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Abstract — This paper analyzes two fault-tolerant dual-
multiphase motor drives, a series connected topolggand a
standard H-bridge topology. Previous studies havehswn that
the series connected topology is appropriate to amerospace
application and has lower peak current in degradedmode in
comparison with the H-bridge topology, which may cosequently
diminish the system’s weight and cost. This paper énds the
study to compare different control strategies of tese structures
under two fault conditions: short-circuit of an inverter’'s switch
and an open-phase of the machine. The control strajes
analyzed in this paper do not impact the fundamentacurrent or
the torque generation, but the amplitudes of somearmonics in
degraded mode are expected to be narrowed down irrder to
reduce the inverter's size. Some analyses of maximuvoltage
and peak current in degraded mode have been usedrfmverter
dimensioning. Experimental results are shown and copared to
the simulated ones to confirm the validity of thistudy.

Keywords — series connected; multiphase dual-motaulf-
tolerant; control strategy; short-circuit fault.

I.  INTRODUCTION

Different types of energy are present in aircraftd space
rockets. Chemical energy is mainly used in the pigipn
while mechanical, pneumatic, hydraulic and eleatrenergies
are used in all other applications as flight cdntending gear
and Wing Ice Protection Systems (WIPS). Each tyfnergy
has its own advantages in comparison with the sthBut
recently, the electrical applications have beenag#pg other
standard systems because of their reliability dedHility [1]-

[5].

important constraints are similar: weight, reliapiand cost. A
light system reduces the fuel consumption, becallme
system’s weight has to be lifted and maintaineth@air. The

In both aerospace and aeronautic industries, thet mo

technological advance. Mutualizing electrical segrand/or
inverter legs may also reduce the system’'s wei§ume
studies have presented different innovative togemgeading
to weight reduction without compromising its perf@ance as
series and parallel machines connection [6]-[10JothB
industries have high standards of reliability inlerto protect
the passengers or the mission. Those standards bmay
achieved by implementing fault-tolerant topologidsost of
these solutions propose to add new componentsetgytem
as redundant inverter legs or to increase the nurobehe
phases of the machines, in the interest of addioige degrees
of Freedom (DoF). However, it usually increasesabst and
the weight of the system as well [4][5][11]-[13]inklly, the
cost of the application is always a constraint iy andustry.
The new technologies and the material mutualisateduce
the application’s initial cost as the reductiontbé& system’s
weight reduces the operational cost.

Under this context, this paper analyzes the behawio
degraded mode of a series-connected dual-machireefdr an
aerospace application with two isolated electrirairces. Even
though series connected machines are not reguleglent in
the industry, its functioning was already confirmed
theoretically and experimentally [14]-[20]. A spaicelectrical
coupling between the machines allows their indepehd
control. But, in the first papers, it was only pb#sto connect
in series two machines with an odd number of phfkés In
[17], a symmetrical phase machine is connected either 8 a
phase one or to an asymmetrical 6-phase maching.p@per
presents a new connection of two symmetrical 64has
machines.

The series connection mutualizes the inverter l¢igss
reducing the system’s weight and cost. The comdtrapstly
mentioned in papers [14]-[20] is the increase eftihtal Joule
losses of the system. As a consequence, for sysidmse

power densities of electric machines, semi-condacto operation of the drives is required in permanentraion,

components and batteries have been increasing shanthe



using series-connected machines leads to a high abs
operation. This point has to be taken into accéomthe drive
design. However, for applications where the fumitig of the
drives is required for a short duration, like a UsirVector
Control (TVC) system for example, the investmenstcis
highly reduced while the operation cost is neglbcte

Recent studies have analyzed
topologies in degraded mode [19]-[20]. Those papenspared
the same two topologies as this paper for the ssnespace
application. They demonstrate by simulation tha #eries-
connected dual-motor usually has lower peak cusrant
degraded mode in comparison with the H-bridge topgl
This happens mostly because of the fact that samepolar
currents are null, thanks to the two isolated eiledtsources.

connection topology is appropriate to a fault-tafeér dual-
machine application whose global benefit consiststhe
weight and volume reduction.

