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Abstract—A novel concept for multimotor drives, based on uti-
lization of multiphase machines, has been proposed recently. In-
dependent vector control of all the machines of the group can be
achieved while using a single multiphase inverter supply, provided
that the stator windings are connected in series in an appropriate
manner. One specific case of such a drive system is a two-motor
drive, comprising a symmetrical six-phase machine connected in
series with a three-phase machine. The group is supplied from
a six-phase current-controlled voltage source inverter (VSI). The
available considerations related to this two-motor drive system,
consisting of two induction motors, are currently of purely theo-
retical nature, with the proof-of-concept provided by simulation
only. This paper analyzes series-connected two-motor six-phase
drive, comprising a six-phase symmetrical induction machine and
a three-phase permanent magnet synchronous machine (PMSM)
and provides, for the first time, detailed experimental verification
of the possibility of independent control of the two motors. The
operating principles of the drive system are at first reviewed and
a brief description of the experimental system is then given. The
emphasis is placed on an extensive presentation of experimental
results, collected from a laboratory setup. It is shown that a truly
independent and decoupled vector control of the two machines re-
sults, although a single supply source is used. The two-motor drive
system of the proposed structure is seen as a potentially viable
industrial solution for applications requiring one high-power and
one low-power machine.

Index Terms—Experimental verification, multimotor drives,
multiphase machines, six-phase, vector control.

I. INTRODUCTION

THE concept of multiphase motor drives is rather ma-
ture, with the origins traceable back to 1969. However,

an upsurge in the interest in multiphase motor drive applica-
tions has occurred during the last few years. The main driving
forces behind this accelerated development are three application
areas: railway traction and EV/HEV applications, “more-
electric aircraft,” and “more-electric ship.” The reasons for em-
ploying multiphase drives vary from application to application
and range from reduction of the inverter per-phase rating in high-
power drives (ship propulsion, traction) to improved efficiency
(low-power drives and integrated drives) [1] and to significantly
improved fault tolerance (“more-electric aircraft”) [2], [3].

A specific configuration of multiphase motor drives is the
one with multiple three-phase windings on stator [4]. The most
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frequently discussed construction of this type is the one with two
three-phase windings, displaced in space by 30◦, which gives
an asymmetrical six-phase winding [5]–[8]. Asymmetrical six-
phase (dual three-phase) machines are predominantly seen as a
feasible solution for traction and ship propulsion, where power
ratings are high [1], [5].

A novel concept for multimotor drive systems, based on uti-
lization of symmetrical multiphase machines (spatial displace-
ment between any two consecutive phases is 2π/n, where n is
the number of phases) with sinusoidal flux spatial distribution,
has been proposed recently in [9]–[11]. The idea stems from
the fact that any n-phase machine requires only two currents
for independent flux and torque control. Thus, in a multiphase
machine there are additional degrees of freedom, which can
be used to control other machines [12]. It has been suggested
that, by connecting multiphase stator windings in series with an
appropriate phase transposition, it becomes possible to control
independently (using vector control principles) all the machines
with the supply coming from a single multiphase inverter.

The multimotor drive system concept of [9]–[11] is appli-
cable to any symmetrical supply phase number greater than or
equal to five. One particular case is a symmetrical six-phase
two-motor drive. It is realized by connecting in series, in an
appropriate manner, stator windings of a symmetrical six-phase
machine with stator windings of a standard three-phase ma-
chine. The supply is provided from a six-phase voltage source
inverter (VSI) and, by applying vector control principles, inde-
pendent control of the two machines can be achieved. This fact,
introduced using physical considerations and intuitive reasoning
in [9], has been confirmed by detailed mathematical modeling
of the six-phase two-motor drive, reported in [13].

