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Abstract

A five-phase two-motor drive sysiem with series connection of stator windings and
decoupled dynamic control is considered in the present paper. The two-motor drive system is
supplied from 3 single five-phase Space Vector Pulse Width Modulation (SVPWM) Voltage
Source Inverter (VST) and controlled using vector control scheme, provided that the stater
windings are connected in series with appropriate phase transposition. The concept has been
devcloped under the assumption that the inverter voltages are controlled in the stationary dg-
reference frame. A fuzzy logic based speed controller has been constructed and used to drive
the two-rootor in this work. The two-motor system, inverter system, and the fuzzy controller
models are implemented and tested using Simulink/Matlab facilities, The presented results
show the validity of the model to do well for the sake of speed control under different
operaling conditions. '
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1. Introduction good aliernative to three-phase machines.

Ever since the inception of the first five- This especially holds true for high-power
phase variable speed drive in 1969, five- and  safery-critical  variable  speed
phase machines have been considered as a applications, where a five-phasc drive can
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be reslized using inverters with smaller
rating per leg(1,2]. Five-phase {and
multiphase in general) machines also enable
an improvement in the noise characteristics
of the drive, a reduction in the stator
winding losses, and hence an improvement
in the efficiency, and torque ripple
minimization[2,3].

As far as series connection of muilti-phase
machines is concerned, it is shown that a
specific method of stator winding series
connection leads to the placement of the
flux/torque producing equivalent circuits of
the two machines in twe orthogonal and
therefore mutually decoupled subspaces of
the five-phase system[2].

On the basis of considerations, mentioned
in [4]. concerning the way and nutnber of
the multi-phase machines that can be
connected in series for the specified number
of supply phases, one can conclude that for
a five-phase supply (n=5) it is possible to
connect two five-phase machines in series
and supply them from a single five-phase
source. By introducing an appropriate phase
transposition in this series connection, it
was reasoned that the two machines could
be controlled completely independently,
using hasic vector control schemes,
although they are supplied from the
common five-phase source. The major
advantage of such a twp-motor drive
system is the reduction of the number of
required inverter legs, when compared to an
equivalent two-motor three-phase drive
systern (from six to five). This translates
into increased refiability, due to a smaller
number of components[1].

The connection diagram for a five-
phase series-connected two-motor drive is
shown in Fig.1[1]. The phase transposition
introduced in the series connection of the
two five-phase stator windings makes
flivtorque  producing  currents of one
machineg non-flux/torgue producing currents
for the other machine, and vice versa [3,6).
Capital Jetters denote the inverter phases,
while lower case letters identify the motor

phases, according to the spafial distribution
of phases.
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Fig.1 Five-phase series-connected
two-motor drive system.

Many efforts have been camied out to
analyze and control multi-phase series-
connected motors for even[7-12] and
odd[1,2,5,13-15] number of phases. Aldl
these efforts deal with field oriented models
of the series-connected molors. Also, they
use indirect (feed-forward) rotor flux-
oriented controllers for the sake of speed
control of the used series-connected motors.
The control is performed  through
confrolling the VSI supply system,

In the present work, dg stationary
reference frame models are derived for the
five-phase  series-conmected  two-motor
system under consideration and the used
SYPWM VSI supply system. These models
ensure full decoupling of control of the two
motors.

A PD-like fuzzy + [ controller will be
used, instead of indirect rotor flux-oriented
controller, to perform closed loop speed
control of the motors.

2. Model of the two-metor drive

Inverter phase-io-nentral voltages are
related to individval machine phase
voltages through:
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Where indexes "1™ and "2" identify the two
machines in Fig.] and index "s" stands for
ctator. Relationships between  source
currents and individual stator phase cutrents
of the two motors are (with the aid of
Fig.1}
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The precedures mentioned in [1,2,16] can
be followed with Egs.(1) and (2) to reach
the dq stationary reference frame model of
the five-phase series-connected iwo-motor
drive:
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The motor-load torgue equation is;

dek
T =j|i_-dt + Ry + Tn S

where:
‘,dmv and vqmv =Inverter "d" and "g”
voltages.
v and v;,W:Inverter "x" and My"

voltages.

0 and {4 =Inverter "d" and "q" eurrents.
io*¥ and 11:{“ =[nverter "x" and "y" currents.
Ry= Machine-k stator resistance.
Li=Machine-k  stator phase leakage
inductance.

Lme=2.5 M.

M=Muiua! inductance belween statot
phases of machine-k.

i 8nd lieg =Machine-k d and g rotor
currents.

wgy=Machine-k rotor angular speed.
Ta=Flectromagnetic developed torque ot
machine-k.