The Thrust Vector Control (TVC) system can be codersd
as a good candidate for using a series-connecfiomachines
because of the proper operating characteristice. rféason is

the series-connectddhlt it is composed of two mechanical actuatorpamrsible for

controlling the rocket’s trajectory. Usually, thednaulic power
system drives the actuators thanks to their highepalensity.
However, the system is susceptible to oil leaks theduse of
electric cables, instead of piping, increases thexitfility

during the rocket assembly. In addition, as theatiom of a
space mission is relatively short, the weight réiduchas more
impact towards the global system efficiency thanrtiachine’s

This paper will continue the analysis of the seriesJoule losses. But in order to respect the highalvdiiy

connected dual-machines topology and the H-bridgelogy
in degraded mode, including the comparison of obffie
control strategies that were not investigated B1-{20]. Both

topologies are composed of two 6-phase machingshwhay
be represented by 4 fictitious machines accordiogthe
multiphase multi-machine theory [21]. This reprdagan will

be more detailed later in this paper. It is posstblcontrol the
real machine’s torque and speed by controlling ag of
these fictitious machines (the main machine). Tioeee some
analysis will be carried out by comparing maximuoitage
and peak current obtained with two topologies wiencontrol
strategies of the other fictitious machines (seaondand
homopolar machines) are proposed. Two regular aisnare
considered and called “zero voltage” and “zero entft
control. For each control strategy the analysi$ aldo rely on
the inverter's power sizing, which takes into aadothe
number of transistors, the peak current and thé& pedage
reference, both in degraded mode.

The paper is organized as follows. The first patrioduces
the aerospace application analyzed in this papdh is
specifications, and the two dual-motor fault-totgreppologies.
The reasons why these topologies are appropridteetstudied
application and the conclusions of the previouslyasis are
also reminded in this first part of the paper. Thpologies
analyzed in this paper are described in the separnd A third
part lists the possible different control strategi®r each
topology and its impact in the system performaridee last
part compares the simulation and experimental tesul

Il.  SERIES CONNECTIONTOPOLOGIES AND APPLICATION

Different papers have already shown analyticallyd a

experimentally how two machines connected in ser#s be
controlled independently [14][17][20]. Those topgiks

require a special electric connection between nm&shand are
necessarily composed by at least one multiphasdimegcin

order to have enough degrees of freedom to coitodh

machines.

The system is potentially fault-tolerant thankghe use of
multi-phase machines and the series connectiohneofiachine
inductances, reducing the peak current in degradede. The
fault-tolerant advantages of the series connectene only
highlighted in recent papers [19][20]. Thereforbe tseries

requirements of the space industry, the drive balet fault-
tolerant.

The actuators are spatially placed 90° from eadterot
around the thruster. They swivel it in comparisoithwhe
rocket axis up to & angle of 6° in all directionsp(from 0° to
360°) (see Fig. 1 and Fig. 2). The speed referaceach
machine will depend on the two polar parametéran(d ¢).
The maximum speed will be required whén angle is
maximum, in order to obtain the maximum tilt angkefast as
possible. Thep angle will distribute the effort between two
actuators. For example, if the swiveling directisnaligned
with one actuator’s axis, this actuator will dotak effort. The
equations 1 and 2 represent the speed referéhce for an
angled of 6° depending on the tilt angle)(

Qi = yax cos(@) 1)
Qyr = Oyax sin(e) 2
Center line | ! Thrustline
Ay
torque
i910° o= 0 @=270°

Fig. 1: Representation of the torque generatioreudifferent thrust tilt

angles.
III Actuator 2 l
1

' o  Actuator1

Rocket Axis

Fig. 2: Up (left) and side (right) views of thedubter (grey) and the two
mechanical actuators (white rectangles).
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Fig. 3: RIMM Topology.
[ll.  FAULT-TOLERANT TOPOLOGIES interacts with some ranks of harmonics (Tabled),dxample

the main machine interacts with the fundamentaterurand
The drive specified in the studied aerospace ampdic is Back-EMF. The machine’s torque is equal to the sdireach
the RIMM (Redundant Inverter Multiple Machine) tdpgy  fictitious machine’s torque.
(Fig. 3). It is composed of two 6-phase open-enddimg