The idea of series connection for realization of multimotor
drives is applicable not only to symmetrical but to asymmetrical
multiphase machines as well. It has been shown in [14] that
a six-phase series-connected two-motor drive can be realized
by connecting in series two asymmetrical six-phase machines.
Although V/f control rather than vector control was analyzed
in [14], the basic idea is the same as for symmetrical series-
connected multiphase motor drives. However, the configuration
with two asymmetrical six-phase machines of [14] is believed
to be much less suitable for real-world applications than the
configuration discussed here, which consists of a symmetrical
six-phase and an ordinary three-phase machine. This is so since
here the three-phase machine will not suffer any adverse effects
from the series connection and the reduction of efficiency of the
six-phase machine due to series connection will be negligibly
small if six-phase machine is of large power rating, while power
rating of the three-phase machine is small. In contrast to this, in

0885-8969/$20.00 © 2005 IEEE



122 IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 21, NO. 1, MARCH 2006

the configuration of [14] flux/torque producing currents of both
machines flow through the windings of both machines, so that
stator winding losses are increased in both machines, leading to
a deterioration in the efficiency of the two-motor drive system,
when compared to two individual single-motor drives.

Vector control of the two series-connected machines can be
achieved by using either current control in the stationary refer-
ence frame or current control in the rotating reference frame.
While both possibilities are viable, it has been shown recently
that current control in the rotating reference frame for series-
connected six-phase [15] (as well as five-phase [16]) two-motor
drives leads to increased parameter sensitivity. This is so since
the decoupling voltages become functions of parameters of both
machines, due to the need to compensate voltage drops in one
machine caused by the flow of the flux/torque producing cur-
rents of the other machine through its windings. The conclusion
of [15], [16] is that current control in the stationary reference
frame is better suited to series-connected multiphase multimo-
tor drive systems. It is for this reason that current control based
on inverter output phase currents is analyzed and implemented
in this paper.

The theory of symmetrical multiphase series-connected mul-
timotor drives, developed in [9]–[11], has so far been verified by
simulation only and the symmetrical six-phase two-motor drive
is no exception. Furthermore, although the concept has been
postulated as valid for all types of ac machines with sinusoidal
spatial flux distribution in [9]–[11], all the available considera-
tions have assumed utilization of induction machines. This paper
investigates combined use of induction and permanent magnet
synchronous machines (PMSMs) and provides, for the first time,
detailed experimental verification of the decoupled dynamic
control of two machines within the series-connected two-motor
drive. A symmetrical six-phase induction machine is connected
in series with a three-phase servo PMSM and the supply is pro-
vided by a six-phase current-controlled VSI, obtained by paral-
leling two industrial three-phase VSIs to the common dc link.

A summary of the operating principles of the six-phase two-
motor drive system, detailed in [9]–[15] and based on the as-
sumption of sinusoidal spatial flux distribution in the ac ma-
chines, is provided first. This is followed by a brief description
of the experimental system and the procedure used to verify the
decoupling of dynamics of the two machines in the experimen-
tal investigation. Results of various experiments are then pre-
sented. These include acceleration, deceleration, speed reversal,
and step loading/unloading. Excellent and independent dynam-
ics are demonstrated, thus confirming that the control of the two
machines is truly decoupled under all operating conditions.

II. CONFIGURATION AND OPERATING PRINCIPLES OF THE

SIX-PHASE TWO-MOTOR DRIVE

The connection diagram for a six-phase series-connected two-
motor drive is shown in Fig. 1 [9], [15]. Capital letters denote
the inverter phases, while lower case letters identify the motor
phases, according to the spatial distribution of phases. The first
machine (Machine 1) is a symmetrical six-phase machine, with a
spatial displacement between any two consecutive stator phases

Fig. 1. Six-phase series-connected two-motor drive.

equal to 60◦. The second machine (Machine 2) is a standard
three-phase machine.

