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Summary

Two-motor drive systems, which require independent control of the two machines, are nowadays traditionally realised by
using two three-phase voltage source inverters supplying independently two machines, paralleled to the common DC-link
(Fig. 1). However, application of power electronics in electric drives enables utilisation of AC-machines with a phase
number higher than three. If the number of phasesisincreased to five, an entirely different solution for the realisation of
a two-motor drive system becomes feasible. It is shown in the paper that an increase of the stator phase number to five
enables completely independent vector control of two five-phase machines that are supplied from a single current-con-
trolled voltage source inverter. In order to achieve such an independent control it is necessary to connect five-phase sta-
tor windings of the two machines in series and perform an appropriate phase sequence transposition (Fig. 2). The
concept is equally applicable to any five-phase AC machine type and its major advantage, compared with an equivalent
two-motor three-phase drive, isthe saving of oneinverter leg. Instead of six inverter legs, only five are required. Detailed
verification of the novel five-phase two-motor drive configuration is provided by simulating the operation in the torque
and speed mode, using indirect rotor flux oriented control principles. The concept can be extended to higher number of
phases in a simple manner. Its main advantages and drawbacks are addressed as well.

I ntroduction

Numerous applications, such as in textile manufacturing, paper Z;ﬁ?; Md{
mills, winders and electric vehicles, require more than one l
variable speed electric drive. In the existing solutions amulti-drive common i
system is realised with a common DC-link, while each AC- DC Iink J— 3-phase

machine has its own voltage source inverter (VSl) as the supply. PVV?IV[

Machines and inverters used in these multi-drive systems are

nowadays three-phase. Each machine can be controlled indepen-

dently from the other machines. The standard concept of a multi-

drive system is illustrated in Fig. 1 for the two three-phase v 3-phase
machines. A method that would enable completely independent o

control of at least two AC machines of different ratings and under LN
different speed and loading conditions, while using only one VS|, 1 o
does not exist. Such an algorithm is not possible in the three-phase Vector L
case. The existing attempts to utilise a single three-phase inverter control [ Feedback

for supply and vector control of two or more three-phase machines
connected in parallel are restricted to situations where speeds and
loading of the machines are ideally the same [1-3]. In traditional
electric machine applications a three-phase stator winding is

Fig. 1. Standard multi-motor drive system (two machines)
with common DC link and a separate inverter for each

selected, since the three-phase supply is readily available. machine.

However, when an AC-machine is supplied from an inverter, the

need for a pre-defined number of phases on stator, such as three, , )
disappears and other phase numbers can be chosen. Source Machine 1 Machine 2
Probably the first proposal of a multiphase variable-speed electric al 2
drive dates back to 1969 [4]. While [4] proposed a five-phase A . b1 | 0
induction machine, six-phase (double star) stator winding sup- B ] - R
plied from a six-phase inverter was examined in [5, 6]. The early c cl 2
interest in multiphase machines was caused by the possibility of . 2
reducing the torque ripple in inverter fed machines, when com- D ] a ¥ h
pared to the three-phase case. Another advantage of a multiphase el &2
motor drive over a three-phase motor drive is the improved relia- E L s
bility [7-10]. If one phase is open-circuited due to a fault, the

machine can till be operated satisfactorily [10], in contrast to

three-phase machines. Fault tolerance is one of the main reasons | F19- 2: Connection of two five-phase machines
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behind the application of six-phase (double-star) and nine-phase
(triple-star) induction motor drives in locomotives [7, 8]. The
other main reason is that for a given motor power an increase of
the number of phases enables reduction of the power per phase,
which trandates into areduction of the power per inverter leg (that
is, a semiconductor rating). Multiphase machines are therefore
often considered for and applied in high power applications. A
1400 kW permanent magnet nine-phase synchronous generator is
described in [11], while a six-phase 25 MW synchronous motor
drive for a turbo-compressor set is elaborated in [12]. Other
advantages of multiphase machines over their three-phase coun-
terparts include an improvement in the noise characteristics [13]
and a possihility of reduction in the stator copper loss, leading to
an improvement in the efficiency [14].