PMSMs. Two machines control two electro-mechanica VSI1 A M1 A VSI2
actuators. The number of phases was defined irr tvdespect S o 1 T
the maximum value of voltage of the electric sosraed to < e '1.3 1,B
reduce the current per phase, most importantly egraied L '_1.1.). 1¢ |
mode. The open-end winding machines have a goo R 1D |
performance in degraded mode, because it redueesnitact v ‘ | 3E '1_‘.’ 1E

of the fault on the healthy phases, especially i§ an opened DC | LU aF i{fy ) 1F

Py
-+

circuit fault [12]. The permanent magnets raise puver [ + » )
density of the machines. The topology is suppligd tivo = VSI3 M2 o V34

isolated electrical sources, increasing the systenctional A e

reliability and nullifying the homopolar current igh is 128 /123 2>

normally created b§*k harmonics. L3¢ Iizil':: 22-’5 4
Previous studies [19][20] have compared the RIMM z‘z Y 2E |

topology to a standard H-bridge topology (Fig.id)which the PAERGS e | LLLLL H

two 6-phase PMSM are independently supplied byn2érter L& - - o

S
=

legs (two legs for one machine phase) with only B@ebus at

the same voltage level as the RIMM topology,
Vbc=Vpci=Vpcy Besides the fact that RIMM topology needsFig. 4: H-bridges topology.
only half as many transistors as the H-bridge toggl
simulation results have shown that their curremetisioning

250

is lower, taking into account the peak currentegrided mode W H-bridge
(Fig. 5). These results confirm the advantageshef deries = 200 (Qref-1)
connection topology for the analyzed applicatiohe Tspeed 2 H-bridge
references,.,_; and Q,.r_, are mentioned in [20], which TE’ 150 (Qref-2)
correspond to the worst cases for the studied ctjan. g = RIMM
|.  PROPOSEDCONTROL STRATEGIES E 100 (Qref-1)
8 50 H RIMM
As both topologies are composed of multiphase mashi & (Qref-2)
the control is developed by decomposing the realhinas in 0
fictitious electrically decoupled diphase and howolap NM SC oP

machines [20]. The equations from 3 to 6 repreenvoltage

V equations of each fictitious machine of a 6-phaserig. 5: Peak current in normal mode (NM) and inrdelgd mode (Transistor
symmetrical machine according to the machine patensie Short-Circuit (SC) and Opened Phase (OP)).

resistance R, inductances L and back-electromofibrees

(back-EMF) E. The index “m”, “s”, “h1” and “h2” repsent

respectively the diphase main and secondary maslaing the

one-dimensional homopolar machines 1 and 2. Eadhesh



[ m]

[Vin] = RIm] + [Liy] —7= + [Ene] 3)
Mhmu[u[d[m 4)
Vit =RIy; + Ly ddl—t + Eyq (5)
Vo =R Iy + Ly, % + Eys (6)

TABLE I: HARMONIC DISTRIBUTION OF THE FICTITIOUS
MACHINES

Fictitious machine

(i=1 or 2) Harmonics
Main (MMi) 1,5,7,11,...6k+l
Secondary (SMi) 2,4,8, 10,...6k+2
Homopolar 1 (H1Mi) 6, 12,...6k
Homopolar 2 (H2Mi) 3,9,...6k+3

Fig. 6: Scheme of the RIMM topology's fictitious chéine series connection.

As demonstrated analytically in previous papers|[PD9
and in the appendix of this paper, the fictitiouscinines of the
RIMM topology are also coupled in series as thegwim
below (Fig. 6), sharing the same currents. It ipartant to
emphasize that the curreht of the RIMM topology is null
because of the two isolated electrical sources.

