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Fault-tolerant Operation of Six-phase Energy
Conversion Systems with Parallel Machine-side
Converters

I. Gonzalez, M. J. Duran, H. S. Che, E. Léa]low, IEEE M. Bermudez, F. Barrer&enior Member, IEEE

Abstract— The fault tolerance provided by multiphase requirementf different grid-codeg2-3]. In addition, the
machines is one of the most attractive features for BTB arrangement allows the control of both the power
industry applications where a high degree of reliability is delivered to the machine and to the grid, and this can be
required. Aiming to take advantage of such post-fault useful in traction applications with regenerative bmgkiln
operating capability, some newly designed full-power this latter case the machine operates as a motor d&TB
energy conversion systems are selecting machines witliopology allows the system to transfer the decelerating
more than three phases. Although the use of parallel kinetic energy into the grid.
converters is usual in high-power three-phase electrical Regardless of the application, the use of full-power BTB
drives, the fault tolerance of multiphase machines has systems with an intermediate dc-link decouples the machine
been mainly considered with single supply from a and grid sides, thus allowing the use of multiphase machines
multiphase converter. This work addresses the fault- connected to three-phase grids [4]. Industrial examples of
tolerant capability of six-phase energy conversion multiphase systems with full-power BTB converters aee th
systems supplied with parallel converters, deriving the 1.1 MW nine-phase permanent magnet (PM) motor drive
current references and control strategy that need to be used in ultra-high speed elevators [5] (motoring) and the 5
utilized to maximize torque/power production. MW twelve-phase PM synchronous generator used in wind
Experimental results show that it is possible to increase energy turbines [6] (generation). The combination of
the post-fault rating of the system if some degree ofdifferent number of phases and converter arrangements
imbalance in the current sharing between the two sets of results in multiple multiphase topologies, including the use
three-phase windings is permitted. of independent BTB three-phase modules [5-6], the use of

parallel three-phase converters [7], and the seriesection

Index Terms— Multiphase energy conversion systems, Of machine-side converters [8-11].
fault tolerance, parallel converters, field oriented  The literature on multiphase machines and drives point
control. out different advantages over standard three-phase

machines, but maybe the most convincing one for ingustr
. INTRODUCTION is the capability to provide fault tolerance with noraxt
hardware [12-13]. Among the different types of faults that

Energy conversion systems with full-power baoksack May occur in a multiphase drive, the open-circuit &ault
(BTB) converters have recently gained popularity dughase anq line) have been the_ most W|dely_ studied cases
to their capability to handle bidirectional power flovith a beqause simple software rec_:onflguratlon suffices to _obtaln
good controllability [1]. Compared to partia|_powe,§at|sfactory post-fault operation. When myphase machine
topologies using doubly-fed induction generators (DFIGS], Star connected and supplied byraphase converter, ¢

the higher degree of control provided by full-powePPen-circuit fault implies that the current can no longmw f
configurations is currently appreciatéd wind energy through the faulted phase and the machine effectively has

industry due to the tighter low-voltage ride through (LVRTNIlY n-1 phases located in an asymmetrical manner. In such
Situation, the fault needs to be firstly detected [14-15] and
Manuscript received March 9, 2015; revised May 4,50dccepted the.n several modifications _neeq to .be done to Obt.am
June 30, 2015. satisfactory post-fault operation, including the recalcutatio
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post-fault operation and to thus reduce the number avfd analyzes their fault-tolerant capability. The pasttf
unexpected breakdowns of systems, various power convesiatem capability is quantified in Section Ill, where an
topologies equipped with redundant capability are proposetbalance in the current sharing of the two sets of three
in [26]. The use of parallel converters has been popularpimase windings is assumed. A new controller to allow
three-phase energy conversion systems [1], where the simglealance in the multiphase system is proposed in dpecti
switch fault no longer implies that the current of thelted 1V, and the fault-tolerant capability of the system is
phase is zero and all currents need to be derated-1d/fh experimentally studied in Section V where steady-state and
of the rated value ifn parallel converters are operated. Alynamic tests are shown for healthy (pre-fault) and post-
similar concept can be extended to multiphase drives fault scenarios. Conclusions are finally summarizechi t
further analysis is required [27-28]. The redundandgst section.

obtained using six-phase induction machines and parallel

converters has been recently addressed in [28-29], where th  [I.  Six-PHASEENERGY CONVERSIONSYSTEMS’
enhancement of the fault-tolerant capability of energy TOPOLOGIES

conversion system has been studied by simulations. Thi%ix-phase energy conversion systems are normallydbase
work extends the analysis and includes experimental resHHSasymmetrical dual three-phase induction machinds wit
that confirm the possibility to reduce the drive derating W/o isolated neutrals. This six-phase machine is a
allowing an un_eqL_JaI current sharlng be_twe_en the two $€t%Ontinuous system which can be described by a set of
thre:\e-phase windings. The main contributions of this PaRffterential equations that can be simplified in stationary
are. . ¢ diff coordinates using the vector space decomposition (VSD)
1.The analysis of the fault tolerance of different, ) oach [30]. Using VSD, the original six-dimensional
multiphase topologies that include parallel consest space of the machine is transformed into three two-