As can be seen in Fig. 1, each of the phases of the three-phase
machine is connected to two phases of the six-phase machine.
For example, phase a2 is connected to phases a1 and d1. Since
the six-phase machine is symmetrical, phases a1 and d1 are
in spatial opposition (displaced by 180 degrees) and flux/torque
producing currents of the six-phase machine in these two phases
will be in phase opposition. This means that the flux/torque pro-
ducing current of Machine 1, flowing from the inverter phase A
through phase a1, will return through phase d1 to inverter phase
D and will therefore not flow through Machine 2. Alternatively,
assuming positive current flow directions from the inverter to the
Machine 1, one can say that flux/torque producing currents of
phases a1 and d1 will cancel each other at the point of connec-
tion with a2. The same reasoning applies to the other two pairs
of phases of the six-phase machine (b1-e1 and c1-f1). Hence,
the flux/torque producing currents of the six-phase machine will
not flow through the three-phase machine.

As far as the three-phase machine is concerned, each of its
phases is connected to two phases of the six-phase machine.
Thus, one half of the required flux/torque producing current
for the three-phase machine needs to be supplied through
each of the six phases of the six-phase machine. For example,
50% of the current required by phase a2 will be coming
through each of the phases a1 and d1 of the six-phase machine.
Since the same value of the current will be coming from two
six-phase machine phases that are in spatial opposition, the net
magnetomotive force created by these currents in the six-phase
machine will be zero. The same applies to the other two phases.

The above given explanations can be easily verified by con-
sidering a steady state with sinusoidal flux/torque producing
currents of both machines. Let the currents be of root mean
square (rms) value and angular frequency I1, ω1 and I2, ω2 for
the six-phase and the three-phase machine, respectively, and
let each phase of the inverter (i.e., six-phase machine) carry
one half of the current required for flux/torque production in the
three-phase machine. Application of the decoupling transforma-
tion in power-invariant form for the six-phase system (α = 60◦)
(see (1) at the bottom of the next page), produces stator current
axis components which are summarized in Table I in space
vector form (zero-sequence components are omitted since these
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TABLE I
AXIS CURRENT COMPONENTS IN TWO MACHINES

IN STEADY-STATE OPERATION

are identically equal to zero). Flux/torque producing currents
of Machine 2 (α-β currents) do not produce flux and torque
in Machine 1 (where they appear as x–y components) while
flux/torque producing currents of Machine 1 sum to zero at the
point of connection with the three-phase machine. It therefore
follows that independent vector control of the two machines can
be realized with a single six-phase inverter.

On the basis of these considerations, one concludes that the
flux/torque producing currents of the six-phase machine will not
flow through the three-phase machine at all, meaning that the
three-phase machine will not be adversely affected by the series
connection. Flux/torque producing currents of the three-phase
machine will flow through the phases of the six-phase machine,
but will not create any rotating field and hence torque. These
currents will appear for the six-phase machine, according to
Table I, as x–y components, so that their net contribution to the
six-phase motor’s torque will be zero.

III. VECTOR CONTROL ALGORITHM AND REFERENCE

CURRENT GENERATION

Any of the available vector control algorithms can be used
for either of the two machines of the group. The simplest pos-
sibility, considered here, is the application of indirect rotor flux
oriented (RFO) control. Fig. 2 illustrates indirect RFO con-
troller for the six-phase induction machine assuming operation
in the base speed region only. Since the three-phase machine is
a PMSM with surface-mounted magnets and is operated in the
base speed region as well, corresponding vector controller is as
shown in Fig. 3. Individual phase current references of the two
machines are then created, using the power invariant transfor-
mation (k1 =

√
2/6, k2 =

√
2/3) and Figs. 2 and 3, according

to the following expressions:

i∗a1 = k1[i∗ds1 cos φr1 − i∗qs1 sin φr1]

i∗b1 = k1[i∗ds1 cos(φr1 − α) − i∗qs1 sin(φr1 − α)]

- - - - - - - - - - - - - - - - - - - - - - - - -

i∗f 1 = k1[i∗ds1 cos(φr1 − 5α) − i∗qs1 sin(φr1 − 5α)]

Fig. 2. Indirect (feed-forward) rotor flux oriented controller for the six-phase
induction machine (K1 = 1/(T ∗

r1i∗ds1), p ≡ d/dt).