The most frequently discussed multiphase machines are five-
phase and six-phase (double-star). A seven-phase machine was
considered in [15], while a nine-phase drive (triple-star) was pro-
posed in [8, 11]. Multiphase configurations for all the AC-machine
types are covered in the existing literature. Recent surveys of the
state-of-the art in this area [16, 17] indicate an ever increasing
interest in multiphase machines within the scientific community
world-wide. Vector control principles can be extended from a
three-phase to a multiphase machine in a simple manner. For
example, a vector control scheme for a five-phase synchronous
reluctance machine is detailed in [18], while vector control of a
five-phase induction machine is elaborated in [19].

The purpose of this paper is to develop a five-phase vector con-
trolled induction motor drive in which stator windings of the two
machines are connected in series, with an appropriate phase trans-
position, and the supply is asingle current-controlled VSI. Such a
connection, as shown in the paper, enables completely indepen-
dent vector control of the two machines, meaning that there are no
restrictions on the power rating, speeds and loading of the two
machines. The machine type is irrelevant in the context of this
paper, since the basic idea applies equally to multiphase induction
and synchronous motors (all versions) with sinusoidal field distri-
bution. The only requirement is that the supply currents are sinu-
soidal (neglecting harmonics due to PWM inverter supply) and
that the applied VSl is current-controlled, since vector control is
applied. The idea behind this drive system was for the first time
floated in [20], where the concept of an n-dimensional space for
an n-phase machine [21, 22] was applied in the analysis. The con-
cept is developed here using general theory of electric machines
[23, 24] in a systematic way. The proposed two-motor drive sys-
tem is verified by detailed simulation studies for torque and speed
mode of operation. The advantages and shortcomings of the con-
cept are highlighted.

Since the inception of the original version of this paper in 2002 and
its subsequent presentation at EPE 2003, the authors have signi-
ficantly advanced the knowledge in the area of series-connected
multi-phase multi-motor drives [25-28]. The case considered in
this paper in detail is only one particular configuration, since
series-connected multi-phase multi-motor drive systems can be
realised for any phase number greater than or equal to five. The
number of connectable machines and the configurations for series
connection are detailed in [25] and [26], for al possible odd and
even supply phase numbers, respectively. Detailed d-q modelling
of the complete series-connected five-phase two-motor drive is
reported in [27], where simulation model, in contrast to this paper,
includes current controllers and the voltage source inverter.
Finally, the experimental proof of the existence of the decoupled
dynamic control within a series-connected two motor drive system
is contained in [28], where a six-phase two-motor drive is
examined (consisting of a three-phase motor connected in series
with a six-phase motor and supplied from a six-phase inverter).
The experimental rig comprising two five-phase series-connected
induction machines is currently in the commissioning stage and
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experimental results for the drive system considered in this paper
will be reported in near future.

Modelling of a five-phase induction machine

A five-phase induction machine is characterised with the spatial
displacement between phases of 72 degrees. The rotor winding is,
for the sake of generaity, treated as an equivalent five-phase
winding, of the same properties as the stator winding. It is
assumed that the rotor winding has already been referred to stator
winding, using winding transformation ratio, so that the maximum
value of the mutual stator to rotor inductance terms equalsin value
mutual inductance within the five-phase stator winding and mutual
inductance within the five-phase rotor winding (M). The standard
assumptions are applied in the modelling, inclusive of those
assuming linearity of the magnetic circuit and sinusoidal spatial
distribution of the field. A five-phase induction machine can then
be described with the following equations in matrix form (under-
lined symbols) in terms of phase variables:

s
+ Lﬂabcde
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Vabede = Rslapede ot