Previous investigations on the fault tolerance Ymensional orthogonal subspaces usually denotee-@s

multliph\eg%machilnes hhave been fotcus]?d I?n Itopglct)g|es "%‘@ and0,-0_, where onlya-f components contribute to
;Ir?zgsi faultssu'IQEiZ, i\;vnpelirees Cicr)lmf[E:nerchl': tSop?)?ogieos oVF\)/i e flux and torque production. The-§ components
independent dc-links [5-6] need to disable the set resent the fundamental supply component plus supply

windin lied by the fault nverter where rmonics of the order ©21 (n=1,2,3,...). The second
gs suppie y the Taully converter, € atorrotor pair of components represents supply harmonics

topo!ogies with 'series connecti'on Of. VSC.S [8-11] cannot the order G+l (x-y subspace witim=1,3,5,...), while the
contlnue operat_lng. The S|tuat|on differs in the scenat 8ro-sequence harmonic components can exist only if there
considered in this work because single converter faulis oL 4 single neutral point, in which case they belong € th

imply a reduction in the per-phase current. To fully e>tp|o[|hird air of components. The asvmmetrical six-phase
the fault-tolerant capability of the system the macinieeds inducti%n machine pmodel,. obtained yusing VSD an% the

to be asymmetrically operated, this being addressethéor standard assumptions of the ac machine modeling

flr?it'tl'lrr:eetljr:e:ir\]/lztﬁ)ip?)?the v current references tonmer (negligible iron losses, space harmonics, and magnetic
' Y e saturation), can be summarized as follows:

the unbalanced operation of the drive. d d
Although the balanced operation resulting from the = (RS+LS'a)'ias+M'aiar
operation with zeroc-y currents maximizes efficiency, the d d
drive derating in post-fault situation can only be reduced B = (Rs + L+ a) Hlps + M-y
allowing the injection of non-zergy currents in certain dy |
manner to comply with the post-fault current restriction&s ~ (RS +Lls'&) xs
This work determines the-y current waveforms that are, _ (R L .i) Ji
required to maximize the achievable torque and also defings \ * lsd dt) °
the most appropriate reference framexegr currents to ease g = (R‘r +1L, ._) lr + @y Ly igy + M-
the design of the current controllers. dt tw. M-i
iii.The proposal of an additional controller to dynically d ’ bs d
regulate the post-fault currents. 0=(R.+L, -a) igr — Wp Ly igr + M- Ei’“
The asymmetrical current sharing between the multiphase —w, Mg
machine windings, discussed in and determined ini), \whereL, =L, +3-L,, L, =L, +3 Ly, M=3-L,,,
should be variable in order to maximize the post-faylf is the rotor electrical speea,(=p - w, p being the pole
efficiency. In other words, thecy currents should be nair nymber), indicess and r denote stator and rotor
injected only when needed to avoid the appearance of eX{asples and subscriptsand m indicate leakage and
copper losses. For this purpose, this work suggests the {s@netizing inductance, respectively.
of an additional controller that regulates the degree Of\jode| (1) can be used to study the performance of the
imbalance and optimizes the current sharing betwegRchine during the healthy and faulty operation ofethiire
windings. _ _ _system. In healthy operation (neglecting switching and
_The paper is organized as follows. Section II describgsay.-time harmonics) onty-8 components will exist. The
different multiphase topologies that use parallel convertgfgqitional degrees of freedom that become available for

(1

a ias



control purposes during the faulty operation are relatedpossible to balance the dc-link voltag¥s.{ andVyc. in Fig.
the x-y subspace components, provided that the converié) anymore because of the power oscillations caused by the
topology allows for this functionality. single-phase (i.e. faulted) set.

