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Abstract—M ulti-phase machines are known for ther fault- INV 1 PMSM INV 2
tolerant capability. However, star-connected machines have no

fault tolerance to inverter switch short-circuit fault. This paper Vv — B AN v
investigates the fault-tolerant operation of an open-end five- 0':| ‘ b b, dc

phase drive, i.e. a multi-phase machine fed with a dual-inverter
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&
supply. Open-circuit faults and inverter switch short-circuit | —1 \

X

J d, —l

faults are considered and handled with various degrees of . WE_ ‘
&

reconfiguration. Theoretical developments and experimental

results validate the proposed strategies. >
Vo
Keywords—AC drives, .Control reconfigyrgtion, Fault Fig. 1: Drive topology
tolerance, Multi-phase machines, Open-end winding, PMSM, . .
Reliability. requires a zero-sequence path for the current (connection

between both inverters). On the other hand, inverter switch
short-circuit faults can be handled by creating an artificial
neutral point through the faulty inverter. In the latter case, this

Reliability of drives is a key parameter in some criticalreconfiguration cannot be applied if there is a zero-sequence
applications andts improvements can be obtained in variouspath. Therefore, a complete fault tolerance cannot be achieved
ways. With a conservative design, the system is operated welithout additional devices which connect or disconnect both
below its rated value, and therefore its expected lifetimgnyerters depending on the drive condition.
increases. However, in this case, system efficiency may be These issues can be solved with an open-end five-phase
reduced and the system may not be able to withstand sporagjve since the machine can be operated with open-circuit
faults. This is particularly true for power electronics fayits without zero-sequence path. This topology is illusdrate
components, of which failures are yet mostly unpredictablgy Fig. 1. This topology has already been investigated in [12]
[1]. where the authors propose a space vector modulation

To increase the drive availability, fault tolerance has beeﬂachnique.
introduced in the last decades. Fault tolerance can be applied|n the present paper, the fault-tolerant capability of an open-
to the inverter[2-6] and/or to the electric machif@-10].  end winding five-phase PMSM drive is studiedarious
Specific configurations of three-phase and multi-phase drivegegrees of reconfiguration are investigated, starting from no
have been investigated for their properties in healthy anreconfiguration up to a full reconfiguration (control algorithm
faulty conditions. and gate signals).

Multi-phase drives have additional degrees of freedom |t is assumed that the inverter is equipped with smart
compared with three-phase machines. These degrees @fvers, which are able to locate a short-circuit fault almost
freedom can be used for different purposes, such as additior]ﬁgtantaneougy ando remove the gate signal of the
torque generatioor fault tolerance when a part of the systemcomplementary switch to avoid a short-circuit of the DC
fails. Fault detection and control reconfiguration of the driveggyrce.
in case of open-circuit faults fabeen extensively studied in |5 section II, the drive modeling is presented, highlighting
the past yearsl[l-16]. On the other hand, only a few werk the zero-sequence component which is paramount for control
have addressed the problem of inverter switch short-circufigconfiguration. In section Iil, a simple modulation strategy
faults [6], except in topologies with additional componentsand the control algorithms are presented for the healthy and
such as fuses and parallel thyristors which are not used faulty conditions. Inverter switch short-circuit faults are
healthy operation [2-5]. addressed in detail, while open-circuit faults are briefly

In [6], the authors investigate a three-phase drive topologyddressed as well. Finally, the test bed is presented in section

with an open-end winding machine and a dual-inverter supplyy and experimental results validatie theoretical part.
The authors show that fault tolerance against open-circuit faultection Vv ends the paper by a conclusion.

. INTRODUCTION
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2 2 An analytical expression of,Vis obtainedby substituting
: * * 2 . * (2) into (1) and calculating the zero-sequence component:
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Fig. 2 Voltage vectors in the stator reference frame (normabzeddc). .
Left: Subspace associated with the fundamental conmpéak Right: Eg. (7) shows that _o\éq depends on the Instantaneous
Subspace associated with the third-harmonic compohgnt ( output voltage of the inverter. Practicallyyqy is thus a
control variable, whereas jVhas no interest for control
IIl.  DRIVE MODELING purpose.