%Zbcde = I—-si.Zbcde +|—-sri.£\bcde
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The following definition of phase voltages, currents and flux lin-
kages appliesto (1):
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The inductance matrices of (1) are given with (a = 2175):

OLs+M  Mcosa Mcos2a Mcos2a  Mcosy [
EM cosa Lg+M  Mcosa Mcos2a Mcosy %
L,=Mcos2a Mcosa L +M Mcosa Mcoszy [
BK/I cos2a Mcos2a Mcosa Lg+M  Mcosx S
HMcosa Mcos2a Mcos2a  Mcor  Lig+M H

©)
oL, +M Mcosa Mcos2a Mcos2a Mcosx [
EM cosa L,+M Mcosa Mcos2za Mcosx E
L,=Mcos2a Mcosa L, +M Mcoso McoszxC
BK/I cos2a Mcos2a Mcosa L, +M  Mcosx E
HMcosa Mcos2a Mcos2a Mcosa L, +M E

(4)
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Ly=Li=M
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The angle 6 is the position of the rotor phase "a' magnetic axis
with respect to the stator phase "a" stationary magnetic axis (i.e.
the rotor position). Stator and rotor resistance matrices are

R=diagR, R R R R) ©
R =diagR R R R R)

Motor torque can be expressed in terms of phase currents as
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where P is the number of pole pairs. Machine model described
with (1)-(7) isfurther transformed using Clark’s decoupling trans-
formation in power invariant form [24]:
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where the new variables are defined as
\_/gﬁ = Qy;bcde i.z,B = giZbcde ﬂzﬁ = Cl’Uabcde )
\_/:xﬁ = C_:\_/;bcde i.trxﬁ = gi;bcde gaﬁ = Cw;bcde

Upon application of the transformation, the machine model (1)-
(7) becomes

I
t
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Per-phase equivalent circuit magnetising inductance is introduced
in (10)-(12) as L, = (5/2)M. Torque equation (12) shows that the
torque is entirely developed due to interaction of stator/rotor a—3
current components and is independent of the value of x-y current
components. From rotor equations (11) it follows that, since the
rotor is short-circuited and stator x-y components are decoupled
from rotor x-y components, equations for rotor x-y components
and zero seguence component equation can be omitted from fur-
ther considerations. The same applies to the stator zero sequence
component equation. This leaves the first four equations in (10),
the first two equations of (11) and the torque equation (12) as
relevant for further considerations. Rotational transformation is
applied next, using
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fcosf; sing; C
L sno, cosd L
O s s C
D=0 1 C
0 1 L
O C
H 1E
OcosB snpf a
%—sinﬁ cos3 E
D, =0 1 0
U |
O 1o
H 15
(13)
[©osf; —sinf; O
inf;  coso, E
Dl=0 1 0
O 1 O
0 0
H 15
[cosB -snf O
%nﬁ cosf B
D=0 1 O
0 0
O 1 o
H 15

where the angles of transformation are 6;= [ w,dtand = 6,— 6
(6 =] wadt) for stator and rotor variables, respectively, and cw, is
the arbitrary speed of rotation of the common reference frame
(note that x-y stator component equations are not transformed).
Application of (13) in conjunction with the model (10)-(12) pro-
duces the following set of equation for a five phase induction
machine in the common rotational reference frame (rotor x-y
component equations and stator and rotor zero sequence compo-
nent equations are omitted):

Vas = I:esids _waL»UqS +PWgs
Vor = 0= I%’idr _(wa _w) wqr +P Wy

Vqs = Rsiqs +wawds + pl»qu

(14)
Vg =0=Rig +(ws ) Yy +p Yy
sz = ngxs + plﬂxs
Vys = Rsiys + p[/ij
wds = (Lls + I-m)ids + I-midr
wdr = (Llr + I-m)idr + Lmids
qu = (LIS + Lm)?qs + Lm.iqr (15)
Yo = (L + I—m)'qr +Lllgs
l,st = Llsixs
Quys = Llsiys
T, = Pl icics ~lasia] (16)
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The principles of independent vector control of two series-con-
nected five-phase induction machines with phase transposition are
developed next utilising the models given with (10)-(12) and (14)-
(16).