Different topologies for six-phase energy conversionTo summarize, the use of independent BTB modules
systems with fault-tolerant capability have been rdgenprovides limited fault-tolerant capability (25% of pre-fault
analyzed by the scientific community. The first togglo torque/power for given slip and frequency), whereas the
uses independent BTB three-phase modules, each semes connection of the VSCs has no fault-tolerant
supplying a different set of three-phase windings (Fig. laapability at all. This scenario can be improved if she
Such an option has been industrially implemented bothphase machine is fed by four three-phase two-level voltage
traction and wind energy applications using nine-, twelveeurce converters (VSCs). In other words, each set ad-thre
and eighteen-phase machines supplied from three, four phdse windings is connected to two three-phase VSCs
six BTB three-phase modules, respectiviglys, 31]. This operating in parallel (Fig. 1c). Interfacing inductors are
topology has a simple and modular structure, and is a natptated at the output of each VSC to facilitate parallel
extension of the standard three-phase case. From utie faperation of the two VSCs. For the purpose of the
tolerance point of view, this arrangement allows post-fadliscussion that follows, it is assumed that the set of
operation in the event of a fault either in the miaehi windingsa,b,c, is connected to VSC4, B, C; andA’ B, C{
converter, or dc-link. The procedure to obtain post-fa(tiollectively termed as VSCsl), and the set of windings
operation under single open-circuit fault is simple: theb,c, is connected to VSCsA,B,C, and A,B;C,
whole three-phase BTB faulted module is disconnected dodllectively termed as VSCs2). Due to the parallel
the machine operates with the remaining healthy modulesnnection, the phase current is shared between the two
For the specific case of a six-phase machine this strigegySCs, so that each VSC only needs to be sized to take hal
termed ‘single VSC’, and it implies that the post-fault o-f of the rated phase current. This reduction in the per VSC
current capability is 50% after single open-circuit fault [7¢€urrent is adequate in low-voltage high-power drives, eher
resulting in only 25% of pre-fault torque/power for givethe use of only two VSCs to drive the six-phase machine i
slip and frequency. not feasible due to the limited ratings of IGBT-based VSCs

A second option is to cascade the machine-side consver{gypically around 1 MW). In addition, the redundancy
and connect the dc-link to a grid-side converter (Fig. liprovided by the parallel converters provides enhanced fault
which can be multilevel in order to reduce the voltagesst tolerance. Similarly to the case of three-phase gensrator
of the IGBTs and improve the current quality [8]. The mathe parallel converters (Fig. 1c) are not tolerant todimig
idea is to maintain low voltage on the machine-side lapen-phase faults but they provide additional fault tolerance
elevate the dc-link voltage to allow medium voltage at tlagainst converter faults, which are more common and
grid-side [9-11]. This in turn reduces the current rating andpredictable than machine faults [4].
the cable size for the given power, hence giving amiiat The dc-links of VSCsl and VSCs2 can then be kept
overall capital cost reduction. This cascaded topology imglependent (Fig. 1a) or be cascaded in series to form an
particularly suitable for multi-MW wind energyelevated dc-link voltage (Fig. 1b). In the latter case the
applications, because the generators typically operatetagtology results in a hybrid series-parallel topologyilsim
low-voltage while the medium voltage on the grid-sid® the one suggested in [27-29] and the merits are in
allows transformerless generation [9-10]. The machine-sigEtween that of a pure series and pure parallel connection:
may have a dc-link midpoint connection to the grid-sigle (elevated dc-link voltage with some degree of fault tolerance
closed in Fig. 1b) or leave the dc-link midpoint isolat8d (Additional features of the topologies of Fig. 1a and Fig. 1b
open in Fig. 1b). The latter case allows a two-wiiaclude lowerdv/dt of the common-mode voltage (CMV),
connection between machine and grid sides, which canwdgch is known to be a main cause of leakage currents i
advantageous in the case of off-shore wind farms [4], ligh power applications and lower voltage rating of the
requires an additional controller of they currents to power converters. In any case, the most relevant
regulate the midpoint voltage [9]. If the dc-link midpoint isharacteristic, compared to the case of single VSC supply, i
not isolated, the voltage balancing task can be performid improved fault tolerant capability, which is explored
from the grid-side, although the-y controller in the next.
machine side is still desirable to improve the system
dynamics [32]. Ill. POST-FAULT SYSTEM CAPABILITY

In spite of the advantage of the series connection tQI_h ; inal rcuit fault i vzed
generate at medium voltage, from the point of view of the e case of a single open-circuit aut_ IS analyze
fault tolerance the post-fault operation is no longeripless hereafter, whe(e one O.f the converter legs IS discoedec
with the cascaded structure shown in Fig. 1b. The reiasoHom th? maphme winding due to a fault. Without lack of
that the six-phase machine needs to be operated using.q erality, it is assumed further on that_ legef the VSCs1
isolated neutrals (to prevent the flow of zero-sequence aulted. Du,e t,o ,the parallel connection of the comvert
currents) and the open-circuit implies that the faulted @516‘1 and 4; B, C;, phase, is still fed with legd, of
becomes single-phase. Although the healthy set oethr§>CS1, and consequently the current can still flow.
phase windings can still deliver rated current, it is nbtoWeVer, maximum phase currepf is now just half of the



rated phase current due to the limitation on the VSCs currerggnitude increases with the valuekofThis implies that
rating. increasingk will increase the flux and torque, which in turn