P, =Number of poles af machitie-k.
Jy=Moment of inertia of machine-k.
F,=Viscous friction constani of machine-k.
Ta=Load torque of machine-k.
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k=1 or 2 (maching-1 or machine-2).

System of Eqgs.(3) and {4) represenis the
qd stationary reference frame model of the
two series-connected motors. This model is
implemented  using  Simulink/Matlab
softwares. The motors parameters are given
in the Appendix,

3. Space vector modulation scheme for
five-phase VS|

Power circuit topology of a five-phase
voliage source inverter is shown in Fig2.
The inverter input dc voltage (2E) is
regarded as being constant,

The medzl of the five-phase VS1 power
circuit can be developed through analyzing
inverter circuit shown in Fig.2. This leads
to the following relationships between
load’s phase-to-neutral voltages and inverter
leg voltages[17,18]:
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Fig.2 Five-phase voltage source inverter power circuit.

vy = (@/5)v, —(1/5K¥y + Ve + v + Vi)
vy, = (48w —(1/5¥v, + v +vp +ve)
v, = (4 5ve —(1/5Hv, +vg +vp +vg)
v = {3 — (13 vy +vp+ v +vg)
v, =45y —(15)(¥, + ¥y +vo+vp)

o uk5)

Where (he inverter leg voltages (v to vg)
take the values of + 0.5 of the DC supply.
The DC voltage "E" is taken to be 360 V.

Since a five-phase VSI is under
consideration, one has to deal here with
five-dimensional space. Hence two space
veetors have to he defined, each of which
will describe space vectors in one two-
dimensicnal subspace (aff and xy)[17]. The
third subspace is a zero sequence space
vector. This zero sequence subspace cannot
be excited due to assumed star connection
of the system.
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Space vectors of phase voliages are
defined in stationary reference frame, using
power-invariant transformaiion, as{17,18]:

3

— 2[_ = =1 =  =f= -4
Vg =3 V,+3V, +8° ¥, 43 7,42 vE]

2

— — - — — —5 — —F —
Vyy |:va+a vy, +8a *\-',:+a6 vd+a8 ve}

—1—

‘|

E[‘ﬁu +ETV, +H V4V, 4+ ¥,
...(6)

where a=1/72°

Using Eqs.(3) and (6), one can write 2°
space vectors for aB-subspace and 2° space
vectors for the xy-subspace. These 32 cases
for each subspace represent the different
combinations of the on/off states for the ten
switches of the five-phase VSL If the upper
switch of the VSI is triggered, then the
inverter leg voltage takes of wvalue 'E",
While, if the lower switch is turned on, then
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a voliage of "-E" is assigned to the leg 0,2472 p.u. value (Vsm), and zero magnitude
voltage. space vectors. The angle between adjacent

These space vectors have four space vectors is 36° which is half the angle
magnitudes: Large magnitude with 0.6472 of spatial displacement of the five- phase
p.u value {v;), medium magnitude with 0.4 machine windings. off and xy space vectors
pu. value (vy), small magnitude with are shown in Figs.3 and 4.
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The number of active space vectors,
either for up or xy-subspaces, which can be
utilized for each sector in a five-phase VSI
is four. Thus, two large and two medium
space vecters are used for each sector[19].

The switching pattern and the sequence
of the space vectors that utilize two medium
and two large neighboring space vectors for
sector-I in af-subspace is shown in Fig.5.
The remaining sectors for the two
subspaces can be constructed in a similar
manner,

wl 1 |E\'I E Iﬂl 1 H lq'
3&:%:35-55 s 1%;%;3
0 SO - Sy BUSRCY |-
T?U: AN 13’:1:‘3_
b e
c | : _
' 1

L

Fig.S Switching pattern (sector-T) with
utilization of medium and large neighboring
space vectors for uf-subspace.

The times 1o, top, thm, ta, and &,; are the
times ot application of zero, medium, and
large space vectors. These titnes can be
calculated using the method mentioned In
reference {17]. These times control the
widih of the on/off states of the ten inverter
switches during each switching cycle (1),
te, control the switching pulses width
(PN}

A Simulink medel for the generation of
the Inverter switching pulses in the off and
xy planes for the five-phase VSI can be
constructed using Figs.d4 and 5, the
switching pattemns for the ten sectors for the
two subspaces, and the equations tha
caleulate the times of application of
different space vectors.

The whole Simulink model of the VSI
supply system i shown in Fig.6.