Independent control of two series connected
induction motors

An important property of the five-phase machine model, given
with (10)-(12), is that the new set of equations contains only two
components (o—) which lead to stator to rotor coupling, while
the remaining three components are not coupled [20, 23, 24]. The
situation remains the same after application of the rotational trans-
formation, asis evident from the model given with (14)-(16).

Vector control enables independent control of flux and torque of
an AC machine by means of only two stator current components
(one component pair: d-g). This leaves one pair of components as
additional degrees of freedom. Hence, if it is possible to connect
stator windings of two five-phase machines in such a way that
what one machine sees as the d-q axis stator current components
the other machine sees as x-y current components, and vice versa,
it would become possible to completely independently control
speed (position, torque) of these two machines while supplying
the machines from a single current-controlled voltage source
inverter. In ssimple terms, it is possible to independently realise
vector control of two five phase machines using a single voltage
source inverter, provided that the stator windings of the two
machines are connected in series and that an appropriate phase
transposition is introduced so that the set of five five-phase cur-
rents that produce rotating mmf in the first machine, does not pro-
duce rotating mmf in the second machine and vice versa. This
explanation constitutes the basis of the two-motor five-phase drive
system that is to be described further on.

The required phase transposition follows directly from the decou-
pling transformation matrix, given in (8). Let the source phase
sequence be identified with A, B, C, D and E and let the phases of
the stator windings of the two five-phase machines have phase
sequence 1, 2, 3, 4, 5 which corresponds to the spatial ordering of
the phases. According to the transformation matrix, phases* 1’ of the
two machines will be connected directly in series (thefirst column).
The phase transposition for phase ‘1’ is therefore O degrees.
However, phase ‘2’ of the first machine will be connected to phase
‘3’ of the second machine. The phase transposition moving from
one machineto the other is a and the phase step is 1. Thisfollows
from the second column of the transformation matrix (8) that con-
tains cosine and sine terms with spatial displacements equal to a
and 2a. In asimilar manner phase ‘3’ of the first machine (spatial
displacement of 2a) is connected to the phase ‘5" of the second
machine. The phase transposition is 2a, and the phase step is 2.
This follows from the third column of the transformation matrix.
Further, phase ‘4’ of the first machine needs to be connected to the
phase ‘7’ of the second machine; since the machine is five-phase,
resetting takes place and phase ‘4’ is connected to phase ‘2’
(7 —5 = 2) of the second machine. The phase step isequal to 3 and
phases are transposed by 3a. This corresponds to the fourth column
in the transformation matrix, where terms with 3a and 6a appear.
For phase ‘5’ of the first machine the phase transposition will
equal 4a and phase step will be 4, so that phase ‘5’ gets connected
tophase ‘9, or after resetting, to phase ‘4’ (9—-5=4). Onthebasis
of these considerations it is possible to construct a connection
table, shown in Table |. The corresponding connection diagram is
given in Fig. 2 (with the change from machine’'s phase order
symbols 1, 2, 3,4,5t04a, b, ¢, d, e).

In order to verify the concept, a steady state operation with ideal
sinusoidal currents is examined first. Let us assume that the
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Table|l: Connectivity matrix for the five-phase case.
A B C D E

M1 1 2 3 4 5

M2 1 3 5 2 4

machine 1 is supplied for the purposes of torque and flux produc-
tion with ideal sinusoidal currents of RMS value and angular fre-
quency equal to I, ;. Similarly, machine 2 is supplied with aflux
and torque producing set of currents of RMS value and frequency
I, w,. According to the connection diagram in Fig. 2, source cur-
rents are simultaneously corresponding phase currents for
machine 1:

in =iz =v2lysin(awpt) +v/21,sin(wt)
ig =ipy =21y sin(wyt - a)++/21,sin(w,t —2a)
ic =i = V21l sin(wyt =2a) ++/21,sin(w,t - 4a)

ip =ig =21, sin(egt =30a) + 21, sin(wst - a)
ie =i =2l sSin(wyt —4a) ++/21, sin(w,t -3a)