: The topology under study ?S Fig. L which consist§ of WO 1t s worth noticing that (6) is similar to the expression
isolated voltage sources, two five-leg inverters and a five-phasgained for a star connection [12Vith a star connection, the

open-end winding PMSM. neutral-point floating voltage is affected by the zero-sequence
Assuming no magnetic saturation and no saliency, themf and inverter output voltage, while for the topology under
voltage equations are given by: study it is \4.
y | L M M. M. M | £ As V,; is associated with the zero-sequence component, it
a a 1 2 2 1 a a
v | Mo L M M. M | E has no effect on thex# components and the space vector
b b 1 1 2 2 b b 1 111 1
v -rli MM L MM d | E (1) theory can be applied by omitting;Mn the calculation of
o | TR Lo [F| M2 M v Mg e [T Fe thesecomponents.
Vs o M2 My My L Myl ) B, For the topology under study, the inverter hd&dgferent
Ve el [M; M, M, M, L l.] [Ee combinations of states. The corresponding vectors are

with R, the stator resistance, M, and M the stator self and depicted in Fig. 2 (a) and (b) for the subspaces associated with
mutual inductances, 4| the x-phase current, (E the the fundamentald,5;) and third-harmonicd,f5,) components
electromotive force (af) induced by the permanent magnetsrespectively.

in the x-phas and \, the voltage at the x-phase terminal(x ~ The electromagnetic torque of the PMSM is given by:
{a,b,c,d,e}). The negat_ive DC bus of_inverter 1 is_chosen as T, =el +el+elte,lqel 8)
voltage reference for inverter 1, while the negative bus of

inverter 2 is chosen as voltage reference for inverter 2. Henceavith g, = E,/Q andQ the mechanical speed.

V=V VeV (2) lIl.  CONTROL STRATEGY
where 4, is the voltage difference between the negative bus of This section describes the control strategy used for the
inverter 2 and the negative bus of inverter 1. experimental tests. First, the modulation strategy is briefly

} described. This modulation strategy is common to all control
As there is no zero-sequence path for the current, the sugghemes (healthy and faulty). No modification of this strategy
of the phase currents is equal to zero: is required for the post-fault operation.

o+l Hl g+ =0 3) Next, the control strategy in healthy operation is briefly
addressed, followed by the control strategies with an open-

Applying the Concordia and Park transformations to thejrcy,it fault and an inverter-switch short-circuit fault.
equations (1), the modeling of the system expressed in the

stator and rotor reference frame is obtained, with notations
afraf0 and dg.d.q.0 respectively. The zero-sequence
voltage component is calculated as follows:

A.  Modulation strategy

A very simple modulation strategy is chosen for this
application, i.e. a centered PWM strategy with the dutyesycl

v, :%(Va HV, 4V 4V 4V e) (4) 6,1 anddy , calculated as follows (& {a,b,c,d,8):
1V,
Substituting (1), and (3) into (4) yields: 0,1 :E v +1 9)
DC
Vv, =E, (5) oy
where E is the zero-sequence of the back emf and can be Oy2 =E[_VX +1] =1-9,, 10
DC

calculated as the same way of Eq. (4).
with V. the voltage reference of the x-phased<W, < Vo).



