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Abstract— Multi-phase electrical motors offer high reliability
thanks to their capability to operate safely even in case of faults
such the loss of one or more phases. This paper deals with the
control of multi-phase permanent magnet synchronous motors
under open-phase faulty condition. Using a vectorial approach
the optimal current references in faulty condition which provide
the desired torque minimizing the dissipation and satisfying the
limit current are obtained in the rotating reference frame. The
approach is as general as possible: the proposed control law
can be used for any shape of the rotor flux, for a generic odd
number of phases and in presence of one or more phase failures. Vo

S

I. INTRODUCTION Fig. 1. Basic structure of a multi-phase synchronous motor.

In safety critical applications, i.e. propulsion and tiawt

applications, the reliability is a very important issue.eTh simjlar result is obtained with a different approach: the
most important advantage of multi-phase machines compargfinension of thespeed normalized back electromotive force
to three-phase one is the fault-tolerant capability of tian  vector is adapted to the dimension of the remaining healthy-
drive: it can continue to operate with one or more failurephases. These two methods hold for machines with a generic
(the theoretical maximum number of faultsris, —3). In [1]  odd number of phases but the constraint on the maximum
and [2] a multi-phase synchronous motor is designed Withhase current limit is not taken into account. In [7] differe

a modular approach minimizing the electrical, magnetic angontrol strategies are compared for a seven phase induction
thermal coupling between the windings. Thus, a failure ifmotor but it is not clear how the current references are
one Wlndlng will not affect the Operation of the remainingobtained_ In [8] a Seven-phase synchronous motor with a
windings. However if the control is not modified the mearparticular shape of the rotor flux is used. Then the higher
value of the torque decreases and a torque ripple appeaismber of degrees of freedom of the drive is used in the
Several fault-tolerant controls have been proposed in thﬁ,st_faun strategie. Although this method is very intéregs
fixed reference frame [3]'[6] and in the rotating referenCﬂ can be used 0n|y for a particu|ar type of machines.

frame [7], [8]. In this paper the optimal fault-tolerant control stratefpe

In [3] the healthy-phase balanced currents are calculategyiti-phase PM machine is studied in the rotating reference
keeping the magneto motive force (MMF) unchanged undgfame where it is easier to take into account the maximum
the faults. Although a solution is obtained for5aphase phase current limit. Using a vectorial notation the proglose
synchronous motor where thest and the3-rd are injected, control law minimizes the power dissipation and the torque
it is quite complex to generalize the proposed approach fefpple. Moreover the post-fault strategie can be used fgr an

machines with higher number of phases where the numbghape of the rotor flux, for a generic odd number of phases
of injected harmonics increases. Moreover this method dogfd it works in presence of one or more open circuited

not minimize the global Joule losses and the torque ripple. kajjures.

[4] the symmetry of the healthy-phase currents with respegthe paper is organized as follows. Sec. Il shows the details
to the location of the faulty phases is used reducing thgf the dynamic model of the:,-phase synchronous motors,
torque pulsation and satisfying the star-connection caimt jn Sec. Ill the control of the motor in open phase fault
An optimal solution is obtained for &-phase synchronous condition is presented and Sec. IV considers the maximum
motor but also in this case the generalization of the contrgjhase current limit. Some simulation results are presented

Strategie is quite CompleX. In [5] the current vector in fﬂul Sec. V and conclusions are given in Sec. VI.
conditions is obtained using the Lagrangian multiplierthwi

the minimum dissipation function subject to the open phas&. Notations

and the minimum torque ripple constraints. Also in [6] arpe symbolzb, 1 Cn = Ca + Card + Casaq + ... will be

. . ) ) __used to represent the sum of a succession of numhgers
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ms number of motor phases
denote the image and the kernel subspaces of mAtrikxhe > AUMBET of pOJar eXpansions
0, 6., | electric and rotor angular position8:= p 6,,
SymbOISH i Jland|[ R ]| will denote the column and row w, wm_|_electric and rotor angular velocities: = p win
n Rs i-th stator phase resistance
matnces while the full matrIX will be denoted as: Lg 1-th stator phase self induction coefficient
Rii Ris - Ry Mo maximum value of the stator mutual inductance
; | Roy Roy - R2: Tm rotor moment of inertia
[ R;, ﬂ . _ o bm, rotor linear friction coefficient
s 71 1 : : - : Tm electromotive torque acting on the rotor
Rpi Rnz -+ Rpm Te external load torque acting on the rotor
Vs basic angular displacement (= 27 /m)
II. ELECTRICAL MOTORS MODELING $.(0) | total rotor flux chained with stator phase 1
The basic structure of a permanent magnet synchronous|—¥¢ max'mll,’md"?":el Oftf“”fclt'omc(e)
motor with anodd numbermg of concentrated winding in - norma 'Z; (eoa rofor flux:
star connection is shown in Fig. 1 and its parameters are | (@) | 40) = > ancos(nb)
shown in Tab. I. The assumptions of regularity of the design, e n=1:2

