phase current is 0, and that Kirchhoff’s Current Law
applied to (9) is still valid for star connected faulted machine,
then substituting currents as a g variables it can be stated:

lsa tise =0 = iy = —lsa- (10)

Furthermore Eq. (10) can be substituted into vs, equation in
(4) resulting in:

= —Rglso — (1D

ELlsisa-
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The Eq. (11) can be substituted into stator voltage equation
expressed by (8):

2
Vsaw = \/; (Usb -

—Rgiga —

Vse = Vsd + Vse) (COSy — cos 27)

(12)
ELlsisoz-
Finally, the Eq. (12) is substituted into Egs. (2) and (3).
As a result of this operation, it is possible to calculate in-
duced back-EMF in the phase a:

(Vsb + Use) €08 2y — (Vge + Vsq) COSY

5 d (13)
_\/; (Rsisoz + ELlsisa)-
3. Control

3.1. Healthy condition. Due to greatly simplified analysis by
applying (2), the well-known control strategy such FOC can
be applied directly on 5-phase machine. Figure 1 presents
the FOC scheme for 5-phase induction machine working in
healthy mode. It can be noticed that 74 and i, component
corresponds to rotor flux and torque producing currents, re-
spectively. The coordinate transformation sequence is exactly
the same as for 3-phase machine. It is worth noting that in ro-
tating d’ — ¢ reference coordinates for 5-phase machine the d
component suffix is enriched with apostrophe to differentiate
it against the phase d suffix. Remaining references i.e. 1, y1,
and the zero sequence are set to 0. Naturally, a proper rotor
flux angle is required which is calculated as an integral of
two signals sum i.e: the rotor’s electrical speed and the speed
controller output multiplied by a Slip Gain (SG,,) coeflicient
which is described by Eq. (14):
SG = ——

)
Tt 2,

where 7 = (Lj + Ly,) /R, Usually, the calculated d’ — ¢
values are inputs for modulator such a SVM or Sine-PWM in
many modern 3-phase solutions [21]. However, here in this
paper a hysteresis current controller is addressed. Despite of
the variable switching frequency, hysteresis controller has the
advantages of being simple, fast, and allows for implementa-
tion of the fault-tolerant control without the need of additional
PI controllers such as in [10, 19].

Note that the proper transformation (15) of converter pole
voltages has to be made when a power converter is utilized
in simulation model. It has to be done, because the machine
utilizes phase voltages on its inputs.

Vs = —

(14)

1
e =Vi— = (Vo + Vo + Ve +Vu+ Vo), (15)

5

where k = {a,b,c,d, e} and V — describes particular leg pole
voltage.
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Fig. 1. Indirect Rotor Field Oriented Control scheme with hysteresis current controllers

3.2. Open-phase fault. Due to the fact that faulted mod-
el utilizes the same transformation matrix (3) as the healthy
one, it is possible to modify the control algorithm and adopt
it to the post-fault condition. It should be stressed that the
model of faulted machine does not change, except that the
current in faulted phase is zero, and due to this reason on-
ly transformed values of currents are changed similarly to
(8), (9) according to (2). In order to maintain a smooth post-
fault operation, it is important to maintain a smooth rotat-
ing magnetic flux. This is achieved by solving machine equa-
tions to finding current references that give a circular current
trajectory on the o — (3 plane. It is necessary to calculate
r1 — yp current components which can compensate for the
distorted o« — [ current components. This can be solved in
different ways such as in [22], where new post-fault current
references are required. The other method of fault-tolerant ap-
proach bases on modified (3) transformation and is described
in [20].

3.3. Fault-tolerance. New fault-tolerant currents references
that forms magnetic flux vector circular trajectory can be ob-
tained by solving Eq. (16) with i5, = 0 in similar manner as
presented for six-phase machine in [19]:

1 0 1 0
_Z'sa_ . 9 9 1 —isa_
cosy siny cos2y sin2y —
Z.sb \gﬁ is[j
ie | = | €08 2y sin2vy cos4dy sindy E ien
. 1 )
tsd cosdy sindy cosby sinby ——| |[%sy
V2
_ise_ 4 A 8 in8 1 _is() J
cos4y sindy cos8y sin8y —
i V2l
(16)
1000

For the five-phase machine with the star-connected neu-
tral point, the zero-sequence current can be ignored and this
reduces the number of equations to be solved. In order to
maintain a circular rotating magnetic flux in post-fault condi-
tion, the o — 3 currents should be in the following form:

7;504 = |Isa| COs 97“7

‘ (17)

isg = |Isp| cosOy.
Then 44, and 7., current components can be used to generate
proper set of stator phase currents. This can be achieved by
making them dependent on i, and ¢4, as presented in (18):

isz = Klisa + KQisﬁ;

: . . (18)
sy = Kzigo + K4Zsﬁ-

Then (17), (18) can be substituted into (16), and unknown
coefficients K1 _4 can be calculated off-line to meet given re-
strictions, e.g. to have equal stator currents amplitudes. The
idea of fault-tolerant control method is depicted in Fig. 2,
and it clearly shows that only slight modification of control
scheme presented in Fig. 1 is required.

Since a hysteresis controller is being utilized, it is not nec-
essary to perform o — 3, x1 — y1 post-fault current analysis
conducted in [19] which allows for reduction of current con-
trollers. The solution of (18) is not unique and therefore there
are different K';_4 coefficients that produce different current
sets that can form circularly rotating magnetic flux vector.
This is why some additional constrains can be declared for
fault-tolerant strategies. This feature of post-fault system is
presented in Fig. 3, where same hodographs of magnetic flux
obtained from four different remaining stator phase currents
are presented. Figure 3a presents K;_4 coefficients obtained
without any additional constrains, whereas Fig. 3b was limit-
ed for the same amplitude in each phase for uniform windings
heating.