Where:
vy is the reference voliage for ef-plane
switching pulses generator.

V;z is the reference voliage for xy-plans

switching pulses generator,

fy is the operating frequency of machine-k.
st is a trigger pulse to prevent sudden
change of the space wvector angle of
machine-k.,
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Fig.6 The whole Simulink model of the VST
supply system.

The five-phase output voltages from this
model are transformed to qd and xy
components in order to match with the dg
model of the five-phase series-connected
two-motor system. This transformation is
done using the abe/op decoupling power
invariant transformation mairix[1,2].

4. PD-like fuzzy + I speed controller
In this work two Proportional Derivative
(P} fuzzy + Integral {I) speed controllers
are used te do the task of closed loop
contrel of the two-motor drive. The
simulink model of this PD-like fuzzy + I
controller is shown in Fig.7. The fuzzy part
of this controller, i.e., PD-controller, has to
deal with two signals, the notmalized error
é(yand the change of normalized error
Aelt) signals. For any pair of these two
signals, #t should werk out the required
control normalized command signal v .
The Direction control output of this
madel is vsed for speed direction control. T
it i3 equal to 1, the motor will rotate in a
specified direction, while, if it iz -1, a
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reverse rotalion results. The ideca beyond
thig is through changing the sign of the
angular frequency. This is equivalent to
motor supply phase sequence changing. If
this outpul is zere, the motor will slop.
From this model:

K, is the normalization factor.

K, is the denormalization factor.

Eeference
sperd

- Ome slep .D_. .
delary i K4 Ve
speed '9 p’ A¢

Sign

.-.—.—l‘. 1
s S I
— »-{Z_) Direction conirol

K, is the proportional gain factor.
K, is the derivative gain factor.
K; is the integral gain factor.

This PD-like fuzzy + I controller has an
integrator with positive edge reset of the
signal "Start”. This reset is important in
the case of speed reversal. The reset will be
accomplished near zero speed.

K

K; Fuzzy block

Fig.7 Complete simuiink model of the PD-like fuzzy * I controller with direction contro! for

machina-k.

Trial and error method is nsed to estimate
the factors Kq, Kan, Kp, Ky, 3nd K;. Values
of 1/1950, 065, 1, 6300, and 632
respectively are found to fairly satisfy full
range of speed under different operating
conditions.

Triangular and  half  trapezoidal
membership functions are used for the input
and out of the fueey part. The input
membership functions for both machines
are shown in Fig.8.

n(&) or p(Ae)

M

2105 0 05 1 &orhé
Fip.§ The input membership functions.

where:

p(é) is the membership degree of the
normalized input error signal €.

p(Aé) is the membership degree of the
normalized change of error signal Ae.
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N is the Negative membership function.
Z 15 the Zero membership function,
P is the Positive membership function.
The ouiput membership functions of the
PD-like firezy part are shown in Fig.9.

piv,

Nh EFB
N Z 'y

1
1
1
1
1
1
1
1
1

-1 0.5 0 0.5 1 v,
Fig.9 The output membership funciions.

where:

u(¥.) is the membership degree of the
normalized control signal .

NB is the Negative Big membership
function.

PB iz the Positive
function.

In the second stage of the fuzzy
controller, the normalized error and change

Big membership
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of error sipnals are processed using 9 rules
(3*3} as shown in Table-1.
Table-1 Rules of the fuzzy logie

controtler.

AR
[

M Z P

N | MNBl N i

Finally, in the defuzzyfication stage a
crisp value of the output variable ¥, is
obtained using the centre of area method.

The whole simulink/Matlab model of the
two series-connected machines {(modeled in
dq siationary reference frame as given in
Eqs.(3) and (4)), inverter supply system and
the two contrellers is shown in Fig.10.

WS system
’D __:H——. f1 L
50/0.5 ¥y
L T
N e N =
—sti =T
E _.:H p £z e
E] 50i0.5 B Y.
ful )
F Y L . v?v N, E
Limicor (49 st =t
&
st, Dl Ref|
LCentroller of machine-1 Ref, |4 o
¥ Start '._Bl T =
R&f. o
] D, —
Limier 8ty N e Ref;
Refs o RS
* tart? 14
VEE s 82 Tﬂ ‘_
Ref] ‘
3 2 "

Controller of machine-2
Fig.10 Complete simulink model of the system under consideration.