TABLE |
MAIN PARAMETERS OF A MULTI-PHASE SYNCHRONOUS MOTOR

no reluctance effect and no iron saturation will be congider
in this analysis. The dynamic mod#} of the multi-phase
electrical motor can be expressed in the fixed frapeas:

tL,| 0 ][I, _ | 'R 'K (9)]] ‘I, tV 1) i , , ) ,
0 [Jmllon |~ _tK‘;(Q)‘ b, o dlmens[on of the systend$; imposing the star-connection
constraint.

(4)

where 'V, and ‘I, are the voltage and the current statoNeglecting the harmonics;, of the rotor flux functiong ()
vectors, while ‘R, and ‘L, are the resistance and thewith order overm,, see [9], the transformed torque vector
inductance matrices, respectively. The torque ve€Kr () “K. = *TT *K, () is constant (i.e. it is not function of the
(also known aspeed normalized back electromotive fQrise  electric angled) with the following structure:
function of the electric anglé and the coefficients,, of the
rotor flux Fourier series shown in Tab. |. Note that according k f K m f 0
. w dk s
to the magnetic co-energy method the motor torgyeand K:= H Kry ” = H K ” =P/ 5 [ka ] )
the back-electromotive force vectéE, can be written as: 1:2:ms—2 1:2:m5_qgk 1:2:,%_5
= 'Kl I, and 'E; = 'K, wy,.
Applymg to systems, in (1) the following transformation €ach componenk’.. is defined by the coefficient,, of the
matrix T, € R™*(m:—1) see [11]: same orderk. The motor torquer,, and the transformed
back-electromotive force vectotE; can be written as:
Tm = YK “I, YE; = “Krwn,. (5)

th — tTT — i

mg

k h
sin(k((h = 1)ys = 6)) || When the first(m, — 1) /2 odd harmonics are injected in the
1:2im, —2 Lims stator phases, the transformed current and voltage vectors

one obtains a transformed and reduced systemin the “I,= 'T{ ‘I, and“V, = "T] 'V, are:
rotating frameX,,:

k
i e R R N e fra)-[] vl 2]

2:mg M

In this rotating frame then,-phase motor can be seen as avhere each harmonic of ordér and amplitude/,,; and
set of (m,—1)/2 independent electrical machines, rotating a¥m+ is transformed into vectors,, andV , moving in the
different velocitykpw,,, each one working within a subspacesubspaceX, .. These vectord,, and V. are constant in
Yor With k € {1:2:m, —2}. steady-state condition and they are defined bydihect and
The inductance and resistance transformed mattides=  duadrature componentsay, Iy, Var and Vg, respectively.
'TT 'L, T, and “R, = ‘T7 ‘R, 'T,, are diagonal matri- The modulus|I,;| and |V 4| are related to the amplitude

ces, while the coupling transformed mattid, = *T7 ‘T,  Inkx andV,,; by the following relations:

is a square matrix. These matrices can be written in vettoria B ™
notation as: (Lon| = (/I3 + 12, = 1/ mk )
k k i
L k 0 0 —kw V _ V2 2 _ mg
w .= S e — e g— E} - + V - e VTTL 8
s o e [ IR e S
1:2:my —2 1:2m g —2 Lima—1

Using the Power-Oriented Graphs modeling technique, see
Note that the dimension of this matricesis —1 because the [10], one obtains the POG block scheme of the synchronous
rectangular transformation matriXT',, reduces the dynamic motor in the rotating reference fram¥, shown in Fig. 2.
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Fig. 2. POG block scheme of a multi-phase synchronous motoren th

fotating frames.. contribute any more to the torque generation . In this case th
open phase constraints can be taken into account projecting
the transformed torque vector onto the — f dimensional
subspace generated by the healthy currents.