Bull. Pol. Ac.: Tech. 63(4) 2015
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Fig. 2. Fault-tolerant FOC algorithm
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Bull. Pol. Ac.: Tech. 63(4) 2015 1001



www.czasopisma.pan.pl P N www.journals.pan.pl
S

POLSKA AKADEMIA NAUK

M. Rolak, H.S. Che, and M. Malinowski

4. Simulation results

In this section the characteristics for healthy and open-phase
faulted 5-phase induction machine are presented. Moreover,
simulation results of the FOC scheme for healthy, post-fault
and fault-tolerant cases are addressed as well. As a simulation
model of the star-connected, 5-phase symmetrical induction
machine connected to 5-leg 2-level converter with fault in a
phase was utilized and built in Matlab/Simulink simulation
software. The machine model was built as a set of differential
equations and the SimPowerSystem power electronics blocks
were utilized to model power converters and passive com-
ponents. Necessary data used in simulation are presented in
Table I and these machine parameters mainly come from [23].

Table 1
Model parameters

Rated power Prated 3.6 kW
Stator leakage inductance L 49 mH
Rotor leakage inductance Ly, 27 mH
Magnetizing inductance Ly, 526 mH
Stator resistance Rs 25Q
Rotor resistance R, 1.7 Q

Rotor inertia J 0.03
Friction coefficient c 0.0029

A first validation of addressed approach is to test induction
machine of healthy and faulted model connected to fictional
5-phase grid. With running motor and gradually increasing
load torque it is possible to find mechanical characteristics
for both healthy and open-phased machines what is presented
in Fig. 4a and Fig. 4b, respectively.

As it was mentioned, the faulted multiphase machine is
able to work, however the increased torque ripples are gener-
ated. These ripples were removed with moving averaged filter
in Fig. 4b for sake of clarity. It can be noticed that averaged
rated power of faulted machine P/, , is about 15% lower in

rate
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comparison to healthy one. This clearly shows the inherent
ability of multiphase machine to maintain its performance in
case of at least one phase lost. Therefore, it is rather obvious
that more advanced control strategies than constant Volt per
Hertz control (V/f = const) have to be applied to fully utilize
multiphase machine fault-tolerant features.

Thus, Fig. 5 presents the FOC algorithm working in three
modes: healthy, post-fault and fault-tolerant, respectively. The
set of K, coefficients presented in Fig. 3a was utilized in this
particular case.

The electromagnetic torque response can be observed in
to = 1.5 s after rotor flux is established. The reference fre-
quency of simulations presented in Fig. 5 was 45 Hz, and
test load of 5 Nm. A closer look of the rotor speed is also
presented to show speed ripples as well. At ¢t; = 1.75 s, the
open-phase fault is applied and it is followed by operation of
the fault-tolerant algorithm at ¢5 = 2.0 s. The bottom-most
waveform of Fig. 5 presents the stator currents where faulted
phase a, denoted in solid black line, can be seen to reach
0 value after transient state. It can be observed that after ¢;
some torque pulsations appear as a result of deformed stator
currents. It can be mentioned that these ripples have high-
er amplitude than similar response presented in [24] where
Sine-PWM modulation was applied and what in turn, can be
considered as a drawback of chosen hysteresis current con-
trol. Additionally, it can be noticed that once fault-tolerant
algorithm is applied, the stator current amplitudes increase in
comparison to healthy condition what is necessary to main-
tain the same, ripple-free torque with the decreased number
of phases. Figures 6 and 7 present flux vectors trajectories
and currents in particular time spans with K, coefficients ob-
tained in Fig. 3a [K; = —1,Ky =0, K5 = —0.5, K, = 0].
The same simulation carried

was out with sec-
ond set of K, coefficients as shown in Fig. 3b
K1 =-1,Ky=0,K5 =0, K4 = —0.2362].
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Fig. 4. a) 5-phase induction machine characteristics a) healthy condition, b) a-phase open-phase fault condition
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The post-fault algorithm allows the 5-phase induction ma-
chine to operate without one phase even in start-up conditions
which is impossible in case of 3-phase machine. This case is
presented in Fig. 8 together with speed reversal as well. The
K, coefficients presented in Fig. 3b was applied this time due
to equal currents amplitudes.

Note that the presented simulations do not assume power
de-rating, which should be considered in a practical applica-
tion mainly due to risk of overheating and exceeding winding
rated currents. On the other hand, it is also possible to design
machine with winding ratings that can withstand larger cur-
rents magnitudes. In that case, full machine power can still
be obtained even after open-phase fault.

5. Conclusions

In this paper, simulation models for healthy and faulty 5-phase
induction machine with one open-phase were shown and
analysed. The chosen method for fault modelling utilizing
back-EMF allows for analysis of dynamic transient states
during healthy, post-fault and fault-tolerant operation modes.
Additionally, a comparison of healthy and faulted induction
machine characteristics are presented and briefly analyzed.
A proposal of simple fault-tolerant FOC with hysteresis cur-
rent controller was presented and simulated. However, the pre-
sented solution has some disadvantages such as the necessity
of performing off-line calculation of fault-tolerant K, coeffi-
cients. Nonetheless, the presented approach allows for further
analysis of post-fault transient states which is especially im-
portant in case of fault detection algorithms.
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