(17)

The machine 2 is connected to the source via the "phase transpo-
sition”, so that the machine is supplied with the following cur-
rents:

i =ia =721 sin(wyt) + /21, sinwst)

iz =ip =21 sin(wyt —3a) + 21, sin(w,t - a)
ix =ig =v2lysin(wit —a) + 21, sin(wst - 20) (18)
g2 =ig :V‘Ellsm(wlt 4a) + 21, sin(w,t -3a)

wit —2a) ++21,sin(w,t -4a)

&
o
I
<
N
=
(21
>
—_

Application of the transformation matrix (8) on stator currents of
the two machines given with (17)-(18) produces results sum-
marised in Table Il. From Table Il it is evident that, due to phase
transposition in the series connection of the two machines,
flux/torque producing currents of machine 1 produce a—[3 current
components in machine 1, while they produce x-y current compo-
nents in machine 2, and vice versa. It therefore follows that the
currents of the second machine create a resultant mmf of overall
zero value in any instant in time in machine 1, and vice versa.
Hence it becomes possible to independently control the two five-
phase machines while supplying them form a single five-phase
inverter.

When a single five-phase machine is supplied from an inverter,
stator current harmonics of theorder 10n+1(n=0, 1, 2...) con-
tribute to the torque and therefore appear in a—[3 stator current
components. On the other hand, harmonics of the order 5 n + 2
(n=1, 3, 5....) do not contribute to the air-gap flux and torque
production and they therefore appear in x-y current components.
When the two five-phase machines are connected in series asin
Fig. 2, the flux/torque producing currents (a—[3) of one machine
behave as x-y current components for the other machine dueto the
phase transposition, and vice versa. In simple terms, flux/torque
producing currents of one machine have a‘wrong’ phase sequence
for the other machine (thanks to the phase transposition), which
does not correspond to the spatial sequence of phases in that
machine, so that no air-gap flux and torque are produced by these
currents.

a2

One particularly interesting situation arises if the two machines
are identical and they operate under exactly the same operating
conditions (i.e. with the same RMS currents |, = |, = | and the same
frequency w, = w, = w). Depending on the phase relationship
between flux/torque producing currents of the two machines a
steady state may result in which any one of the five inverter phase
currents has an instantaneous value equal to zero at al timest
(note that due to phase transposition this may happen with only
oneinverter current). This situation simultaneously correspondsto
the fault condition with an open-circuited phase. Although one
could expect that the drive operation and control should be dis-
turbed under these conditions, thisis not the case. It can be shown
that the relationships of Table Il remain to hold true, meaning that
the drive operation is not affected. Thisis so since in the proposed
five-phase two-motor drive system only four degrees of freedom
are utilised. The fifth is redundant, meaning that there is one
degree of redundancy that remains for utilisation in safety critical
applications, in the case of failure of one inverter leg. More
detailed considerations are given in Appendix 1.

Vector control of the two-motor five-phase drive
system

The basic indirect vector controller is of the same structure for an
induction machine, regardless of the number of phases on the sta-
tor. An indirect vector controller for a five-phase induction
machine is shown in Fig. 3. Operation in the constant flux region
(base speed region) only is assumed and the vector controller is
the same for the two machines. Phase current references for the
two machines are obtained using co-ordinate transformation, in
the same manner as it is done for a three-phase machine:

ok _ 2 oK ok .
la1 = g['dleOS(Prl"qslsm%]

i;2 \ ['ds2003(l’r2 stmqu]

iél = \‘J““é[i;sl cos(@, — Q) _i;ﬂgn((ﬂl - d)]
b2 =\“““‘g[i352 cos(¢, — Q) = stm((qz a)]
i1 = \ ['dsl cos(¢y, —2a) _i;slsm(qorl -2a)] (19)

