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Modeling of Multi-phase Permanent Magnet Synchronous Motors
under Open-phase Fault Condition

Marco Fei, Roberto Zanasi and Federica Grossi

Abstract— This paper deals with the modeling of multi-phase is presented and Sec. V is devoted to simulation results.
permanent magnet synchronous motors under open-phase fault Conclusions are given in Sec. VI.
condition. Multi-phase electrical motors offer high reliability
thanks to their capability to operate safely even in case of faults 1. POWER-ORIENTED GRAPHS BASIC PRINCIPLES
such the loss of some phase. In this paper the model of a multi . . .
phase PM machine in the case of open phase fault condition is  1he Power-Oriented Graphs technique, see [7], is an
proposed. The model is suitable for generic number of phases, €nergy-based technique suitable for modeling physical sys
generic shape of the rotor flux and the open circuit fault can tems. The POG are block diagrams combined with a par-
occur to any phase. The motor model in fault condition is
presented for faults occurring on one single phase or more than X Xo X1 K X2
one phase (both adjacent and not adjacent phases). The use of \ [ \
a model is very useful both for simulations and implementation !
of fault-tolerant control strategies.

. INTRODUCTION

| |
_ _ YTty Y1 y2
Multi-phase machines offer some advantages and greater Jo.b bo b
a)e. n. C. b.
numb_er of degrees of freedom compared to three_phas?—ig. 1. POG basic blocks: a@laboration block b) connection block
machines, see [1] and [2]. One of these advantages is the

better fau_lt toleran_ce gnd this is very |mportar_1t_ In propmﬂs ticular modular structure essentially based on the useef th
and traction applications where high reliability is a VerYivo blocks shown in Fig. 1.a and Fig. 1.b: te&boration

important issue. Many kinds of faults can occur in mu“"block (e.b.) stores and/or dissipates energy, tbenection

phase PM machines and the realization of a model can IB?ock(c.b.) redistributes the power within the system without

heIpfuI. in analysis and simulation of the machine in fauny?toring nor dissipating energy. The c.b. transforms theguow
operation mode. A great number of fault-tolerant contr

Yariables with the constraint]y; = xLy». The circle in the
. . 1Y1 = XoY2.
strategies have been proposed, see [3], [4] and [5], in cbodere_b_ is a summation element and the black spot represents

makg tlhe mbotqr _able. to Iopferate safely e\éen-m. case O;Iau“épminus sign that multiplies the entering variable. The POG
particular obtaining ripple-free torque and miniMIzINGses. | oo 4 direct correspondence between the dashed sections of

In [10] the modeling an_d comrpl of a three-phase PMSMhe graphs and real power sections of the modeled system:
under supply fault conditions is investigated. Howeverha t the scalar produck™y of the two power vectorsx and y

literature any effective model for the faulty motor has beef} | o4 in each dashed line of a POG. see Fig. 1, has

prowde.d yet i . the physical meaning ofhe power flowing through that
_In this paper the model of a multi-phase PM maching,icyjar section Another important aspect of the POG

in case of open circuited phase is proposed. The modgl.hnique is the direct correspondence between the POG
is as general as possible, for a generic number of statpl, esentations and the corresponding state space descrip
phases and for generic periodic shape of the rotor fluxiyng For example, the POG scheme shown in Fig. 2 can
The open circuit fault can occur to any of the phases. Thg, represented by the state space equations given in (1)
mode_l is obtained with the_ Power_—Orlented Graphs modelingare theenergy matrixL, is symmetric and positive definite:
technique and can be directly implemented in a generg- _ 1+ > 0. The dynamic model (1) can be transformed and

type simulator. Thanks to this model the different controloq,ced to system (2) using a “congruent” transformation
strategies for faulty operation of the motor can be tested

before the implementation on a real machine.
The paper is organized as follows. Sec. Il introduces the u‘ Lx=—-Ax+ Bu
main features of POG technique, Sec. Il shows the details of | 1)

| |
| |
| | y = B™x
the dynamic model of the:,-phase synchronous motors, in } } L* }
Sec. IV the model of the motor in open phase fault condition | I v | A I (x="Tz)
| 1] =g o L
M. Fei, R. Zanasi and F. Grossi are with the Information Enejiimey } } T } Lz = —Az+Bu @)
Department, University of Modena and Reggio Emilia, Via Vigse 905, y y = ETZ