In a regular machine control, only the main-machine
currents are regulated in order to control the rimectorque or
speed. In healthy operating mode, the currentshefdther
fictitious machines depend only on the related Babk
harmonics (if they exist) since the voltage refesmnare null
(see equations (4) to (6)). If the Back-EMF is smidal, in
healthy mode, all voltages and currents of ficisanachines
are equal to zero.

In degraded mode, voltages and currents of theaSeh
machine become unbalanced, leading to a couplityeles
the fictitious machines, increasing the current igoges. On
the equation (7), the coupling factdid;py) is difficult to
demonstrate analytically because it depends orcdhent of
the others fictitious machines and the system lmlamced.

Mhmuﬂm[ﬂ[m+mm )

The “zero voltage” strateg)[Kc] = 0), the most regular one
for the non-main machines, is represented by thatamn (8),

in which the currents of the fictitious machine eeg on the
coupling factor and the Back-EMF. Looking forwaedriullify
the current of some fictitious machines, the “zergrent”
control strategy[(,] = 0) may be implemented. In that case,
the voltage of the fictitious machine will depena the
coupling factor and the Back-EMF, as shown by éqoaf9).
The “zero current” control strategy may be intérestvhen the
machines parameters may lead to an amplificationthef
current amplitude and oscillation in degraded mode.

d
IF [Ve] = 0 - R[L,] + [Ly] U _ —[Ex] = feourx

8
dt
IF [L] =0 > [V,] = [Ex] + feourx 9)
Figures 7 and 8 show the currents of the fictitimachine
that might be regulated depending on the chosertraton
strategy (TABLE Il). The matrixes[C,] and [P;] are
respectively the Concordia and Park transformation a

symmetrical 6-phase machine.
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Fig. 7: Control diagram of RIMM topology.
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Fig. 8: Control diagram of one machine in H-bridgeology.
TABLE lI: Control strategies

Control Strategy Voltage Reference
“zero voltage”
Veo Vres =0
i =0 v
“zero current” ref pI >
I=0 _
lmeas




Even though, in H-bridge topology, each machine iteas
own control chain, the control strategy of the niaes will not
differ from each other. For the H-bridge topologil,the non-
main machines (secondary and two homopolar macghares
controlled by imposing a zero current or a zerotags.
However, for the RIMM topology, the two control ategies
can only be implemented to one homopolar machelatéd to
the 3¢ harmonics of electrical variables). One of the bpotar
machines’ currents is always null, thanks to the teolated
electrical sources. Then the secondary machinelof3M1) is
coupled with the main machine of M2 (MM2) and vigersa.

Under these circumstances, it is possible to fistdontrol
strategies taken into account in this paper for RiMpology:

eV, null, defined as 0
e I, null, defined as 1

And for H-bridge topology, there are more possdieti (2
= 8), because of the combinations of “zero voltaged “zero
current” control strategies for the three non-méatitious
machines:

e [V], V; andVy, null, defined as 000;
* [V], Vy, andl,, null, defined as 001;
* [V, I; andV,, null, defined as 010;
* [V, I, andl,, null, defined as 011;

e [L], V4 andVy, null, defined as 100;
e [L], V4, andl, null, defined as 101;
e [L], I; andV,,, null, defined as 110;
e [L], I; andly, null, defined as 111;

II.  SIMULATION AND EXPERIMENTAL RESULTS
A. Test conditions

All the tests take into account the worst condgidor each
topology obtained during the previous studies [AQ][
H-bridge>1 machine at 50 rad/€){, = 50 rad/s)
and the other stopped;
RIMM -2 machines at 35.35 rad/€,( = Q,, =
35.35 rad/s);

These two speed references represent the maximu

swiveling in the axis of one actuatay £ 0° or 90°) and in the
axis that is exactly in the middle of the two attus (p = 45°)
respectively. These speeds were obtained with iemsat and
2.

Two degraded modes will be analyzed:

» One transistor short-circuited (SC);
* One opened phase (OP);

Both faults are among the most common ones in fekger
[1][10].

B. Smulation Results and Analysis

The graphics on figures 9 to 12 present the pegkctand
demanded peak-voltage on degraded mode for diffegarirol
strategies for both topologies.