Fig. 3. Rotor flux oriented controller for the three-phase PMSM.

i∗a2 = k2[−i∗qs2 sin φr2]

i∗b2 = k2[−i∗qs2 sin(φr2 − 2α)]

i∗c2 = k2[−i∗qs2 sin(φr2 − 4α)] (2)

where α = 2π/6. They are further summed according to the
connection diagram of Fig. 1 in order to create the inverter
phase current references

i∗A = i∗a1 + 0.5i∗a2 i∗D = i∗d1 + 0.5i∗a2

i∗B = i∗b1 + 0.5i∗b2 i∗E = i∗e1 + 0.5i∗b2

i∗C = i∗c1 + 0.5i∗c2 i∗F = i∗f 1 + 0.5i∗c2 (3)

C =

√
2
6

α
β
x1
y1
01
02

∣∣∣∣∣∣∣∣∣∣∣




1 cos α cos 2α cos 3α cos 4α cos 5α
0 sin α sin 2α sin 3α sin 4α sin 5α
1 cos 2α cos 4α cos 6α cos 8α cos 10α
0 sin 2α sin 4α sin 6α sin 8α sin 10α

1/
√

2 1/
√

2 1/
√

2 1/
√

2 1/
√

2 1/
√

2
1/
√

2 −1/
√

2 1/
√

2 −1/
√

2 1/
√

2 −1/
√

2




(1)
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Fig. 4. Experimental setup: the two three-phase inverters in six-phase config-
uration and the six-phase (top) and three-phase (bottom) machine.

Inverter current references of (3) are further impressed by us-
ing a suitable current control method, as explained in the next
section.

IV. EXPERIMENTAL SETUP

A laboratory setup is constructed in order to prove the exis-
tence of decoupled dynamic control in the series-connected two-
motor drive system experimentally. The system incorporates a
symmetrical six-phase machine and a three-phase PMSM, con-
nected in series according to Fig. 1 and supplied from a double
three-phase (six-phase inverter), and is illustrated in Fig. 4. Each
of the two three-phase inverters is equipped with a digital sig-
nal processor (DSP). All six currents are measured using LEM
sensors and DSPs perform closed loop inverter phase current
control, using digital form of the ramp-comparison method. In-
verter switching frequency is 10 kHz. The first inverter controls
inverter A,C,E currents, while the second inverter controls
B,D,F currents of Fig. 1. This means that all six currents
are controlled, although there are only five independent cur-
rents. This is obviously not an ideal solution. However, it is
an unavoidable consequence of the adopted realization, where
internal DSPs of the two inverters are used for current control.

The inverter current references are passed to the DSPs from a
PC, through a dedicated interface card. The control code oper-
ates on the PC and is written in C. It performs closed loop speed
control and calculations according to (2) and (3), on the basis of
the indirect rotor flux oriented control schemes of Figs. 2 and 3.
The six-phase (50 Hz, 6-pole) induction machine and the three-
phase (150 Hz, 6-pole) PMSM are equipped with resolvers and
control operates in the position-sensored mode. Both machines
run under no-load conditions, except for the loading/unloading
transients. A series of experimental tests are performed in or-
der to verify the independence of the control of the two ma-
chines. The six-phase machine is coupled to a dc generator,
while the PMSM has an inertial wheel mounted on the shaft
(Fig. 4).