41100 Modena, ltaly, e-mai{mar co. fei , roberto. zanasi,
federica. grossi }@mninore.it. Fig. 2. POG scheme of a generic dynamic system in the complex domai


roberto
Text Box
ICCA 2011, International Conference on Control & Automation, Santiago, Cile, 19-21 Dicembre, 2011.


Vi Vo Vi Vi, “m by,

ms number of motor phases

D number of polar expansions
0, 6,, | electric and rotor angular positiong:= p 0,
w, wm | electric and rotor angular velocities: = p wm,

Rs i-th stator phase resistance

Ls i-th stator phase self induction coefficient
Mo maximum value of mutual inductance
¢.(0) | total rotor flux chained with stator phase 1

©c maximum value of functiorp. (0)
Im rotor moment of inertia
bm, rotor linear friction coefficient
) ) ) Tm electromotive torque acting on the rotor
Fig. 3. Basic structure of a multi-phase synchronous motor. Te external load torque acting on the rotor
s basic angular displacemenf(= 2m/ms)
TABLE |

x = Tz (matrix T can also be rectangular and time-varying)
whereL, = T'LT, A = TTAT + T'LT and B = T'B.

MAIN PARAMETERS OF A MULTI-PHASE SYNCHRONOUS MOTOR

A. Notations
The full and diagonal matrices will be denoted as follows: | here the parameters, are the coefficients of the normal-
Ri1 Riz2 -+ Rim R1 ized periodic rotor flux functions() expressed in Fourier
i[p, N i[R_ _| seriesp(0) = ¢.(0)/pe = > oo ., an cos(nd). The torque
LT : Sl ,]L_ vector ‘K. (9) is:
Rnl Rn2 e an Rn
h
[ wi : ' ®.(pbin) S .
The symbolg| R; || and|[ R; ]| will denote the column and ‘K. (6)= 7 =p@e||-Y . naysin (n(0—hy,) ||
Ln i m n=1:2
row matrices. The symbal"__ ¢, = ca+Cata+Catoa+ L,

(6)

. will be used to represent the sum of a succession .
P c1‘fhe torquer,,, and the back-electromotive forcé, are:

numbersc, where the indexn ranges froma to b with
incrementd. The symbol0 and1 will be used to represent h
zeros and ones block matrices of proper dimensions. Tm = "KL.'Iy, 'E;="K,w,=[Eq]

1:mg

Ill. ELECTRICAL MOTORS MODELING
The basic structure of a multi-phase synchronous motof '€ POG block scheme of the synchronous motor in the
is shown in Fig. 3. In this paper we refer to a permane fxed referenpe framé,, see eq. (4), is shpwn In Fig. 4.
magnet synchronous motor with aad numberm, of star | he laboration blocksbetween power section® and @
connected concentrated windings [8]-[9] characterized biFPresent thé&lectrical partof the system, while the blocks
the parameters shown in Tab. I. Saturation of iron will b@&tWeen section® and @ represent thélechanical partof

neglected in this analysis. Let us introduce the following!® System. Theonnection bloclbetween sectiong) and
current and voltage stator vectors: ® represents the energy and power conversion between the
electrical and mechanical parts of the motor.

