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Abstract—  Electrical marine  propulsion systems are particular specification corresponds to civil and military ship
characterized by very high level requirements in terms of propylsion current context.
compactness, acoustic behavior and reliability. In this particular One of the most common ways to use multiphase for fault

context, the use of multiphase PM machines associated with VSI tol t . Isi hine is t doubl tri|
drives appears to be a very efficient solution. Presented work olerant marin€ propulsion machine IS to use a double or triple

focus on the use of such a system in open circuited phase fault Star machine. However this solution leads usually to
conditions. With this kind of system it is possible to determine disconnect an entire star and to run the system in a
optimal current references which maximize the torque density of  significantly reduced power in fault mode. One of the major
the system when one or two phases are open circuited. Classical specifications particularly in military electric propulsion ship
linear controllers (as PID for example) cannot provide a correct is to maintain in a fault mode a smooth torque with a high
tracking of these optimal current references because they have a | | of t With this kind of ificati th f
highly dynamical behavior. We propose in this paper to combine eve_ of torque. . ! _'S 'n, 0 §peC| ications the use .o a
this optimal current reference generation with High Order multiphase machine with N identical and regularly shifted
Sliding Mode (HOSM) control. This kind of solution allows a  Windings can be very advantageous because it allows
good tracking of these unconventional current references with a maintaining a high level of torque disconnecting only the
fixed switching frequency for the VSI. This method is validated  faulted phases. This is why this paper focuses on the optimal
experimentally using a low power experimental set-up which  cqntro| of multiphase machine in fault tolerant open circuited
associates a 5-phase PM machine with a DSP controlled IGBT 5- phase mode
leg VSI drive. e . .

A method is presented to determine optimal references for the

Keywords-Marine Propulsion, multi phase machine, fault machine currents for open circuited phase mode. These

tolerant, nonlinear control, Sliding Mode. references are calculated to minimize the copper losses for a
given constant torque. So this strategy leads to maximize the
I. INTRODUCTION torque density in open circuited phase mode. This solution is

AC Multi-phase motors are widely used in marinecharacterized by strongly non sinusoidal current references

propulsion. In this application, the number of phases, great(with high ?ynamics. So we pro_pr(])sl_ertcr)] %S;Ciat;.éhis ol\;/l)ti?al
than three, is not only justified by the induced power partitio urrent reference Qe”era“"” with Hig ~raer Shiding Mode
between the different phases but also by a smoother torq 'é'OSM) gontrol which appears to be pa.rtlcularly suneq to this
and especially a higher fault tolerance. Thanks to the advan{8Se: Tths gloralpi;raéegyt/] has beefr:_ |mpIem?ntjedb N aDIng\)/
in Digital Signal Processors (DSP) and high power switchegowerII ad VSSCIaIE' 1 pEase_mac |Ine sulpp 'ﬁ %a d
such as Insulated Gate Bipolar Transistors (IGBT) these mult _ontrol € (Figure 1). Experimental resuits S OV\./t € goo
phase motors can now be controlled by Pulse Widt ehaw_or of the system for one or two open circuited phase
Modulation (PWM) Voltage Source Inverter (VSI) even for OPerations

high power marine propulsion [1,2] (>1MW). This kind of

supply increases the flexibility of control and allows using }— }— }— }— |—
unconventional strategy of control. Used with Permanent _* _* _* } _* )
Magnet synchronous motors, this solution also improves the ] @
compactness of the propulsion system and improves the| “ T L N \_,)
reliability of the system using fault tolerant strategies [3, 4]. & A ? ? ?
Multi-phase PM machines are thus attractive since a higher (f ﬁ

torque density and fault tolerance can be expected with a

S|mpler deS|gn and with low torque pulsatlons [5] ThISFig. 1. Schematic of five-phase PM machine supplied by a VSI drive
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Il. MODELING MULTIPHASE MACHINE

The electric equation of a 5 phase PM synchronous

machine in the natural base is given by the folfmwi
expression for each phase (here thelhkase).

LTI )
dt

WhereRsis the resistance of a stator pha®g,is the stator
flux vector created in the"kphase by stator currents apdis

the EMF induced in this phase by the permanent stagror
flux.

Vk = Rsik + €k

Then obtained theoretical optimal torque is:

If in a 5 phase PM machine, this strategy is applie

We consider that thiephases are regularly shifted, and thatconsidering in (4) only the®land third harmonics of the EMF,

there is no saturation and no saliency effects.nTive can
obtain a relation between the current vector (5 pmmments)
and stator flux vector [6, 7, 8, 9].
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Where L is the inductance of a phaskl; the mutual
inductance between two adjacent phases (elecsitilangle

+ 27 andM, is the mutual inductance between two phases

5
shifted of an electrical angle Qf4_”)
5

The electromagnetic torque developed by the machine machine has sinusoidal EMF.

equal to:

|

Te m

o

©)

On the other hand, the mechanical equation of thehime
is:
Tem=J d—Q + fQ
dt

This set of equations allows to characterize
electromechanical behaviour of a 5 phase PM machin

Ill. CURRENT REFERENCE EXTRACTION

A. Direct method to determine currents reference.
In normal operations, minimizing joules losses far

the

it is possible to use a 5 phase transform with tetating

frames. This transformation is a generalizationtte Park
transform for multiphase system [12, 13, 14]. Ifwye

connection is done, the current is nullified in tkero

sequence. In this case the current referencesacargtant in
steady state and in normal mode in the two d-gingtdrames
[9]. So it is possible in normal operation to udassical
controller as for example PID controller which atoa good
control of such current references If we consithat an open
circuit fault has occurred in one phase, torquelep appear
with this classical control of the motor. Theseptgs are
linked to the interaction between the non-symmalrgystem
of currents and symmetric system of electromotoreds. To
avoid these torque ripples, an adaptive methodeterthine
current references is described in the next pattisfpaper.