1 A Under this fault condition, the number of switch
combinations decreases t&=812 It is however difficult to
% (@ develop a postfault strategy considering a specific subset of
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Fig. 3 Carrier-based modulation strategy. (a) Switching tioncof the x1- o .
leg. (b) Switching function of the x2-leg. (c) Vafle at the x-phase termin: Fig. 4 Control block diagram.
(normalized by Vdc).
An example is given in Fig. 3, showing the modulationVectors and a simple modulation strategy. Therefore, three

functions, the triangular carrier and the resulting voltage of thgeconfiguration techniques are investigated in the following

X.phase_ Sections.
1) Without reconfiguration similarly to the open-circuit
B. Control strategy in healthy operation case, it might be interesting to test the fault-tolerant capability

of the drive without any change of the control algorithms and

Fig. 4 shows the general scheme for torque control. TE0dulation strategies.

keep the control scheme simplbe calculation of the current | € main problem in this case is that the converter output
references is obtained from the torque reference and tfoltage is different from the controller reference voltage. As

fundamental component of the back-emf. In the Park referen@€ |€9 is connected permanently to the positive or negative
frame. we have: bus, a voltage DC component appears at the faulty-phase

terminals. The controller will try to reject this component

ly=0 (which is rotating at the electrical frequency in the rotor

. reference frames) and therefore the response depends on the

lg=—"" controller and machine parameters. However, injecting a
€ 13 voltage DC component yields a current that is only limited by

l,,=0 the stator resistance. Hence, large currents are expected.

|;2 =0 2) With a simple reconfiguration: in order to mitigate the

. . fault effects, a simple reconfiguration is achieved b
Proportional integral (PI) controllers are used for the P 9 y

current control, along with an emf feedforward compensation connecting both inverter legs to the positive or negative bus,
’ 9 P ?S shown in Fig. 5. This can be implemented hardware (error
The zero-sequence voltage can be chosen in order 10

increase the DC-link voltage utilization by injecting VoltageS|gnal and additional logic drive the gate signals of the other

harmonic components which are multiple of five. However,leg) ?]r so(fjtware (dut;; cry]/_cle equal tq onhe orhzero). | f
the choice in this paper is to maintain the average value of |N€ advantage of this strategy is that the average value o

V,,=0 (healthy operation). Therefore, from (6), the zero-Vx is equal to zero and there is thus no DC component to be

sequence voltage of the equivalent inverter is given by: rgjected by the controller. On the other hand, there is_ still a
. difference between the reference voltage and the inverter
Voear, = Eo (12 output voltage. The drive response is thus again dependent on

) ] ] ] the controller and machine parameters.
where H is a subscript which refers to the healthy operation.

_ o _ 3) With full reconfiguration: to mitigate the
C. antrol strategy with a short-circuit fault (inverter aforementioned problem, the controller has to impose a
S_W'tCh) ) _ ) ~voltage reference which can be generated by the inverter. To
It is much more interesting to deal with a shorted switchyg so, the reconfiguration of Fig. 5 applies as well. However,
fault with the topology under study. Under the fault condltlon,an additional change in the control scheme is mandatory.

it is assumed that the complementary switch is blocked open In Considering Fig. 5 and (2) and assuming the faulty phase
order to avoid a short-circuit of the associated DC source. is the a-phase, an important and simple result is:

V, =V, 13



Eqg. (13) shows that the faulty-phase voltage is equal to theShort-circuit and full

voltage difference between the two inverter DC-links. reconfiguration
Fault
1 Yee
TAA'AN X l BT
(;'—-_l
REF, > “REF,

Fig. 5 Reconfiguration of the inverter legs in case of irefeshort-circuit
fault (top switch of the x2-leg).

Fig. 6 Experimental platform.

From (6), this voltage can be controlled with the zero-
sequence voltage of the equivalent inverter.