000 001 010 011 100 101 110 111
Control Strategy

80
2 60

= 40

S 5o mISC
E 0 |_oP
(5]

()

[-%

Fig. 9: (Simulation) H-bridge’s peak current in deded modes for different
control strategies.
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Fig. 10: (Simulation) H-bridge's demanded peak agédt in degraded modes
for different control strategies.
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Fig. 11: (Simulation) RIMM’s peak current in degesidmodes for different
?ﬁntrol strategies.
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Fig. 12: (Simulation) RIMM’s demanded peak voltagelegraded mode for
different control strategies.

It is possible, by analyzing these four graphioshighlight
some relations between both topologies performanne



degraded mode and the control strategy. The costiraiegies
impact significantly on both peak current and peakage
during a short-circuited transistor fault. The saseot true for
the opened phase fault. This happens becausentemican the
non-main machines are much higher during a shootici
fault, as shown in Fig. 9 and 11, especially far th-bridge
topology.

As expected, the control of a fictitious machinghwzero

current decreases the peak current in degraded smodt

Otherwise, it is not possible to define a direck Ibetween the
required peak voltage and the control strategy.

For H-bridge topology, it was not possible to cédoel the
peak voltage and peak current for the strategy &g, I,

and I, are controlled to be null (111), because the otirre ===

controllers saturated in degraded mode. In factisitnot
possible to impose zero currents for all the seapndnd
homopolar machines in degraded mode, because tdshef
one DoF. Otherwise, the current magnitude can Wwerldn the
case for the RIMM topology thanks to the seriesneation of
the machines inductance.

C. Experimental Results and Analysis

A test bench built for this experiment is reportedrig. 13.
It is composed of two identical 6-phase PMSM, twie®
inverters, two isolated DC-sources, two industdalves to
simulate the load for the studied PMSMs, a Micrdiak from
dSPACE and one current measurement box.

As the bench has only 12 inverter legs, all théstés the
H-Bridge have been carried out for only one machires is
not a constraint considering that
independently supplied and the only difference oo the
DC-source losses, which is considered as neglidimeboth
simulation and experimental results.

Figures 14 to 18 show some results obtained wightélst
bench for both analyzed topologies. Figures 19lt@@mpare
the experimental results to the simulation onesrider to
verify the relation between the topology behaviodegraded
mode and the control strategy. The inverter's dsmaring
power can be obtained by the product of the denthpaak-
voltage, peak current and the number of transistdtse
dimensioning power is an image of the cost andvtheme of
the inverter. The variable’s values on normal maeee used
to calculate the per unit values presented on riéyehics.

Because of the high amplitude of the currents ef lth
bridge topology during a short-circuit fault, it svaot possible
to reproduce the same test experimentally. Durirg ghort-
circuit fault, the current in the degraded phase&obees
unidirectional, which means that, andl,, has a continuous
component, only limited by the resistance of thgrdded
phase. In RIMM topology, the structure itself cdadhel,
current and the phase resistance is twice as haytks to the
machines’ series connection. Despite the fact tatRIMM
currents during a short circuit fault are also ireictional, their
amplitude is much lower. Consequently, for the teshch
described in this paper, the H-bridge topology canolerate a
short-circuit fault, but the RIMM topology can.

both machines are

MICROLABBOX
+
6 CURRENT
SENSOR!

12 LEG INVERTER
TT— =

TWO 6-PHASE
PMSMs
+
2 LOAD
MACHINES

~d

) ==
Fig. 13: Test bench.