Let S = {i1,42,...,ir} denote the index set of the faulty

t+ Phases withf < m, — 3, the open phase constraints can be
written as:

The connection block between section&)<2) represents the
state space transformatié,, between the fixed reference
frame X; and the rotating reference fram&,. The elabo-
ration blocks between the power section®-(® represen
the Electrical part of the system, while the blocks between
sections@-® represent thdviechanical part of the system. BT = [Ty s Laiy o s L ]T = (0fY
The connection block between sections®- (@ represents ® s msea TSy
the energy and power conversion (without accumulation n@fhere the matrixtB is defined as:
dissipation) between the electrical and mechanical pdrts o

the motor. B = [ e -

1 2

-] (11)
I11. M INIMUM DISSIPATION TORQUE CONTROL IN THE Note that the-th standard basis vectef"* of spaceR™- is
ROTATING REFERENCE FRAME used to select theth fault component; of the current vec-
A. Control in healthy condition IOLtIS- T?er:efocrie the Vec’[?rf?f;vd‘ﬁzi "'ba”d eﬁ;ﬁiorm
. . . . a basis of thef-dimensional forbidden subspace(l in
Since in (5) the motor torque,, is obtained as the the fixed fef f pace(Ifi)
scalar product between the transformed torque and curr £ fixed reterence frame.

. eé]i'hce the transformed current vector4§, =
vectors “K, and “I, then the desired current vectol,
which provides the desired torqug minimizing the power
dissipation is the vector with the minimum modulus parallel '‘B"'I, = 'B"'T,“I, = “B"“I, = (0/)
to the transformed torque vectoiK .

5

1:22mgs—2

tTT 1, then
the open phase constraint can be written as:

where the constraint matrix’B in the rotating reference
_ K frame is defined as:
Ta, Ki= qk2~ 9)
| K‘,—‘ “B = (tBTtTw)T — tTI} tB — th tB. (12)

k
wKT

w
Ij=+——
d PK, 2 Td

where the distribution coefficientﬁ’k relate the modulus Substituting (2) and (11) in (12) one obtains:

|Tsx| with the harmonic spectrum of the rotor flux.

k
The desired constant torque can be reached using equationw cos(k((h — 1)y, — 6)) [ }
. . . = = |W;, W; Wil ,
(9) in the following control law: sin(k((h — 1)ys — 0)) i1 Wig iy
“Vi=(“Ret+“Js“Ly) “I+“K; wn—Kc(“I,—1) (10) Lz =2 hesd
where feed-forward action and a P controller are used. TH¥ere the vectorsw;,, w;,, --- and w;, (that are the

equations (9) and (10) are used together in the control bloGe!Umns of the transformatiorrT; related to the faulty
diagram shown in Fig. 3. Using this control the first odd®h@ses) form a basis of the-dimensional forbidden sub-
harmonics of order belown, are injected increasing the SPace Ini“B) in the rotating reference frame.

torque production capability of the machines. Moreover th&"€ subspace KerBT), which is orthogonal to the for-

harmonic spectrum of the current is tied to the harmoniBidden subspace IffiB), is the subspace of the healthy
spectrum of the rotor flux. currents that satisfies the constraints. Therefore thescurr

constraints are satisfied if the transformed torque vetisr.
B. Control in faulty condition is projected on KdrBT") along Im“B). The projection

Assuming the failures do no affect the operation of th&"atrix “> on Ker(’BT) along Im“B) is defined as follows:

remaining healthy windings; whefopen-phase faults occur . -1
the related phase currents fall down to zero and they do not P=1I,_.-"B ( B B) B
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Fig. 5. Multi-phase control motor drive under fault conditio

dissipate power without producing torque (in (4) the direct
componentsK;, of the torque vectorg( ., are zero).
wg‘\‘\ The condition“I, = “sI; can not be achieved using the
et control law (10) because the desired current is a periodic
function of the electric angl#. Therefore an undesired
Fig. 4. Projection of a torque vector onto the subspace of healtHiprque ripple (due to the tacking error) appears if the block
currents. diagram shown in Fig. 3 is used. This problem can be
overcome transforming the desired current veetdr; in the

. . L . _ . rotating reference frame to the desired current veétdy
Using this projection matrix’P one can obtain the following i, the fixed reference frame as follows:

projected torque vectors K, (0):

Ker(“BT)

b1y(0) = "T, < 14(0).
k

oy o o FK 4:(0) Then an hysteresis current controller can be used in order to
K- () =“P“K, = [ TK1(0) ] (13)  follow the time variant reference current vectod;(0), see
1:2:m —2 Fig. 5. Using the proposed control the multi-phase motor

continues to operate safely (generating the same desired

Note that the vectorsv;,, wi, --- andw;, are function of - o 0" oyt 1 le) under a phase-faults without an
the electric anglé, then also the forbidden subspacg#B) qu PP . P y
additional hardware connections.