2= 2l 000z ~20) iz S0l -2
iy = E[i;slcosa((prl -30) —igg sin(¢, -3a)]
i = \2[@52 cos(¢, —30a) ~ g sin(@, —30)]
=g 2l coss ~40) gy s, ~4)]

o 12 o
i :\J‘E[If‘sz cos(q)r2 —4a)—|qszsm((42 —4a)]

1 Thisissue was raised by Prof. R.D.Lorenz during the discussion of the paper
at EPE 2003, to whom the authors are indebted for highlighting a potential
problem.
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Table II: Stator current components in series connected
motorsin steady state

Current M1 M2
components
a /Bl sinayt V5l; sinwst
B -/51, coscyt —V5I; coswyt
x1 /51, sincw,t VBl sinawyt
yl -\51, cosw;t /51, cosayt
0 0 0
igs™* = igs, > Il 2 N
, —p "
o, P ®
L i
w* iq:* ¢ —p ig*
—»()—>» B > 1 —» i
y 5
_ v
K, I

[°]
B
Fig. 3: Indirect vector controller for the five phase induction
machine K, = 1/(T,iyy).

Stator of Stator of
S-phase Machine 1 Machine 2
DC current-
controlled
link PWM
VSI
Total phase Acurren
references v . Feedback ~7 v
Vector Vector
ﬁ control control
Summation N (Fig. 3) Fig. 3)
and mixing, Phase

equ. (20) Nlrrent references for M1 and M2~

Fig. 4: Vector control scheme for a five-phase two-motor
drive system

Overdl inverter current references are then formed respecting the
connection diagram of Fig. 2, so that:

ok _.* .k .k _.* .

In =lg *ig Ig =lpg Tl

P 3 L 3 20
Ic =lg *leo Ip =lg1 *lp2 (20)
Wk _.* ok

Ig =lg *lgo

Either hysteresis current control or ramp comparison control can
be applied in order to get desired currents at the inverter output.
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An illustration of the complete drive control system is given in
Fig. 4.

Simulation verification

The proposed two-motor five-phase drive system is verified by
simulation (motor data are given in Appendix 2; the two motors
arethe same). Current-controlled VSl istreated as an ideal current
source, so that the source current references given with (20) are
the inputs into the induction machine models. Operation in the
torque mode is examined first. The motor model applied at this
stageisthe oneinterms of phase variables, given with (1)-(7). The
application of the phase-variable model represents the ultimate
proof of the concept, since genera theory of electrical machines
is not utilised for the machine representation. Due to the assumed
ideal current feeding stator currents for the two machines are
known and are used to calculate current derivatives. Stator voltage
equations are used to reconstruct the machines' phase voltages and
subsequently determine the source phase voltages according to

Vp = Vgs1 Voo Vg =Vps1 Ve

Ve = Vg + Ve Vp =Vga Vo 1)

VE = Vet Voo

Different profiles of the rotor flux reference (stator d-axis current
reference) are applied at first to excite the machines. Once when
the rated rotor flux in both machines has been established, torque
command is at first applied and later removed for both machines,
in a ramp-wise manner, in different time instants. Torque refe-
rence for the first machine equal s twice the rated torque (16.67 Nm),
while it is the rated torque (8.33 Nm) for the second machine.
Fig. 5 shows the simulation results. As can be seen from Fig. 5,
excitation of the two machines is independent and rotor
flux attains desired rated value after the initial transient. Rotor
flux remains undisturbed in both machines during subsequent
torque transients, indicating that completely decoupled control
has been achieved. Torque reference and actual torque for the two
machines are indistinguishable one from the other. Moreover,
application of the torque command to one of the machines does
not have any impact on the torque in the other machine, and vice
versa. Conseguently, speed transients are smooth, with maximum
allowed rate of change. Stator phase ‘a current references, calcu-
lated according to (19), are sinusoidal in any steady state opera-
tion. The stator phase ‘a voltages of the two machines are
distorted due to the flow of flux/torque producing currents for
both machines through all the phases of both machines. That is, x-y
components of stator voltages exist and thisis evident especially for
IM2 which operates at alower final steady state speed.