In figures 14 and 15, it is possible to see an thipé the
strategy control on the current curve forms but Imless on
the amplitude. Figure 18 shows that this happenalf@ontrol
strategies as expected after the simulation resOliserwise,
the comparison of figures 16 and 17 shows that Qi@
constant component on the currents is eliminatedhanging
the control strategy, reducing consequently thereodr
amplitude. This behavior also validates the sinmtatesults
(Fig. 20). The fault tolerant capability is assulsdfigure 18,
which shows that the speed is constant in degrautet.
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Fig. 14: (Experimental) H-bridge currents for arened phase fault and the

000 strategy control.
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Fig. 15: (Experimental) H-bridge currents for arened phase fault and the
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Fig. 17: (Experimental) RIMM currents for a shonteait fault andl,,, = 0.
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Fig. 18: (Experimental) RIMM’s measured speed fdffedent control

strategies in normal mode (NM) and degraded md8€sand OP).
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Fig. 19: H-bridge’s dimmensioning power in degradedde for different
control strategies in simulation and experimentally
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Fig. 20: RIMM’'s peak current in degraded mode
strategies in simulation and experimentally.
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Fig. 21: RIMM’'s demanded peak voltage in degradenbenfor different
control strategies in simulation and experimentally
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Fig. 22: (Experimental) Power dimensioning for Helge 101 and two control
strategies of RIMM topology: RIMM O for “zero volje” and RIMM 1 for
“zero current”.

Mostly, the experimental results (EXP) confirm the
behavior expected during simulation results (SIMplgsis,
especially for the peak current and dimensioninggyoof the
transistors (Fig. 19 to 21). When controlling a RiMopology



with i, = 0 strategy, there is a significant difference betwee [9] T. Tanaka, A. Hara, M. Iwashita, and K. Matsusehdtcteristics of

the results on simulation and experimentally olatdjrspecially
analyzing the peak voltage (Fig. 21). In this catiee
controllers are slightly saturated, and its imp&ct more

independent vector control of two induction motéed by a five-leg
inverter with space vector modulation,” presentetha IPEMC, 2012,
vol. 4, pp. 2431-2438.

o ' [10] W. Wang, M. Cheng, B. Zhang, Y. Zhu, and S. Ding,Fault-Tolerant
experimentally prominent. Permanent-Magnet Traction Module for Subway Appimes,” |EEE
Finally, Figure 22 presents the dimensioning powefdsoth Trans. Power Electron., vol. 29, no. 4, pp. 1646-1658, Apr. 2014.
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APPENDIX:
A. RIMM MODEL

(21]

The special coupling between the two machines gpress
the relation between the currents of both machimgsthe
equations below:

| [1,] = (K1) | (10)
[2a] (1 0 0 0 0 0 [
[t22] [0 =1 0 0 0 0 |[[ltp]
Lel |0 0 1 0 0 O lic
bal=10 0 0 =1 0 0]l (11)
bel [0 0 0 0 1 0 |ligl
li,] Lo oo o o —tlil



(V] = [Va] + [C][V2] 12)

[K1[Vag] = [K1[Vapa] + [CIIK] [Vage] (13)
Vam Vam1 0 0 1 0 0 0'| Vam2
Upm Vgm1 [0 0 0 1 0 Of|YBm2
Vas | _|Vas1 |, l1 0 0 0 0 0}]Vas 14
ves | T lvgsa [Tlo =1 0 0 0 ollvs2 (14)
{Uh1j {Vhllj {0 0 0 0 O 1J{Vh12j
VUh2 VUh21 0 0 0 0 1 0/Lvpe

In order to explain how the machines can sharesttiee
current turning in different speeds and generatiifferent
torques, the two multiphase machines will be deamsed in
fictitious machines.

|| = [CIKITHCAT |12, | (15)
lmal lsaz
[imﬁl] [‘lsm]
|is¢x1 | lmaz (16)
is/?l lm/3‘2
lh11 lh12
in21 —lno2
imal _ lsaz *
| =52 | = thoad = 1) (17)
lsa1 lmaz _ *
] = [ ] = il = el (18)

As the equations show, the main machine of eacthimac
is only connected to the secondary machine of theraone.
This means that the currents driving the main tfais
machine of machine 1 will also drive the secondamjtious
machine of machine 2. But for a standard 6-phasersstrical
machine, the secondary machine does not generat®m@ue.
This fictitious machine only interacts with evenrtanics of
the Back-EMF that are null for a standard machimeause of
the rotor symmetry.

The independent control of the machines is assigeduse
the main machines are decoupled. So the commahdoaitirol
the current of each main machine independently.