T

To=[Ia Lo Lim,], "Vi=[Va Viz - Vam,]' )
whereV,; is thei-th phase voltageVs; = V; — V. IV. ELECTRICAL MOTORS MODELING IN

Usi p o . OPEN-PHASE FAULT CONDITION
sing a “Lagrangian” approach, see [9], the dynamic model
S; of the considered electric motor with respect to the |n this section the model of the motor in open-phase fault
external fixed framez; is the following: condition is introduced. The simulation of an open-phase
L, 0 [, R, \tKT(G) 1,7 [V, . fault has_ beep pr_oposed in [10] W_here the_ open circuit_ed
{T‘Tm} [cwn] =— [—tK;(e) b me ]4{_%} (4) phase failure is S|mu!ated .by a variable reS|stor as opening
element. However using this method a system time constant
where 'R = R, I,,,, and matrix ‘L is defined as: becomes very high then the simulation needs a very small
. N step thus increasing the simulation time. To overcome this
"Ly =Lyo L, + "My =L I, + Myo [ cos((i—h)vs) | problem we propose to simulate the open-phase failure by
* 1ims 1:m, supplying the faulty phase with an additional voltage such
that its steady-state current is zero. In order to exploit
this approach in the fixed reference frame it is necessary
to compute the common voltagi,,, but this calculation
_ = is quite complex. Moreover the star connection constraint
®.(0)=¢c [ > ay cosn( — h%)]” ®)  fust be taken into account. To overcome these problems
1:m,s":1:2 a transformation is now introduced. Let us consider the

with L,y = Ly — M. The rotor flux linkage vector is:
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Fig. 4. POG block scheme of the dynamic model of a multi-phase Fig. 5. POG scheme of the electrical part of the faulty motor.
synchronous motor in the fixed reference frakge

whered; , = {1 if ¢ = k, 0 otherwisg and

following transformation matri¥T, and its inverse:
“Li k= Loo (140 1) +4 Mo sin(k %) sin(i %) cos((ik) 5 ).

tTc—{Im‘*‘l 0}, tTl_{Ims‘l 0}

-1 |1 ¢ 1 1 Note that the transformed inductance matflx, is symmet-

: . . ric with respect to both the main and secondary diagonal:
Applying the transformatiodT. to the electrical part of

system (4), one obtains the following transformed currentLs; x="Lsk,i= Ls(m—i)+1,(m—k)+1="Ls(m—k)+1,(m—i)+1-

and voltage vectorsI, and V. We consider two different fault cases: open-phase fault

n ! occurring on a single phase and on two phases (adjacent
Zfsi or not adjacent).
i=1

A. Open-phase fault on a single phase
‘/sl - Vsms

Vg — Ve Let ¢ denote the index of the faulty phase. Tl¢h
: equation of system (7) can be written as:

QIS = ETgl tIs = [Isl Is2 v Isms—l

QVS = ET; tVs =

) ms—1 mes—1

M Z CLSi’k CISk = — Z C,RSZ"]c CISk — CESZ' + L‘/SZ (8)
‘/;ms - V;O k=1 k=1

Note that the last component of current vectdr, repre- When phase is open the corresponding currefjf must be

sents the star-connection constraint and that only the |aséro. To achieve this condition it is sufficient to add to ghas

component of voltage vectofV, is referred to the common ; the following additional voltage’ V;:

voltage V0. When the multi-phase motor is star-connected 1 S

the last component of vectdi, is zero, therefore to satisfy fy, — . Lo ] — c c c

) i = ; + Ry I+ “Eyi— Vi (9
this constraint it is necessary to eliminate the last colarhn =2 “Luig LoD Ruie L i Ve 9

. . . . k=1,k#i k=1,k#i
matrix {T. and consider only matriXT. defined as: . ] ]
: 1 In fact, adding (9) to the left part of equation (8) one obgain
ms—1 _ ms—1 .
tTC: LTC Sms = |: 1 :| where Sms = |: 0 :| . CLsi,i c[si — 72Rs cI€7 (10)
Applying transformatiori T to the electrical part of system This equation guaranteesl,; = I; = 0 in steady state
(4), one obtains the following transformed system: condition without modifying the value aR,. Putting “J,; =
JE R . . ¢I,; = 0 in system (7) and eliminating thieth equation one
L; Iy = =R, "L, — “BE; + °V, (") obtains the following reduced system:
characterized by the following transformed vectoils, = hy, hi, = —hR, H1, - "hE, + "V, (11)