TABLE I. MACHINE PARAMETERS

The Concordia transformation has the following Parameters Values
expression: -
s 224 Q
Va 142 1 0 1 0 Vo Lar=tq 3.2 mH
Y YVZ oo 2/§ sif2/ B ot )5 dnep) Ve | (14) —
Vo |-\ Y2 cotass st al s casB)s  cosB) 8V 637 0-9 mH
vy YV2 cof &/ § sif B/ p cds 12 )5 dosAR) |8V, q 0.51 Vs rad
Ye V2 cof@/y S8/ p ok 16)5 chsap) p2 Pole pairs number ¢y 2
and substituting (13) and (6) into (14) yields: Nominal speed 1500 rpm
Vo,eq,sg = _\E‘/al_ﬁ/az 5 Nominal current 15A
As the objective is to maintain a constant torque, i.e. no Maximum torque 20 Nm
modifications of the }d.q, currents (or equivalently the Nominal 1 KW
a1 fra0f currents), the d,d.g, voltages (or equivalently the ormina” power 3
afranfs Voltages) have to be maintained as well. Eq. (15) 15 =
shows that a modification of the zero-sequence voltage allows 10 ’r... W\‘ F hw\‘ [
this condition to be obtained. s ° , ‘ , \
It is worth noticing that the calculation for other phases is Z / \ [ |
immediate. o \ | / { |
= V) | P
D. Summary of the control algorithms 50 00z 004 006 008 01 012 014 016 018 0.2
Time (s)

A summary of the reconfiguration modes for the cases

under study is given in TABLE I. Fig. 7 EMF of the fivephase machine at Q = 50 rad s-1.

TABLE I. SUMMARY OF THE CONTROL PARAMETERS FOR THE V. EXPERIMENTAL RESULTS
VARIOUS RECONFIGURATION MODES UNDER STUDY (A-PHASE
FAULT) A Test-bed description
M ode of operation V1=V V¥ 0eq A_ picture of_the test bed is shown in Fig. 6. The s_ystem
consists of a five-phase double-ended PMSM, two five-leg
Healthy () no Eo inverters and two isolated DC-sources. A dSPA@K1board
— is used for control prototyping. The load is an electromagnetic
Open-circuit no Eq powder brake.
Short-circuit and no no E The open-circuit fault is emulated by disconnecting a
reconfiguration 0 phase terminal, while a switch short-circuit fault is emulated
Short-circuit and simple yes E by setting the corresponding duty cycle to one or zero.
reconfiguration




The machine parameters are given in TABLE I. The emfhat the faulty-phase current is quite distorded, but its
waveform is almost trapezoidal, as shown in Fig. 7. magnitude is rather low. It can be noticed that this fault

induces the supply{dand |, are different to zero) of the
T 4 P Aot A s AL 10
< i ‘ ) J ) _ |
g o la1 o g2 < s Ave vwperey e “7‘ :1 \f"& { mw";‘w ﬁf‘w‘*\
, il e s e T e L N e A T
qt) i < 0 v WJ “H‘H‘\‘\ A | “H f““f‘M\ 2!
S o VAAA ARIAAAD & W B A CA 8 i 4 i AT TR A A 2 IR A L I w\u/ T /
O Oy i g Ty e S Ty S N e o b Ry S o S = a” AW L
35 5 >~ e
0 0.05 01 0.15 0.2 0.25 0.3 035 0.4 © 10 g2 a2
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= P st 3)
> 15 4
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= os Z 2 [ SR Mk(j \ hm \ M wa \
s T
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Fig. & Healthy operation (experimental results). Top: curexpressed in t 0 00501 015 Ti 0'2[ : 025 03 03 04
rotor reference frame. Bottom: Electromagnetic torqak(tated from the Ime IS

Fig. 10: Inverter switch short-circuit fault and no reconfigtion
(experimental results). Top: current expressed in ttoe reference frame.
Bottom: Electromagnetic torque (calculated from the nmjodel

model).

la (2A/div) 1, 2A/div)
a
V, (50V/div) v Eoviaw
a
-V, (50V/d|V)
-V, (50V/d|V)

Fig. 9: Healthy operation. Scope results showing tpbase current,| the a-
phase voltage Mand the voltage between the two inverter DC-bus V Fig. 11: Inverter switch short-circuit fault and no recapfiation. Scope
results showing the faulty phase currentie a-phase voltage %nd the

B. Control in healthy operation voltage between the two inverter DC-buys. V
Fig. 8 and Fig. 9 show experimental results of the control