is function of . Consequently the projected torque vector
“sK,(6) is a periodic function of the electric angle IV. CURRENT LIMIT

A graphical representation of equation (13) at two différen |t is well known in the literature that fault-tolerant cools

time ¢ andt, with ¢’ < ¢, is shown in Fig. 4: the transformed increase the current amplitude in the healthy phases. The
torque vector“K, (0) (the violet vector) is constant while main advantages of the proposed control respect to thesother
the forbidden subspace [B) (the black vector) is func- in [5] and [6] is that the maximum current limit can be taken
tion of the electric angle. Note that the variation of the into account. When the amplitudes of the components of the

forbidden subspace from I(fiB’) to Im(“B) modifies from  current vectors'I, are bounded by the the maximum rated
Ker(“B’") to Ker(/B") the subspace of the healthy currentscurrent1,,,,, the following constraint hold:

satisfying the fault constraints. In Fig. 4, the projectioin ma—2

the transformed torque vectoi’ K (6) (the red vector) is Z Ik < Inas. (16)
a periodic function of the electric angle and it describes a -
periodic trajectory (the red line).

Substituting equation (13) in (9) one obtains the desire

k=1:2
gsing (7) the constraint (16) can be rewritten as:

current vector“/I; in frame X, under fault condition ms72 me
which provides the desired torqug minimizing the power Z [k < \/7]mamv (17)
dissipation: k=1:2 | '
where the modulus of the current vectdgg is defined from
k (7) and (15) as:

wrr oo TK(0) | I(6)
1O = g™~ | vt

1:2:mgs—2

. (19 T _\/ﬁim
|Isk‘ - de: + qu |waT(6.)‘2' (18)

Substituting (18) in (17) one obtains the maximum torque

where the direct’ I;;, and quadrature/ I, are: in faulty condition minimizing the current dissipation and
; T K 4(0) ; K. (0) satisfying the maximum current limit,,,
Idk(e):ﬁ’rdv qu(a):ﬁﬂl- (15) |UJfK (9)|2 m
|“r K. (0)] |1 K. (0)] 7.(0) = T [Ms 1 (19)
_ c ms—2 9 max-:
The direct component/I;, of the current vectorsl Z \/dek(9)2+ FK ()2

must be used to satisfy the faulty constraint despite they Pty



Equation (19) transforms the current limit in a torque limit Motor velocity wm Zooml.: I-st fault

so when7; > 7.(¢) the desired torque is saturated to 2| 13 ol :
the maximum value satisfying the maximum current limit,_ 2| |! !
Introducing (19) in (14) one obtains the desired currerg | | 10 !
vector “/1I; in frame X, under fault condition minimizing =~ | '} s !
the power dissipation and satisfying the current limit: 3% TS
197 -t . . _‘
wr KT (0) |f < (9) : : 'g 15 i
T a0 T T T
w 9 \waT(9)|2 ¢ 4= ( ) ° 5Motolrotorquft)arm ° % 10 {
1 = 20 .y 11 S !
a(6) “r K. (0) _ ; j {
‘wf K, (9)|2 7e(0) if Ta>7(0) = *Z0om3: steadlgl—statéoi:londitli%ﬁ
Z. 10
The dependence of. from ¢ produces a time variant motor & | " E e
torque 7,,,. In the applications where a constant torque is 5| ' E *
required it is necessary to compute the minimum of the | ' n e
maximum torquenin(r.(f)). It can be made in the algorithm ~ © = 0 % 2 236 37 238 289 2
ime [s] Time [s]

comparing the actual value.(f) with the stored value; Fig. 6.
and saving the actual value in the stored value= 7.(6)
if 7.(0) < 7.s. Therefore after a period” = 27t/0 one

Motor velocityw,, and motor torque-,, using control (14).