ST, YT 1, °V, = 'TLIV,, ‘E, = 'TT'E, defined as:

mg

This system can also be obtained from (7) using the trans-

i i i formation I, = /1'T7 /11, with matrix /1T, defined as:
Ts= [“Iy] Vo= [Vu] ,Bs= [ “Es ], N S ¢
1:me—1 1:mg—1 1:m—1 fi Tc: lie?l”nsfl o e;?zslfl e?}:171 ezz:ﬂ (12)

where: °Is; = Is; , “Vsi = Vi—Vim, » “Esi = Esi—Esm, .
The transformed matricedR; = ‘TL'R;'T. and “L, =
'TT 'L, 'T,. have the following form:

where e}"*~! is the h-th vector of the standard basis of
spaceR™:~!. The transformed vectorsI,, /1 V, and " E,,
belonging toR™:~2, are obtained from vectofd,, °V, and

i k i k i k “E, eliminating theiri-th component:
Ri= [ “Rsix] =Rs || 1+ 6k || » Ls=[ “Lsik
° 1:7L—1 5)i’:m,]s—l s1|:LL5—1 11:’m,s]—1 ’ 1:n[7/5—1 71’:771,1—1 flIS: flTZ ‘I, , flVS: fsz Vg, flEs: flTZ ‘E,.




Similarly, the transformed inductance and resistanceioestr (13) because the adding tefef™ )" 1 T. 1V, is zero.
hR, and 'L, are obtained fronfR, and ‘L, eliminating Now the voltage vectofV ., added to system (7) is:

the i-th row and thei-th column: . .
CVFSZ[O-“0f1Vi0-~0f2VjO---0} (19)
fle Y ‘R, flT( , fng — flT; chfch.
‘ o ) ‘ - ) where the only two components different from zero &rg;

Equation (9) can be rewritten in vectorial notation as: and /1V;. Note that in (19) the relative position of the two
f ma—tvier firp At Len fim f . . non-zero elements depends on the values of indiees ;.
Vi=(ef" ) [Ls 'Te L+ "R T M+ B — Vs}- The POG block scheme representing the dynamics of the
(13)  electrical part of the motor in fault condition is shown in
where the time derivative of the reduced current veétdt  Fig. 5: this part substitutes the electrical part of the POG
can be calculated from the reduced system (11) as followsgaodel motor shown in Fig. 4. The element denotedd® is
i fTa ) ) X an internal input which defines the instants at which thet$aul
M= ML= PR L - NE 4 V). (14) occur and the indexes of the open phases. The blgckis
So, the open-phase conditiéd,; = I,; = 0 can be obtained the function that calculates the voltage vectdf r, added

adding the following voltage vectofV p, to system (7): ~ to the system starting from the vectdih, “V, and “E..
) . In healthy condition vectorrVg, is zero, while in faulty
“Vps=[0---07V; 0--- 0] (15) condition it is given by equations (15) or (19) and it is the

voltage vector which guarantees zero currents through the

where 71V, is obtained substituting (14) in (13). faulty phases

B. Open-phase fault on two phases C. Example5-phase motor

Using the same method it is possible to simulate also a
second fault occurring at thgth phase. In order to obtain
the additional voltage™V; it is necessary to consider the
following reduced system:

Let consider the example of &phase motor where a
first failure occurs at time; on the phase = 2 and a
second failure occurs at timg > ¢; on the phasg = 4.
The transformation matrice&T,., /1T, and /2T, have the
fo1, 21, = — PR, 21, — PE, + 2V, (16) following structure:

obtained from (7) using a transformation matfr'. which 1000 100] 10
is equal to the identity matrix of dimension, without the 01 00 000 00
i-th andj-th columns. The reduced vectdrd, = 2T}, °1,, "T.={ 0 0 1 0|, "T,= 010l fr, = 01
v, = TV, and ”E, = P*TT°E,, belonging 00 01 001 00
to R™=—3, are obtained from vector&l,, V, and °E, -1-1-1-1 -