In the study of the system capability it is first assuménacreases the torque/power. Nevertheless, changing the
that the oscillation of the dc-link voltage in not pessible. value ofk will also cause the flow o%-y currents, which
To ensure non-oscillating dc-link voltage, the active powmtroduces additional copper losses in the stator windings
flowing in each of the two sets of three-phase windinged reduces the actual torque/power obtained from the
should be constant. Since the machine is not damagie bymachine. No distortion of the airgap flux and torque is
fault, this implies that the three-phase currents (either expected by the appearancexef currents because the six-
VSCsl or VSCs2) need to be balanced, i.e. with sapigase induction generator is considered to have distributed
amplitudes and 120 degrees of phase shift. The curneiridings and consequently spatial harmonics are negligible.
amplitudes of VSCs1 are limited to half the rated value due
to the limitation on the faulted phase, so the marimu Gec :
steady-state currents are: ° detnka BTB module #1

igp =051, cos(w-t) . )
iy = 0.5-1, - cos(w - t — 120°) @) s 2bycy J¢ J—Tvm J¢ - end
icgy =051, cos(w -t —240°)
wherew is the angular frequency of stator phase currenty
andI, is the peak value of the rated curtent
For the same reason of avoiding oscillating power, the |

phase currents in winding 2 should also have the same 2,b,5 J TI\’GC‘ J i
magnitude and 120 degrees of phase separation. However, BTB module #2
since the VSCs2 remain healthy, the current in eactimgn

can go up to the rated value. To represent a general case VSCs 1

which facilitates further study, the phase currents can be 3oh
Six-phase

Id 1
written as: o &G | Grid
. _ dc-link 1
g2 =k I, cos(w-t—30% c-in [Vm

ip, = k-1, - cos(w - t — 150°) (3) 7500 s,
iy = kI, - cos(w - t —270°) o vscsz [T x ]
. Vicz

VSCs2 dc-link 2

lacz

a)

where k represents a constaft< k < 1, which can be\

optimized. J¢ dc-linkzé T

By applying the power-invariant Clarke decoupling ab,¢ D]

tranSformation [6] Midpoint connection

|[1 -1/2  -1/2 3/2 —J3/2 0 ]I b)

— — dc-link
[T1= \/i_lo Vs Yoz 1z 2 1| 4 VSCs 1 AL B.C ¢
3{1 -1/2  -1/2 —/3/2 3/2 0 dolink J

0 —/3/2 +/3/2 1/2 1/2 -1 abycy abic,
to the phase currents @2)-(3), the statora-f and x-y J¢ <
currents can be obtained: — J¢
ins = V31, -(0.25+0.5- k) - cos(w - t) o Ee
igs =V3-1,(0.25+ 0.5 k) - sin(w - ) )
ixs = V31 (0.25—0.5k) - cos(w - t) Fig. 1: Multiphase energy conversion topologies: a) Independent
lys = V31, (—0.25+ 0.5 k) - sin(w - t) BTB VSC modules, b) Series connection of VSCs and c) IBaral

Zero sequence currents are omitted from the analyspgnection of VSCs.
because the machine is configured with two isolated neutrat e specific case &f= 0.5, all phase currents form a

points that prevent their flow. Clg:neclﬁl]anced set of asymmetrical six-phase signals with

Since currents in both windings are a set of balan plitudes ofl,/2. Since the currents are balancee

three-phase currentgy currents are related to/ currents currents are zero. Even though this strategy minimizes

by thgl;ff(;ctor: 05—k s l0sses by having zevey currents, the maximumj current
iy = 0:5 — las iy = _miﬁs © magnitude is only half of the rated value, which dimiagsh

This means that-y currents have the same frequency arglae maximum achievable power.
phase relation as thef currents, with the difference only in. In order to analyze the steady-state achievable power fo

their amplitudes. The relationship derived &) is important Increasing valugs ok, the currents can be expressed in
) . . . complex form as:

for control purposes and will be used in section IV to banldi = (igs +J " is)

controller that permits the unbalanced operation défine "“#s ~ 1@ J " tps -

(2)-(3) with k > 0.5. bxys = (ixs +J * iys) (7)

From (5) it can be observed that tlhep current iapr = (iar +  igr)



From the equivalent circuit of a squirrel cage inductiampedances. Further details and an analytical derivation c
machine [28], it is possible to calculate the power lmanbe found in [29]. The voltage imbalance can be solved in the
and obtain the output power (neglecting mechanical and iascaded topology if the dc-link midpoint is connected to

losses): the grid side & closed in Fig. 1b), because the restriction
Pout = Pin — Pcu—apr — Pcu—aps — Pcu—xys I4c1 = 140, does not apply in this case.
1—s 2 2
P.,=—" R -l|i Peycagr = R+ |i 8
out s - liage | cumapr = Rr- liagy | ® IV. PROPOSEDFAULT-TOLERANT CONTROLLER

2 2
Pcu—aps = Rs * |iaps| P = Rs * |ixys|

u—-aps S afs Cu—xys S Xys :
where stator and rotor currents are those defined inP{7). The g_ener_al structure of the pre fault_ cqntrol strategy

: . : own in Fig. 2. The scheme is an indirect rotor field
is the power provided by the prime mover (generator) or t . .