A . . . Stator currents Zoom1: healthy condition, Phase spectrum
obtains the minimum value.; = min(7.()). In this case (— — ‘ ‘ ‘ ‘ <
the current vectors 1, is obtained as: = &
w E4
“r K, (0 . = 5
T ul )2 ta if Ta <7 e £
wfI 9 | fKT (9)| 21 1.2 125 13 1.35 14 1.45 15 00 100 200 300 400
d( ) - wiK (9) ( ) Stator currents Zoomz2: one open phas% Phase spectrum
T i T
—— 7. i T > Tes 2 mas -
7K+ (0)? =T N 0o -2”
Note that there is a trade-off between the torque mean vallr,zoobo\/ ~oX Es JU
T A A

o

and the torque ripple: the (20) provides an higher torqua wit
ripple, while the (21) provides a lower torque without rigpl

9.7 9.75 9.8 9.85 9.9 9.95 1

S)
o

100 200 300 400

Stator currents Zoom3: two open phases Phase spectrum

50 A N 'izo

V. SIMULATIONS — Imaz wis| |
. - = A ) -
The sm_1u|at|(_)n results _shO\_Nn in this section have = y/\)?ﬂvl\/ \ YA E . A A
been obtained in Matlab-Simulink using the POG mode [V ‘ ‘ ‘ : VIR . j Ly
H H 'S H 237 2375 238 2385 239 23.95 24 0 100 200 300 400
of the electrical motor in faulty condition described Time [s] w [radis]

in [12] and characterized by the following electricalrig. 7. zoom of the stator current vectdl, in the fixed reference frame
and mechanical parametersi, = 5, p = 1, R, = 2, with its corresponding harmonic spectrum obtained usingrobiil4) .
Ly=0.03 H, M,,=0.01 H, ¢, =0.02 Wb, .J,,, =1.6 kg n?,

b, =0.8 Nms/rad,a; =1, a3 =0.25, I,,.. = 30 A, desired

torque ;=18 Nm and no external torque.=0 Nm. torque grows up to the desired valug without ripple.

The strategies (14), (20) and (21) are compared under tvg. 7 shows the zooms of the stator current vectdrsin
adjacent open-phase faults: the faults occur at times 1.5  the fixed reference frame with its corresponding spectrum
and¢; = 4 on the2-nd and the3-rd phase, respectively; in healthy condition and when the fault tolerant control is
while the controls are activated at tinte = 1.5 s and at activated. In healthy condition only thest and the3-rd
timet, =4.5s. harmonics are injected, while when the post-fault contsol i
The motor velocityw,, and the motor torque,, obtained activated more odd harmonics of higher order are injected.
using (14) are shown in Fig. 6. When the first open-phaddsing (14) the amplitude of the healthy phase currents
fault occurs the mean value of the torque decreases amtreases and the maximum phase current lifpjt,. is not

the torque ripple appears (betwegnandt, the control is satisfied when the second fault occurs (this control does not
unchanged with respect to the healthy condition). At time take into account the maximum current constraint).

when the fault tolerant control is applied the torque grow3he motor velocityw,, and the motor torque,, obtained

up to the desired value,, = 7y = 30 Nm without ripple. using (20) and (21) are presented in Fig. 8, while the
When the second open-phase fault occurs the mean valz@oms of the stator current vectot, are shown in Fig. 9.

of the torque decreases again and the torque ripple appeAtstime ¢, when the saturated fault tolerant controls are
because betweety andt, there are two open phases butapplied the torque grows to a lower value %fin order to

the control is not modified with respect to the first failuresatisfy the maximum phase current lindit,,, (see Fig. 9).
case. At timet, the fault tolerant control is applied and theUsing (20) one obtains a torque mean valuel@f03 Nm
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Fig. 8. Motor velocityw,, and motor torquer,,, obtained using control (21)

(20) (teal) and control (21) (blue).
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The use of the POG modeling technique allows a direct
implementation of the control in Simulink. Some simulation
results show the effectiveness of the proposed model in the
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Fig. 9. Zoom of the stator current vectdi, in the fixed reference frame [5]
obtained using control (20) (on the left) and control (210 ¢be right).
(6]

with ripple while using (21) one obtains a lower torque
Tm = min(7.(f)) = 11.8 Nm without ripple. In Fig. 10

one can see thalirect and quadrature components/yy, [
I, in the rotating reference frame: they are constant in
healthy condition while they are a periodic function of the

electric angled in faulty condition. It is found that both (8]
the components oscillate at frequencizs, 4w, ... where
W = PWyp .
(9]
VI. CONCLUSION [10]

In this paper the control of multi-phase permanent magnefy
synchronous motors under open-phase fault condition has
been investigated taking into account the maximum pha
current limit. The proposed control laws minimize the powe
dissipation and the torque ripple. Moreover the post-fault
strategies are suitable for motors with a generic number
of phases and in presence of one or more phase failures.

e
2]

case of two adjacent open phases dfphase motor.
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