eliminating thei-th and;j-th components, while the reduced
inductance and resistance matrideR, = 2TT “R, /2T,
andf2L5 = sz:; ‘L f2Tc are obtained fronfR, and ‘L Li1LioLisLaal |Ts1 2R. R, Rs Rs ||I.1 _E‘317E55 Vii—Vis
eliminating thei-th and j'th rows, and thei-th and j'th LioLosLosLis| |Is2 R, 2R Rs Ry ||Isa| |Eso—Ess| |Vie—Vis
columns. The additional voltageV; to be added to thg-th |1 .10.r00rol lial” | R R 2R R |1 |Bas—Eus| [Vis—vis|
phase of system (7) is: LiaLisLioLy| |Tsa Rs Ro Ry 2R||Tea| |Bsa—Ess| |Vea—Vies
. 20
f2VJ':(e;'ns_1)T L T P14+ Ry 2T L+ °B, — V| Whent; < t < to, using the congruent transforgnagion

_ o (17)  nI,= 1T, cI, one obtains the following reduced system:
where the time derivative of the reduced current vector in

double fault condition2I, can be calculated as: L1 Lis Lial| |iu 9R. R. Re||Ia| |Ea—E.s| |Vi—Vis
f2j: _ f2L‘l(f f2R fQI B f2E n f2V ) L13 Los Lo Igs =— | Rs 2Rs R | |Is3|—|Es3—Ess|+|Vs3—Vss].
s s s 8 s Lis L1z Laa| [Fo Ry, Rs 2R,| |Tea| |Boa—Bss| |VearVis

The transformed system (7) can be written explicitly as:

In this case, in order to have the curreiit,; = I,; = 0, the :

additional voltage/*V; given in (13) must be recalculated hL, I, IR, h1, DE, I,

taking into account the additional 'voltag"er computed in  \yhich is obtained from the previous one eliminating timel

(17) for phasej, then the vector I, must be recalculated row and the2nd column. The time derivativé!, of the

adding vector/' V ; to the voltage vector V. current vector necessary to calculate the voltagé defined
i, = RLA— AR, ST, — NE, + 1V, + Vi) (18) in (13) can be obtained using eq. (14). The voltdg®: has

‘ the following structure:

Vector 1V, € R™~Vis: 1V =[0---0%V; 0--- 0] :

where the only component different from zero éfVy,  7'V2= (eg)T[cLs AT NI+ R, T flIs*‘CEs_CVS}

is the j-th componenthVj related to the second broken = Lioly1 + Loglys + Liglsq + Rols1 + Relss+

phase. Note that it is still possible to calculatel; using +Rslsq + Eso — Eg5 — Vo + Vis.



The vector “V, to be added to system (7) i$Vyp, = ‘Stator currents

M H' \Mi"NH \HHM IM " il “ " li |
w \

[0 f1V5 0 0]". In this case equation (10) s “Iys =
—2R,°Is and the condition°I,, = I, = 0 is reached
with settling timeT, =3 Loy /2R,.

Whent > t, the reduced system (11) has the following
structure:

mm\u\\\w mw W qnw ”ﬂ WWW”W M”' i

L1 Las| |Ia _ |2Bs Bs||Ls1i| |Esi—Ess| [Vei—Vss 5 " 4 5
Lis Lao| |f.s "R, 2R.| 15| |Eas—ELs + Vaos—Vas| x10% ‘ Sum of stator currents ‘ ‘

05 —

—_— e —— —— WOr .

El FRNRE] R, 21, PE, Vv, N N

Number of faulty phases ‘

which can be obtained from (20) eliminating thied and4th %; =2 - 1
rows and columns, i.e. by applying the transformatiof... % P " O 5 - = o
The voltage/2V} is given by: Time [s]

. Fig. 6. a) Stator current$Is, b) Sum of stator currents, ¢) Number of
fzvzl = (eﬁ)T [CLS fa T, fQIs +°R fa T, f2Is +E;—“V; faulty phasesi(= 2, j = 4).