. : . oriented control (IRFOC) with an outer speed loop and inner
electrical supply (motor).P,,; is the electrical power
enerated by the system (generator) or the mechanf:urlrent loops ford-q and x-y currents. Only four phase
9 y Y 9 Citrents (a1, ib1, ia2 andipz) need to be measured because the

POWEr on the _shaft (mot_or), aky, are the copper k.)ssesremaining phase currents can be obtained from the condition
associated with the different currents flowing in th

4 ; L f having two isolated neutral points. Measured phase
machine. From the equivalent circuit [28] and (5),_trterro urrents are converted inf currents using the Clarke
o-f rotor currents can be expressed as a function of

parametek: raensformatior{T] of (4) andd-q currents are obtained from
' the rotation ofa-f currents in the forward (synchronous)
V33X, - (05 k+0.25)-1,

ligpr] = (9) direction using the Park transformation:
R.\? cosf, siné (11)
2 -r — N N
\/(Xm +Xip)? + ( s ) [D] = [—sin@s cosfy

Post-fault torque/power witk = 0.5is 25% (similarly to where the angled, of the rotating reference frame is
the case with single VSC supply) of the pre-fault valueafoiobtained from the measured speednd the estimated slip:
given slip and frequency, as it could be expected because the i 12)

a-f currents are half of the pre-fault value and torque/powfer= f (Tr_%"' P "") dt

increases with the square of the current #®®5). \whereP is the number of pole pairs afd the rotor time
Similarly, post-fault torque/power witk = 1 (maximum cgnstant.

value ofk with parallel VSC supply) is 56.25% of the pre- The machine is fluxed by setting a value igf that
fault generated power. This is again expected since-fhe corresponds to the rated flux of the machine, while the
currents are 75% of the pre-fault value (B=165625). torque is regulated by the outer speed control loop that

Consequently, for the same frequency and slip, increasgigyides the reference of the quadrature curignt The

the value ok elevates the achievable torque/power by 225<{&tput of thed-q current controllers and the decoupling

(56.25/25=2.25) compared to single VSC supply, if a pro :
imbalance strategy is designed for the parallel conneoﬁor?f}mSeds andegs [12] provide the reference voltageg, and
Fig. 1c. In a general case the slip and frequency do néi .
remain constant and the achievable power depends onxt:ﬁ- cir?:r??r::%r;nnc?r:e(;:{c;rer(]:to(;]ct)rnglrcia:r?ogecogﬁi?r%rgcjjsi;[10 ttk?ee
ratio of thed-q reference currents (/i) [7,29]. In any y P : P

) . . stationary reference frame using the Clarke transformatio
case, the steady state analysis shows that the t@pﬂh T], in the synchronous frame using the Park transformation
increase thex-f currents results in a relevant gain of th

post-fault achievable torque/power ], or in the anti-synchronous frame using the inverse of

. —iranl.
All the analysis developed so far is common to tﬁdée Parlfcgflg sfq;rgﬁgoﬁ)] [33]:
S S

topologies of Fig. 1a and 1b because the current controld§" = sinf,  coso, (13)
not affected by the arrangement of the individual dc-links.pn the pre-fault situation, and considering the independent
Nevertheless, the imbalance that results from operétiag gTg topology of Fig. 1a, they’ current references, and
drive with k> 0.5 has a different impact on the dc-linkr- are zero (Fig. 2a) and they current control can still be
voltages of independent and cascaded topologies. In the fR3formed in the stationary frame. However, for the
gfﬁ':'g' tl"’.l the r;ofvvelrt extracttgd ;rom Pdc'l'gkf tlh ang 2 &scaded topology of Fig. 14y is obtained from a dc-link
Cll.ll’féﬁ?s Icr:]anposal_sﬁu beopgirf?elfgntlﬁz th)I )u aIIo(\a/vinC_ voltage balancing controller (Fig. 2b) that ensures similar
X - d dc2 ! 9 vy , andV,., values by proper injectionf g -current to
unbalanced current operation with constant dc-link volta ert the active power from VSCs1 to VSCs2 or vice versa
(Vacy = Vacz). Nevertheless, in the case of the cascad . In this case thex-y current components need to be

topology of Fig. 1b with no dc-link midpoint connection t tated in the anti-svnchronous direction [33] (termed
the grid-side & open in Fig. 1b), the dc-currents are forcer? ' in Fig. 2) to faciI)i/tate the control of the :Etctille(pnw

. . . .ol L
to be equall(;.; = I,,) causing an imbalance in the dc-link*s’ s
voItage(l' ber = lacz) g rom they-current control loop, the output of tley current

Vier ey Py (10) controllers provides the-y’ voltage references,; andvy;