B. Adaptive method to determine currents reference

Let us consider the case where one phase of PMpfiase
machine is not fed ("iphase for example), and where the
If a classical contasl
described in previous paragraph is used, the esipresf the
torque in fault mode is given by the following etjaa:

((q—1)+ co{ wt— 2(- 1@)} (6)

Where Temo is the torque developed by the machine in
normal operation ang is the number of phases.
Therefore, it can be noticed that this solutiordfeto high
values of torque ripples (second term of the equati

To ensure continuity of operation of the machineq &o
minimize torque ripple with minimum copper losselsew an
open phase fault appear, a new adaptive contiatiegly have
been proposed in [10].

With this method the faulty phases are firstly d&td. Then

Ten( CLI) =

TemO
q

constant given torque,.x leads to express the optimal currenta new system is considered. The new system coaspoisly

references of each phase [10, 11] as:

- e
et = A— 4
f R 4)

the phases that are not in fault. Therefore, dhgue is in this
case the scalar product of the current vector avié Eector
of the new system divided by the machine rotaticmded.
For example in the case of one or two phases fhalnew
EMF vector for each non-faulted phase (here ttst fihase) is
given by the following expression:



TABLE 1

13
a'=-e-— z h e )] HARMONIC CONTENTS OF THE BACKEMF THE EXPERIMENTALS PHASEPM-
q'= MACHINE.
Whereq’ is the number of active phases dndl for active
phase anth, =0 for faulted phases. Harmonic number | 1 3 5 7
Thus a new expression of equation (4) can be éshalol as Relative RMS 100 23 731 | 0.82
follows: Amplitude
T =, €'
A:Laxzzhef =A'— (8)
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Classically PM machine has trapezoidal EMF. Fig. 3 Time (s)

prese_nts the_ waveform of the EMF of such 5 phase F’Mig. 4(a). Optimal current references (in p.o.jhe natural frame for single
machine. This EMF waveform corresponds to expertaien open circuited phase.

measurements in a 5-phase PM machine of low povaérhw
is located in our lab. Table 1 presents the harmoaitents of
this EMF waveform.

Fig. 4(a, b) and 5(a, b) present the obtained atoarrent
references obtained with equation (8) when onevorghases
are in fault in the natural frame (fig. 4(a) and.fb(a)) and in

qupief(pu) qui,ref(pu)

%

the two rotational d-q frames associated with the ' ! !
transformation presented in paragraph Il (genezdlipark 2 ! ! )
transform) (fig. 4(b) and fig 5(b)). We can notitteat these 0.8 0.85 0.9 08 085 09
currents have a high dynamic behavior in the natineane Time (s) Time (s)
and even in the rotating d-q frames.
Fig. 4(b).  Optimal current references (in pin.the two dq frame for one

open circuited phase
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Fig. 3. EMF of the experimental 5 phase PM-naehi
Fig. 5(b). Optimal current references (in p.u.}the two dq frame for two
open circuited phases



So when the speed increases in fault case, cladisiear
controllers (as PID for example) cannot provide carect
tracking of these current references in the naturah rotating
dg frames. It is necessary to use non linear ntirentrol The main problem with HOSM algorithm implementas
strategies to insure a good tracking of the refeeenThe most is the increased required information. Indeed, the
common non linear control strategy is the hystsresintrol ~ implementation of an nth-order controller requiréise
mode which has been implemented with success if. [10knowledge ofS, S, S,..., S(n-1). The exception is the super
However with this very simple control mode the shing twisting algorithm, which only needs informationcaib the
frequency is not controlled and depends of the emgsts ~sliding surface S [16-17]. Therefore, the proposestrol
bandwidth and the dynamic of the reference. In lpglwer ~ approach has been designed using this algorithme Th
drives like naval propulsion drive, the increasafgswitching ~ proposed second-order sliding mode controller ¢ostavo
frequency can leads to a too high level of switgHosses and parts:
constraints in switches. We propose in this paparse non Ve =U+ 4,
linear control based on High Order Sliding Mode &i@). V. =W+ w
This kind of control is particularly suited to thégplication aw
because it allows a good dynamic tracking of tHeremces
with a fixed switching frequency. This strategyrdhen be = -o,sign( 9
used in the two d-g frames used in hormal modeatjpers or u, =B |§|p sigif 9
in the natural frame. In the first case this methas the same z !