V. EXPERIMENTAL RESULTS

The approach adopted in the experimental investigation is the
following. The six-phase induction machine is excited and both
machines are then brought to a certain steady-state operating
speed. A speed transient is initiated next for one of the two
machines, while the speed reference of the other machine is left
unaltered. Provided that the control is truly decoupled, operating
speed of the machine running at constant speed must not change
when the transient is initiated for the other machine. However,
due to the fast action of the speed controller, some very small
variations of the speed could be unobservable. The ultimate
proof of the truly decoupled control is therefore the absence of
any variation in the stator q-axis current command of the ma-
chine running at constant speed, since this indicates absence of
any speed error at the input of the speed controller. Experimen-
tal results, shown in what follows, include stator q-axis current
commands (peak value) and measured speed responses of the
both machines, inverter current reference and actual inverter
current for one of the six phases, and individual phase current
references of the two machines.

In the first test, six-phase machine runs at 500 rpm and the
three-phase PMSM is initially at 0 rpm. Step speed command of
800 rpm is then given to the PMSM. Results of this acceleration
test are shown in Fig. 5. Since the PMSM is not loaded, its
steady-state current is practically zero at all speeds, as evidenced
by its phase c current reference in Fig. 5. Speed of the six-
phase machine, as well as its stator q-axis current reference,
remain completely undisturbed during the acceleration transient
of the PMSM, indicating complete decoupling of the control.
Measured and reference inverter phase current are in excellent
agreement in both steady state and transient operation (a small dc
offset, related to the measurement procedure, is present in some
traces of the measured inverter current and is to be disregarded
in the comparison).

The situation is reversed in the second test, where the speed
of the PMSM is held constant (at 300 rpm), while the six-phase
machine is accelerated from 0 to 600 rpm. The results are
given in Fig. 6, from which it can be observed that there is
some minor impact of the transient on the three-phase PMSM.
It is reflected in the change of the ripple characteristics of
the speed response and the stator q-axis current reference and
its source will be discussed later. However, this coupling is
sufficiently small to be regarded as negligible for practical
purposes.

In the subsequent two tests one machine is held at stand-
still, while the other machine is reversed. At first the PMSM is
reversed from −500 to 500 rpm (Fig. 7). Next, the six-phase
machine is reversed from −500 to 500 rpm, with the PMSM
at standstill (Fig. 8). Reversing transients of Figs. 7 and 8 in-
dicate practically perfect decoupling of the control of the two
machines.

Deceleration of the PMSM from 900 to 0 rpm, with the six-
phase machine running at 500 rpm, is depicted in Fig. 9. Again,
excellent decoupling of dynamics is achieved, since no variation
whatsoever of the six-phase machine’s speed and q-axis cur-
rent takes place. Thus initiation of a transient for a three-phase
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Fig. 5. Behavior of the two-motor drive during PMSMs acceleration from 0 to 800 rpm (six-phase machine at 500 rpm).

Fig. 6. Behavior of the two-motor drive during six-phase machine’s acceleration from 0 to 600 rpm (PMSM at 300 rpm).
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Fig. 7. Drive behavior during PMSM’s reversal from −500 to 500 rpm with six-phase machine at standstill.

Fig. 8. Drive behavior during six-phase machine’s reversal from −500 to 500 rpm with PMSM at standstill.
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Fig. 9. Deceleration of the PMSM from 900 to 0 rpm, with the six-phase machine running at 500 rpm.

machine does not affect the behavior of the six-phase machine
at all.

The last two transients, illustrated in Figs. 10 and 11 (only
speed and stator q-axis current reference are shown), are the
step loading and step unloading of the six-phase machine, with
the PMSM running at constant speed. Traces of the PMSM’s
stator q-axis current reference and speed response in Figs. 10
and 11 show that loading/unloading of the six-phase machine
has no consequence on the operation of the PMSM, since no
disturbance of any kind appears in these traces.