Vaer  lyer Py <1 in anti-synchronous reference frame, anddigeandx’-y’
The degree of dc-link voltage imbalance depends on fi§ference voltages are transformed in the inversetitinec

current imbalance, defined by, and the machine using the Park[p]and[D]™") and Clarke[("]) matrices to




provide the phase voltage references, t;, v v,V Ves), Consequently, the choice of this anti-synchronous
which are inputs for the carrier-based six-phase PWM [7r@ference frame provides constany’ references from (14)
that generates the switching signals to VSCs1 and VSCs2hat allow the use of standard PI controllers. The dse o
The aim in post-fault situation is to drive the machineesonant controllers (PR), which is a common procedure i
ensuring that the currents in the faulted VSCs1 are beltawmlt-tolerant control schemes with time-varyixg current
half the rated valuentax|i,; 01| < I,,/2). This target can references [7, 21, 36], is then not necessary.
be achieved by using a constant degree of imbalance (e.¢n the case of independent topologies of Fig. 1la the value
setting k=1 for all operating points), but this results in af k is saturated to 1 to ensure that the maximum current of
suboptimal solution because efficiency would be decreadbd healthy VSCs2 corresponds to the rated current, and the
due to unnecessary injection wfy currents. In the low- same applies to the cascaded topology with dc-link midpoint
torque region for example, the limit of VSCs1 is not reachconnection (Sin Fig. 1b). When the dc-link midpoint of the
and consequently the machine can be symmetricatiscaded topology is isolated, the valu& pfay be set to a
operated as in pre-fault situation (Fig. 2a or Fig. 2b) with tower value in the range [0.5,1] depending on the
need to sek > 1 and generate additional copper lossegermissible dc-link voltage imbalance due to the ratirfigs o
However, when the torque is such that the currents tire system (IGBTs and dc-link capacitor voltage capability)
VSCs1 reach the post-fault limitn@x|izq 01| = 1,/2) for  [29]. For the purpose of analysis in this work it is assumed
k = 0.5, the system can no longer increase the gederdhat k can go up to 1, so that the maximum degree of
torque/power unless some imbalance in the power sharingiobalance is obtained.
VSCsl and VSCs2 is permitted. At this moment, the
controller of Fig. 2c is activated. This controllerdisvised V. EXPERIMENTAL RESULTS

to provide variablec-y current injection (i.e. variablk) ©0 14 eyajuate the properties of the proposed fault-tolerant
generate only the minimum degree of imbalance that igiroller, it has been implemented in a laboratosfesc

required to comply with current limits. The designegqiotype. The test bench and experimental results are
strategy in turn favors the efficient operation by miningz presented next.

copper losses and also limits the imbalance in then#c-|
voltages of cascaded topologies. The controller thatTest Bench

regulates the imbalance is developed so that when tha three-phase induction machine has been rewound to
modulus of thed-g currents is above half the rated valugptain the asymmetrical six-phase induction machine,
this excess is taken as the input for a proportionalgnate shown within the test bench illustration in Fig. 3. Paters
(PI) anti-wind-up controller whose output is thparameter. of the custom-built six-phase machine have been determined
As the load torque increases, mareurrent is required and ysing conventional, AC-time domain and stand-still stest
a higher value ok is demanded. According to (6), the valugith inverter supply [37-38], providing stator and rotor
of k determines the amount &fy currents that need to beegistances of 4.2 and @, stator and rotor leakage
injected, in order to provoke the required imbalance of thgjyctances of 4.2 and 55 mH, and mutual inductance of
system. o . 420 mH. The six-phase machine is driven by conventional
Nevertheless, it is important not only to determine thnree-phase power converters from Semikron (SKS22F
optimal amount of-y currents but also to select a prop&hodules) that correspond to VSCs1 and VSCs2 in Fig. 1.
reference frame to simplify the control scheme. If #3¢ The converters are connected to a dc power supply system
control is performed in the stationary reference fraaseit s in Fig. 1a and the control actions are performes By
is a common practice in multiphase drives in healthy5320F28335 digital signal processor. The control unit is
operation [34], it is necessary to regulate sinusoidal GtErep ogrammed through JTAG and TI proprietary software
and the limited bandwidth of PI controllers will resulta code Composer Studio. Current and speed measurements
poor performance [33]. For the purpose of regulatinge taken with four hall-effect LEM LAH 25-NP sensors and
varying x-y currents it has been recently suggested to UseGHM510296R/2500 digital encoder, respectively. The
dual PI or resonant controllers [35-36]; this howevésad torque is provided by a DC-machine whose armature is
complicates to some extent the controller structure a@hnected to a variable resistive-inductive load. Tire f

tuning. Fortunately, in this case it is possible to penfthe scheme of the test bench is depicted in Fig. 3.
control in a reference frame whexey currents become

constant. It can be noted from (6) that the requiredrrent B. Experimental Results

is proportional toa-current while the requiregi-current is  Different experimental tests have been applied setting a

inversely proportional to thg-current. This implies that theflux referencess = 1A, a ratedg-current of 8A, a switching

a-f current vector rotates in synchronous direction whergasquency of 10 kHz and dc-link voltages \tfy = Ve =

the x-y current vector rotates in anti-synchronous directioooV. The threshold for the activation of the controifer