. ; _ : secondary machine associated with the subspace a,B,. S0 in
in healthy operation (Q=38rad/s). Fig. 8 shows the 010, oader to obtain a constant torque, we have to use a new

currents and the resulting electromagnetic torque (estimate ference of currents (voltages) for the two fictitious machines

with the model). Fig. 9 shows scope results for the same tel%? Concordia reference frame. We can see that when a fault
presented in Fig. 8. The phase currgns Isinusoidal, lagging :

the phase voltage .V The voltage difference between the two gg?gﬁo'g tr:"tao";ﬁ;iréa ig]jpigsﬁf?r?ﬁgﬁrsgoc%r?frosrv Iff?:rsn tl)se
inverter DC-links \4; is also measured. It can be seen that V noticed tr?at the torque ﬁ le is reducedctla com ari.n o Fi
is close to zero (average and instantaneous values), 9 PP y paring 9

78 but this value of torque pulsation remains important
f h | algorithm in health ion. . ) ) '
expected from the control algorithm in healthy operation 3) Full reconfiguration:. Fig.14 and Fig. 15 show

C. Control with an inverter short-circuit fault experimental results of the control with an inverter switch

1) No reconfiguration: Fig.10 and Fig. 11 show  shorteircuit fault and full reconfiguration (Q=42rad/s). The
experimental results of the control with an inverter switchfault occurs at time t=0.2s. In this case, torque ripple is of the
shorteircuit fault and no reconfiguration (Q=42rad/s). The same quantity as in healthy operation. The faulty-phase
fault occurs at time t=0.2s. current is not distorted (see Fitp) and Eq. (13) is verified as

Fig. 10 shows that the current magnitudes in thg,d Va=-V.1. By imposing this constraint, the new reference of

subspace increase a lot upon the fault occurrence. Torqweltages (for 4 healthy phases) are redetermined. Indeed, in
ripple of about 165% appears due to the fault. Figshows this case, the voltage of phase b is a line-line voltage V
scope results for the same test. The faulty-phase cugfess |  V =V,. In the same way, the voltages of three others phases
a positive DC component, while,\Vand 4, are seriously (c, d e) are: V, Vg Vea It means that after fault occurrence,
affected by the fault. the inverter is controlled to obtain the line voltages for

2) Simple reconfiguration: Figl2 and Fig. 13 show compensating the phase a is faulty. Finally, the phase currents
experimental results of the control with an inverter switchof machine are not distorted and maintained as before the
shorteircuit fault and simple reconfiguration (Q=40rad/s). fault.
The fault occurs at time t=0.2s. Torque ripple of about 75%
appears due to the fault. The scope results of Bghows



V. CONCLUSION

the possibility to operate the machine under open-circuit and
inverter switch short-circuit faults (without additional

The paper has analyzed the behavior of an open-end fivegmnonent). An inherent fault tolerance has been shown in the
phase PMSM drive under inverter fault conditions. With agy,qy. |t has also been shown that a simple reconfiguration
dual—lnsverter supply, the equivalent five-phase topology offer§ows the drive to be operated with the same torque
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Fig. 12: Inverter switch short-circuit fault and simple refigaration
(experimental results). Top: current expressed in ttoe reference frame.
Bottom: Electromagnetic torque (calculated from the mjodel
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Fig. 13: Inverter switch short-circuit fault and simple oafiguration. Scope
results showing the faulty phase currentie a-phase voltage ¥nd the
voltage between the two inverter DC-bus. V
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Fig. 14: Inverter switch short-circuit fault and full recoggiration
(experimental results). Top: current expressed in ttog reference frame.
Bottom: Electromagnetic torque (calculated from the model
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Fig. 15: Inverter switch short-circuit fault and full redauration. Scope
results showing the faulty phase currentie a-phase voltage ¥nd the
voltage between the two inverter DC-buys. V

performance as in healthy operation.
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