Source phase voltages, obtained using (21), are shown in Fig. 6,
while Fig. 7 depicts source currents, calculated according to (20).
Results are given for the first two phases. High level of distortion
is evident in both source currents and source voltages. The flow of
flux/torque producing currents of one machine through the stator
winding of the other machine, and vice versa, is the main draw-
back of this drive system, as discussed shortly.

Further simulations are performed in the speed mode of operation.
The two machines are now represented with the d-q model and are
excited using the same rotor flux reference profile. Upon comple-
tion of the excitation transient, speed commands, equal to rated
and one half of the rated, are applied in different time instants to
the two machines (zero load torque), in a ramp-wise manner.
Torque limit is set to twice the rated torque (16.67 Nm). Fig. 8
shows rotor flux reference and rotor flux magnitude, torque
response, corresponding speed responses, and the stator phase ‘a
current references for the two machines. Once more, fully decou-
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pled rotor flux and torque control results for the both machines,
confirming again that the applied phase transposition in the series
connection of stator windings enables complete decoupling of the
vector control of the two machines.

Discussion

Shortcomings of the two-motor series-connected drive are
addressed first. As aready noted, the flow of flux/torque produ-
cing currents of one machine through the stator winding of the
other machine, and vice versa, is the main drawback of this drive
system. Clearly, such a situation will lead to an increased amount
of stator copper losses in both machines, therefore reducing the
overal efficiency of the drive system (rotor copper losses will
however not be affected). Determination of the additional amount
of the stator winding losses depends on the machine ratings and
operating conditions. For simplicity, it is assumed that the two
machines are identical and operate with the same load (i.e. cur-
rent) and at the same speed (i.e. frequency). In other words, situa-
tion described with (17) (for I, =1, =1, w; = @, = ) and (A1) is
considered. Using either (17) or (A1), it can be easily shown that
the amount of stator winding loss will double in each machine
in this series connection, compared to the case when a single
five-phase machine operates under the same conditions. It
should be noted however, that distribution of the additional stator
winding loss is uneven among the phases (for example, if
(17) appliesthen phase 'a losses of both machines will quadruple,
while if (A1) applies there will be no losses at al in phase 'a of
both machines).

The second shortcoming is the voltage drop produced by x-y
stator current components in both machines, which will impact
on the voltage rating of the inverter semiconductors. This
means that the voltage rating will have to be higher (but only
dlightly, since these voltage drops appear across stator leakage
impedance and are therefore rather small) than twice the rating
for a single five-phase motor drive. Current rating of the inverter
will have to correspond to the sum of current ratings of the
two machines.

The main advantage of the system is that five rather than six
inverter legs are required, since smaller number of components
means higher reliability and easier manufacturing. However, there
are other advantages as well. First of all, asingle DSP can be used
to realise control of both machines. Next, braking energy of one
machine can be directly used for motoring of the other machine,
so that regenerative braking is realised without the need for an
active front-end rectifier. Energy saving which results in this way
may be considerablein drives with frequent reversals and braking,
and may outweigh the loss in efficiency due to theincrease in sta-
tor winding losses. Finally, the connection automatically solves
one of the problems experienced with multi-phase motor drives,
namely the flow of large stator current harmonics that do not con-
tribute to flux and torque production (i.e. x-y current components)
[29]. With the series connection active impedance of one machine
(a-B impedance) is placed in series to the stator leakage
impedance (x-y impedance) of the other machine, and vice
versa, so that low order stator current harmonics are significantly
attenuated (practically eliminated).