It follows that the rotation ok-y currents in backwards Fig. 2c is set to| idqs| = 4A, which corresponds to half the

direction leads toy currents (termed’-y’ in the rotating rated value. The transition fromep to post-fault situation is

reference frame) becoming proportionatitq currents: firstly tested to verify the capability of the system to

_05—k, ;o 05—k, (14) Withstand an open-circuit fault in letj- of the VSCs1. The

05+k * - 0.5+k % system is operated in pre-fault situation using the pempos

Lys'
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Fig. 2: Field oriented control (FOC)of the six-phase indactmachine with synchronowsq current control and anti-synchronoxy
current control (left) and -y’ current reference calculation (right) in a) Pre-faultatibn with independent BTB topology (Fig.1a), b)
Pre-fault situation with cascaded topology (Fig. 1b) and cj-laoft condition for either independent BTB or cascaded topsdog
Applies to the case of paralleled converters for eageirase winding at the machine’s side.

<)

control scheme with 62.5% of the rated currégf< 5A) and the machine speed is regulated to the reference value
and a reference speedl = 800 rpm (Fig. 4a). During pre-(Fig. 4a). The transition from pre- to post-fault operais

fault situation (untit = 10s) the value df is 0.5 (Fig. 4b), done without any impact on treeq currents or the motor
indicating an equal current sharing in both sets of threspeed, this being one of the benefits of the proposed
phase windingsag,bi,c; andap,bz,cz). According to (6) this controller that regulates the unbalanced operation betwee
implies that thex-y current references are set to zatp € three-phase windings.

iys = 0) as indicated in the strategy of Fig. 2a. To reach thdhe abi'lity of the entire system to operate in posttfa
balanced operation observed in Fig. #%ey currents are situation is a second benefit of the proposed unbalanced
regulated to zero as it is shown in Fig. 4d. Consequehgy, operation controller. In the case of balanced post-fault
pre-fault phase currents of the two sets of three-ph&g€ration k = 0.5), the maximung-current isiqs = 3.9A,
windings have equal amplitudes and a phase shifting of Jodicating an insufficient current production to maintdie t
The d-q currents, responsible for the torque production, aiachine speed after the fault. The conclusions obtained
successfully controlled to their reference values (Fig. 460m this test can be summarized as follows: i) the pepos
and this in turn implies that the machine speed is regulaB@$t-fault x-y current references result in an unbalanced
to the reference speed (Fig. 4a). Now, when the faultrsccoperation that allows preserving the post fault current
(t = 10s), thex -y’ references are no longer set to zero blANGS axlizipicl < 1,/2 andmaxlizzpzco| < 1), i)
obtained from the controller shown in Fig. 2c. Since tfide non-zeroc-y’ current references in post-fault situation
modulus of thed-q currents is over the threshold valu@re tracked by simple Pl controllers due to the selectied an
(|idqs| = 4A), k is quickly increased by the controller, as gynchronous refgrence frarr_u? that results in constant

can be observed in Fig. 4b. The new valug hplies that current values, iii) the transition from the pre- te fhost-
xy’ references are no longer set to zero but to values #g&llt situation is smoothly performed, and iv) higheq
are proportional tal-q current references (14). In our cas€urrents are optgmed using the unba_llanced operatlon,.whlch
x’-y’ currents track new non-zero references (Fig. 4@)JOWS maintaining the pre-fault drive performance in a
forcing the imbalance in the phase currents depicted in Figder range of operation. .

4e. Notice that the anti-synchronous reference framd OSt-fault operation is analysed next using the proposed
selected for the -y’ components results in constant currefPntroller in steady and transient states. Fig. 5 shioes
reference values in the post-fault situation, favoring tPre-fault performance with a change in the speed reference
tracking process using Pl controllers. Notice also that t#om 800 to 600 rpm at = 14s. Since the load torque is
unbalanced operation in post-fault situation is charaegr Provided by a dc-machine whose power/torque is
by a reduction (an increase, respectively) in the phﬁ@pomonal to the square of the speed, the decelgranon
current of the faulty (healthy) three-phase windiagbg,c, imPplies a reduction of the load torque. Theeurrent is
anday,b,,Co, respectively). Then, post-faudtq currents are decreased accordingly (Fig. 5b) and the motor speed follows
maintained at their respective pre-fault references @ay. its reference value (Fig. 5a). Thiecurrent is satisfactorily