C(_)ntrol schem_e can be used dire<_:t|y in_normal daut mode {\Nl = —a,sign S)
without changing the control configuration. a
W, = _[32|Sz|p sigrt )

6, >0, |o>®,, 0<I <y, <,
¢2 >O’ |¢2|>CD2’ 0<rm2<y2<rM2

(16)

Where {

IV. HIGH ORDER SLIDING MODE CONTROL

In order to ensure the convergence of the slidilagifolds
The proposed control technique generalizes thelséiding  to zero in finite time, the gains can be chosefobesws [17].
mode idea by acting on the higher order time dérxiga of the

sliding manifold, instead of influencing the firdime '

derivative as it is the case in the standard firsker sliding o >—

mode. This operational feature allows mitigatinge th mi

chattering effect, keeping the main propertieshef original B2> 40, Iy, (@ +P), i=12

approach [15]. LA (o -d)’ ’
To ensure currents convergence to their refereraes,to 0<p<0.5

minimize the error between the current and itsresfee, a

second-order sliding mode strategy is used. Ladafme the
following sliding surfaces for the first dq framé& similar
approach is done for the second dq frame).

{Slp ~ o~ Lap_ e (13) The presented method which combines line reference

Sop = lop = lap_ e generation and HOSM controls have been implemeinteal
Wherelg, g are the currents in the first dq framhg res laboratory low power experimental set up. This ahiation

loq_rer@re the transformation of the optimal refereneesg) in  comprises a 5-phase 6-pole PM machine with traplektoi

V. EXPERIMENTAL RESULTS

the first dq frame. EMF (the EMF waveform is presented in fig.3) an&-keg
DSP controlled VSI drive. Fig. 6 shows a snapsHoths
ST e experimental test-bed.
It follows that{ " e (14) To validate the proposed method several testsbleas
Sp =0.(t 9+, (L 9V, done and compared with simulations results obtainsidg
§ =i —i Matlab/Smulink.
and _ p ap ap_ ref (15)
Sy = 0,(L X +Y,(L XY,

Where ¢1(t,X), $2(t,X), yi(t,X), and y,(t,X) are uncertain
bounded functions that satisfy:
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Fig. 6. Snapshot of the experimental test-bed

Figs 7 and 8 show simulation and experimental tesutder

normal conditions with a HOSM simultaneous contyblthe

two fictitious machines in the two d-q frame asgerged in

theory. We can see that simulation results, (figafe quite

similar to experimental ones (fig. 8). The onlyfeliences are
related to the presence of torque ripple of higigifiencies due
to PWM modulation. These results show the efficjeatthe

proposed control strategy in normal operation. Ttiategy
allows a good tracking of current references ansimmoth

torque.

Current references are generated using the mettogbged
in paragraph IlI-b in case of open circuit fault ditions.
Experimental results are given in fig. 9 and fi@. for one
open circuited phase at full speed.
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Time(s)

Time(s)
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0.8 0.85 0.9 ) 0.95
Time(s)

(©)

Fig.7. Matlab simulink: simulation in normal opecast (a, b) Current in five
phases of machine, (c) torque.

Thanks to a good efficiency of the proposed methadcan
see that the torque remains almost constant irc#ss.

Fig. 10 (a) presents experimental current withréference
and Fig. 10 (b) the torque for this fault case. Seheesults
show that the chosen strategy leads to a gooditiack the
optimal current references in open circuited phasadition.
That means that the studied methodology insuresd goo
performances of the current control.

EED

i "'f|' "'i" I
C *WM"L Ej i
. ;1 s _,” |\!, i H) 4 ,'|.‘ ) mj -} “.“1“1“*,‘)1\.“‘ f M ki ‘,l”‘.“i

o 0.02 0.04 0.06 0.08 0.1
Time(s)
(a)
l4 5(p.u)
1.5 T T T
1= ”’”WM\ f J\ “"“' \ :F*Jm | 'w
o A E ﬁ ;
ol QNHL \ -
1 n‘iﬂ“ly ,J‘r “,HI‘”\!N‘.,“ i | — -
1'50 o 52 0.54 o.‘oe o ‘08 0.1

(b)



15 \ \ { {
T(pu) | | | |

05F---- R |

| |

| |

| |

1 1
0 0.02 0.04 0.06 0.08 0.1
Time(s)

©

Fig.8. Experimental results in normal operation:tjaCurrent in five phases

of machine, (c) torque.
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Fig. 9. Experimental results: Optimal currentsnwichine for single open

circuited phase.
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Fig.10. Experimental results: (a) current phasé & optimal reference (b)

Torque.

VI. CONCLUSION

In the context of electrical marine propulsion, toeque
density and the fault tolerance of the electricedpplsion
motors are key features. Multiphase PM machinescised

with DSP controlled VSI appears to be one of theremo
convenient solution to reach this goals. This pdpeuses on
the treatment of open circuited phase default thsystems.

A method based on adaptive on line optimal germmatf

optimal current references associated with Highe©&liding

Mode control is presented. This method allows tmimize

the copper losses for a given constant torque tihemaximize
the torque density in default cases. Experimemslilis show
the efficiency of the proposed method even in sevault

cases.
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