= Lyl + Lialgs + Ryl + Rl g3+
+Es4 - Es5 - ‘/54 + ‘/;5

The new additional voltagé' V; applied to the first broken

phase2 must be recalculated considering also the additional = of
voltage 2V, given to phasel. In this case the new time
derivative of current vectof!I, is obtained using (18) and
considering the following reduced system:

. Zoom2
L1y L1z Lia||I., 2Rs Rs Rs||Is1]| |Es1—Ess| |Vs1—Vss 0 ‘ ‘ ‘
Lis Loz Lio||I4|=—| Rs 2Rs Rs ||Iss|~|Ess—Ess[HVes—Ves|H 0
Lig Lip Laa||il, Rs Rs 2R,||Lsa| |Esu—Ess| [Vea—Ves| |F2Va

Hence the new voltagé' V; has the following structure:

flVQ = L12j;1 + L23I';3 + L13I.é4 + RSI.91 + RSIS3+ u : ‘ : : Timlé [s] " ‘ ‘ ‘ s
+RsIs4 + ESQ - Es5 - ‘/;2 + %57

. . Fig. 7. Zoom of stator currents when the faults occur: phiase2 opens
in which the new component;, I’; and I/, of vector attimet =8 s and phasg = 4 opens at time =12 s.

flis obtained from (18) are different from the previous one
I, I3 and I4. Using 2V, and 1V, calculated above

the vector °Vp, to be added to system (7) i€Vp, = Occuris shown in Fig. 7: note that at time= 8 s the phase
[0 175 0 f2V4]T_ In this way the steady state condition2 opens and the curret, goes to zero, then at time= 12
I, = I, = 0 is achieved. s the phasel opens and the curredt, goes to zero. The
motor velocityw,, and the motor torque,, (with its mean
V. SIMULATION value) are shown in Fig. 8. Note that when the first open-

The POG model of the electric motor shown in Fig. 4phase fault occurs the mean value of the torque reduces to
with the electrical part modeled as in Fig. 5 has been implahe 82.9% and the torque ripple i56.6%. When the second
mented in Simulink. The motor considered for simulationgault occurs on a non adjacent phase the mean value of the
is a 5-phase permanent magnet synchronous motor. Therque reduces to th&t.9% and the torque ripple i57.6%.
main electrical and mechanical parameters are the follpwinThe second set of simulation results is shown in Fig. 9-11,
ms =5, p=1, Ry, = 29, Ly = 0.03 H, My, = 0.02 corresponding to the case of open-phase fault occurring on
H, ¢, = 0.02 Wb, J,, = 1.6 kg n, b,, = 0.8 Nms/rad, two adjacent phases: phase: 3 opens at = 8 s and phase
Vinae = 100V, a1 = 0.87, a3 = 0.13 and the external j = 2 opens at = 12 s. Fig. 9 shows the stator curreritk,,
torque. = 0 Nm. The motor is controlled using a vector-the sum of stator currents and the number of faulty phases.
field control described in [6]. The simulation results showmhe zoom of stator currents when the faults occur is shown
in Fig. 6-8 correspond to the case of two open-phase faulits Fig. 10. The motor velocityw,, and the motor torque,,
occurring on two non adjacent phases, in particular phageith its mean value) are shown in Fig. 11. Note that when
1 = 2 opens at timet = 8 s and phasg = 4 opens at the first open-phase fault occurs the mean value of the torque
time ¢t = 12 s. Fig. 6 shows the stator currentk,, the sum reduces to th&2.8% and the torque ripple i56.7%. When
of stator currents (always equal to zero because the motitie second fault occurs on an adjacent phase the torque mean
is star-connected) and the number of faulty phases @, value reduces to th&4.9% and the torque ripple i$92.4%.

j = 4). The zoom of the stator currentt, when the faults
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Fig. 10. Zoom of stator currents when the faults occur: phase3 opens

Fig. 8. Motor velocityw,, and motor torque,, (the solid line indicates : .
9 Ywm querm ( at timet = 8 s and phasg = 2 opens at time = 12 s.

the mean value of the torque).

Motor velocity wy,
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Fig. 9. a) Stator current$I, b) Sum of stator currents, c¢) Number of Fig. 11. Motor velocityw,, and motor torque-,, (the solid line indicates
faulty phasesi(= 3, 7 = 2). the mean value of the torque).
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