VI. DISCUSSION

The theory of independent control of series-connected mul-
tiphase multimotor drives is developed under the assumption
of sinusoidal flux distribution in the air-gap. One can therefore
expect that any deviation from such a distribution will lead to
the interaction of the higher spatial harmonics in one machine
with flux/torque producing currents of the other machines of
the group. However, it can be shown that the specific six-phase
two-motor drive configuration, considered here, is an excep-
tion from this rule. No interaction between the higher spatial
magnetomotive force harmonics of the six-phase machine and
the flux/torque producing currents of the three-phase machine
can take place as long as the spatial distribution is symmetrical
around the air-gap, so that only odd harmonics exist. In other
words, even a concentrated winding machine with rectangular
winding functions can be used. The experimental results, re-
lated to transients of the three-phase PMSM (Figs. 5, 7, and 9)

Fig. 10. Step loading of the six-phase machine at 600 rpm, with PMSM
running at 500 rpm.
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Fig. 11. Step unloading of the six-phase machine at 500 rpm with PMSM
running at 800 rpm.

fully confirm this statement, since initiation of a transient for
the PMSM does not have any impact on speed and stator q-axis
current of the six-phase machine.

Six-phase motor flux/torque producing currents should, ac-
cording to the presented theory, cancel at the point of connection
with the three-phase machine. Hence, six-phase machine tran-
sients should not have any impact on the three-phase machine
behavior. While this is satisfied completely in Figs. 10 and 11
and to a large extent in Fig. 8, some minor interaction, lead-
ing to a change in the ripple characteristics in speed and stator
q-axis current of the PMSM, can be observed in Fig. 6. It has
been established during the course of experimental work that the
cancellation of the six-phase machine’s flux/torque producing
currents at the points of connection with the three-phase ma-
chine is not always perfect and this is believed to be the source
of this minute interaction, caused by the control of all six inverter
phase currents (instead of only five current axis components).

Last, but not least, certain amount of ripple is present at all
times in the traces of the six-phase machine’s speed and stator
q-axis current, in addition to the measurement noise. However,
these ripples are not in any way associated with the three-phase
PMSM, since they exist even when the six-phase machine is

Fig. 12. Speed reversal of the six-phase machine (from 500 rpm to −500 rpm)
with disconnected three-phase PMSM.

operated on its own (i.e., with the three-phase PMSM discon-
nected). To prove this statement, Fig. 12 illustrates a reversing
transient for the six-phase machine operated as a single vector-
controlled drive, which corresponds to the transient of Fig. 8
(except for the q-axis current limit, which is set to a higher
value in Fig. 12). Comparison of Figs. 8 and 12 clearly shows
that the speed and stator q-axis current traces are the same,
regardless of whether the three-phase PMSM is connected in
series or not. Hence the ripples are inherent to the six-phase
machine and are assigned to some asymmetries in the machine
design.

VII. CONCLUSION

The paper examines a six-phase series-connected two-motor
drive system, comprising a custom-made symmetrical six-
phase machine and a commercially available three-phase servo
PMSM, supplied from a single six-phase current controlled volt-
age source inverter. Basic operating principles of this system
are reviewed and a brief description of the experimental setup
is given. This is followed by presentation of results collected
in the experiments, for a range of transients (acceleration, de-
celeration, speed reversal, step loading/unloading). Practically
perfect decoupling of the control of two machines is achieved,
as verified by the experimental results.

The two-motor drive of the type described in this paper is seen
as particularly well suited to applications requiring independent
control of a large power motor for main motion control and a
small power motor for auxiliary motion control. In the context of
the existing six-phase motor drive applications and trends, sur-
veyed in the Introduction, the future for the proposed two-motor
drive is seen in traction and EV/HEV applications, as well as
in electric ship propulsion. The six-phase high-power machine
would be used as the main source of propulsion power, while
the three-phase low-power motor would perform an auxiliary
function. This is so since the three-phase motor remains unaf-
fected by the series connection. On the other hand, as the three-
phase machine’s flux/torque producing currents flow through the
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six-phase machine, the inevitable consequence of the series
connection is an increase in the stator winding losses of the
six-phase machine. However, the increase in the stator winding
losses will be negligible provided that the six-phase machine is
of a large power rating while the three-phase machine is of a
comparably small power rating.
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