Conclusion

The paper develops anovel concept for atwo-motor drive system,
which enables independent control of a set of AC machines sup-
plied from a single current-controlled voltage source inverter. The
number of connectable machines depends on the number of phases
of the stator winding and is two in the five-phase case, covered in
detail in the paper. The stator multiphase windings have to be
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connected in series with an appropriate phase transposition, in
order to achieve the independent control of the two machines.
The concept is developed in a systematic manner, using general
theory of electrical machines, and isvalid regardless of the type of
the AC machine. This implies that different machine types can be
used within the same drive system without any difficulty (for
example, an induction motor and a synchronous motor).

The two-motor five-phase drive system is verified by simulation.
Torgue mode and speed mode of operation are examined and it is
shown that completely decoupled and independent vector control
of the two machines is possible with the proposed series connec-
tion. The major advantages and shortcomings of such a multi-
drive system are discussed in detail.

Appendix 1

Steady state operation with zero resulting current in one
inverter phase

Consider a steady state in which flux/torque producing currents of
both machines have the same RM S value and the same frequency
and let the flux/torque producing currents for phases ‘a be in
phase opposition. Under these conditions (17) becomes

in =+2lsin(at) +v2lsin(ai -1) =0

ig =+/2lsin(at - a) +~/21 sin(at -2 —T)
=2l1+cos(3a/2)sin(wt —a/4)

ic =V2lsin(at -2a)++/2l sin(at —4a -m)
=21/1+cos(a / 2) sin(wt —7a/ 4)

ip =~/21sin(awt —3a) +~21 sin(at - a -0
=211+ cos(a /2) sin(wt —13a/ 4)

ie =<2l sin(at —4a) ++/21 sin(at —3a -T)
= 21 /1+cos(3ar/2) sin(wt —19a/ 4)

(A1)

Application of the decoupling transformation (8), in complex
form and with a = exp(ja) = exp(j2175),

igp = \Eﬁ(iA +alp +a’ic +a’p +§4iE)
. f~ 1+ 2- 4. 6. 8. (A2)
Ly = '\52/5('A +ta%lg +a’lc ta’lp +a 'E)

yields asthe final result for inverter (motor 1) current components

igs =5l expj(ct =11/ 2) A3
iy = V5l expj(at +11/2)

which is the same as in Table I, except for the signs (phases) of
X-y components. Inverter phase currents and inverter (motor 1)
current components are illustrated in Fig. Al. This particular
situation is investigated by dynamic simulation as well (Fig. A2).
The machines are at first excited and the same speed command,
corresponding to 50 Hz electrical frequency is then applied. A
time delay of 10 msisintroduced in the speed command applica-
tion of IM2, resulting in a 180° phase shift of the IM2 flux/torque
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Fig. AL: Inverter currents of (A1) and associated a-3 and x-y

current components of (A3)

producing currents with respect to flux/torque producing currents
of IM1. A load torque (50 % of the rated torque) is further
applied, at the same time instant, to both machines. Results shown
in Fig. A2 confirm undisturbed operation under these conditions,
which yield zero inverter phase A current after the initial accele-
ration transient. Although the inverter phase A current is zero, full
decoupled vector control of the two machines still results. This
indicates that the two-motor series-connected five-phase motor
drive possesses one degree of redundancy.

Appendix 2
Motor Data

Per-phase equivalent circuit parameters of the 4-pole, 50 Hz five-
phase induction motor (J = 0.03 kgm?):
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Fig. A2: Dynamics of the drive with motor flux/torque
producing current cancellation in inverter phase A
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R.,=10Q R =63Q Ls=L,=0.04H L,=042H
Per-phase ratings of the five-phase induction motor: 220V, 2.1 A,

1.667 Nm.
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