Where hlocks Bl and B2 are used to sense
the reference speeds (Refi and Refs)
variations, load torques (T, and Tp)
variations and speeds (IN; and N3} reversal
te generate pulses start; and st; for for
machine-2 control.
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5. Simulation results

The derived model for the five-phase
series-connecied two-motor drive system
using the designed {uzzy contreller is tested
under different operating conditions. The
restilts of the tests are shown in Figs.11-18.
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Phase 'a' voltages of machine-1 and
machine-2 with their fundamental figures,
white color, shown in Figs.11 and 12 when
fi=f;=50 Hz and vy=vp=0.5 pu. prove
applicability of the inverter in generating
the required ac voltages.

S 500
2
F=
g i
E oy
=} |
8
L]
-
=
,% _s00 : . -
P 0 0.01 g0z 003 0.04
Time (sec.)
Fig.11 Phase 'a" voltage of machine-1,
total and fundamental.

M
=
==}

Phase "a' voliage of machine-2 (V)

1] 0.0 0.0z 0.03 0.04
Time (3ec.)

Fig.12 Phase ‘a' veltage of machine-Z,

total and fundamental.

(n the first test regarding the motors
operation, the two machines are started in
the same direction toward their set speeds.
Machine-2 starting is delayed by 0.4 sec.
Then different speed transients are initiated
for the two machines. The speed responses
of the two machines shown in Fig.13 prove
the ability of the controller to successtully
guides both machines to their final speeds.
Furihermore, Speed responses {Fig.13).
torques {Fig.14), cuTents iy and G
(Fig.15) show that starting or speed
transient of any machine has no influence
on the other. This proves the goal of
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decoupling of control of the two series-
connected machines. Also, Fig.15 shows
that the VSI supply frequency changes
proportionally with the speed set point.

1300 -
' Machine-2
- 1000f---- -p N B
B
o
S 500 -
5
g 4
2 .500 LR
-1000 : .
Q | 2 3
Time (sec.)

Fig.13 Rotor speed with sudden change in
reference speed at no-load condition.
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Fig.14 Electromagnetic developed torques

with sudden change in reference speed at

no-load condition.
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Fig.15 Instantancous currents iz and i.o at

starfing and speed transients.
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In the second 1est, the two machines are
staried in opposite directions and speed
reversals are inifiated for them when they
reach their steady state speeds, see Fig.16.

1500 F
1000 f-------

- Machine-2 - - -

Rotor speed {rpm}
]

{} 0.5 1 1.5 2
Time (5ec.)

Fig.16 Rotor speed with sudden change in

reference speed at no-joad condition.

Finally, both machines are subjected to
sudden full load application and removal.
The test results are shown in Figs.17 and
18. These two figures prove that the
controlier will successfully do its role to
gain back machines set speeds afler load
tramgients. Also, load transient of one
machine will not affect the other,

’g 1100 : :

£ ! 1 Wachine-1

“gmm et T

5 i |

2 909 :

B -500 r r

E '  Machine-2

$ -s00 > '

=

=

2 M%s 1 1.5 2
Time {sec.)

Fig.17 Rotor speed of machine-1 and
machine-? under sudden full load
application and remeoval.
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Fig.18 Electromagnetic developed torque
under sudden application and removal of
full lead torque,

6. Conclusions

The feasibility and applicability of a
series-connected two-motor drive has been
studied in this paper. One of the main
henefits of this connection is the full control
decoupling between the motors in the group
despite of connection to a common V3L

A sitmulink/Matlab model for a five-
phase scries-connected two-rnotor drive
system supplied from SVPWM VS and
controlled by PD-like fuzzy + I coniroller
has been derived and tested.

Simulation results show that good
performance is achieved even with hard
rransients such as starting, large speed step
change, speed reversal, and sudden full
loadfunload conditions, Also, these resuvits
prove the decoupling of control of the two
machines.

A comparison between the results gained
using the proposed controller with previous
work[2] using rotor field oriented control,
shows that both metheds serve well for the
sake of gaining the set-point speed as
shown in Fig.19. But, cne can sec that the
proposed method is more efficient in
reaching the final set-point with no
overshoot and almoest no steady state error,
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. SR D
0 e Sk ki
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Fig.19 Comparison of roter speed for two-
motor drive using proposed controller

with that gained in a previous work.
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8. Appendix

Two similar five-phase induction motors
are used which have the following per
phase data:

Parameter value |  unit
No. of poles 4

Frequency 50 Hz

Voltape 110 \i
Fuli foad 14/5 Nm.

R, (.78 0

R, (.66 £

L 3.45 mH

Ly ] 3.45 mH

L 257 mH
o 0.0435 Kgm®
F 0.005 Nm.sec
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