kept close to 1A during the whole test and:the’ currents in six-phase energy conversion systems with parallel
are driven to zero by the pre-fault controller. converters if some degree of imbalance in the current
The same test is repeated but with a fault instigatédatsharing between the two sets of three-phase windings is
10s (Fig. 6). The imbalance is then regulated by th#Bowed. This current sharing can be regulated by proper
controller of Fig. 2c, causing an increase lofup to control of the x-y currents, increasing thep current
approximately 0.82 after the fault occurrence (Fig. 6d)y 50% that results in 225% additional torque/power in the
Since the modulus of theeq currents is reduced during theelectrical drive for a given slip and frequency The ratjoh
transient, the value df is also reduced because a lowesf these non-zerg-y currents can be performed by simple
degree of imbalance is required at 600 rpm. Compared toBheontrollers in a reference frame with an anti-syooous
healthy case shown in Fig. 5, the motor speed (Figaiea) rotation that eventually results in constant valuagbex -y’
d-q currents (Fig. 6b) are found to be very similar in preeferences. The controller that regulates the degree of
and post-fault situations. However, the regulationkah imbalance permits balanced operation in the low-torque
post-fault situation results in non-zexdy’ currents (Fig. region and variable degree of imbalance when the torque is
6c) that guarantee that the drive operates within the currnereased, thus achieving minimum copper losses and low
limits in both VSCs1 and VSCs2. dc-link voltage imbalance in cascaded topologies. The
In the next test the six-phase machine is driven at 700 ripnibalance forced by the suggested controller sets an upper
and is loaded by the dc-machine in pre-fault situatiog. (Flimit to ensure that the currents are within acceptedlees
7). Att = 15s the dc-machine is disconnected resulting inmaboth the faulted and healthy sets of three-phasdimgs.
sudden unloading of the six-phase induction motor. The IoBlde suggested fault-tolerant mode of operation is feasible i
removal causes a short overshoot of the motor speed (Edgologies with independent BTB modules as well as in
7a), but the quick decrease of tlecurrent (Fig. 7b) cascaded topologies with a series connection of the
decelerates the machine and returns the speed to mfaehine-side converters and a single grid-side converter.
reference value. The-current is maintained at 1 A and the
x’-y’ currents are controlled to zero (Fig. 7c), showing a REFERENCES
good decoupling without any of the sudden unloading. Th? B. Wu, Y. Lang, N. Zargari, and S. Kouro, “Power conversion and
same test is repeated but including the fault occurrence control of wind energy systemisIEEE Press - John Wiley and Sons,
control att = 10s (Fig. 8). The test shows that the valuk of Hoboken, NJ, 2011.
is initially increased in post-fault situation because t[2] M. Liserre R. Cirdenas, M. Molinas, and J. Rodriguez, “Overview
- . of multi-MW wind turbines and wind parks,” IEEE Trans. on
modulus of thed-q currents is over the threshold set in the | 4,strial Electronicsvol. 58, no. 4, pp. 1081095, 2011.
controller (| idqs| = 4A). Nevertheless, when the machine i8] F. Blaabjerg and K. Ma, “Future on power electronics for wind
unloaded l( = 155) the unbalanced Operation is no |onger turbine systems,” IEEE Journal ofEmerging and Selected Topics in

needed because the balanced operation can generat%]theiogvegﬁfcg\?g'c’i"g'\l‘vl',\l”% Bﬁzgﬁinisilii\/ i20':\L/|3. Jonasd M.J

required torque. At this POint the value bfis_ quickly ~ Duran, “A six-phase wind energy induction generator system with
reduced to 0.5 to operate in balanced mode (Fig. 7d). This is series-connected DGaks,” in Proc. IEEE Power Electr. for

reflected in thex’-y’ current references that are regulated  Distributed Generation Systems PEDG, pp. 26-33, 2012.
back to zero when the machine is unloaded and the
imbalance is no longer needed (Fig. 7c). It must be
emphasized here that the unbalanced operation is only
desirable when the balanced operation is not feasible, F14G
because the non-zero-y’ currents that are required to
provoke the imbalance result in higher copper losses. , : Y
Figs. 4 and 8 show that the post-fault unbalanced = "
operation can be obtained both in the steady-state anc —
transient situations. The controller of Fig. 2c reguldkes —
degree of imbalanc& to allow balanced operation when 7 — L
possible (low-torque region) and gradually increases the ¥ 2
unequal current sharing when the additional torque is
required (up to the limit set by the rated curreri=y).

VI. CONCLUSION

PASSIVE

This work has analyzed different topologies of full-power 104D
multiphase energy conversion system using parallel
converter supply. The fault-tolerant capability in ubaked
mode of operation has been addressed for the firstitime —
this work, deriving the post-fault current references and LIkCu
proposing a new controller that keeps machine currents
within post-fault ratings. The main conclusion from this )
study is that it is possible to obtain additional torque/pow&{d- 3: Test bench used for the experimental results.
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