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Abstract—A novel quad-inverter configuration for multi-
phase multi-level ac motor drives is analyzed in this paper.
The proposed scheme is based on four conventional 2-level
three-phase voltage source inverters (VSIs) supplying the
open-end windings of a dual three-phase motor (asymmetric
six-phase machine), quadrupling the power capability of a
single VSI with given voltage and current ratings. The pro-
posed control algorithm is able to generate multi-level volt-
age waveforms, equivalent to the ones of a 3-level inverter,
and to share the total motor power among the four dc
sources within each switching period. The whole ac motor
drive has been numerically implemented and a complete set
of simulation results is given.

I. INTRODUCTION

Both multi-phase and multi-level inverter technologies
have been widely recognized as a viable solution to over-
come current and voltage limits of power switching con-
verters for high-power medium-voltage ac drives.

In more details, multi-phase motor drives have many
advantages over the traditional three-phase motor drives,
such as reducing the amplitude and increasing the fre-
quency of torque pulsations, reducing the rotor harmonic
current losses and lowering the dc link current harmonics.
In addition, owing to their redundant structure, multi-
phase motor drives improve the system reliability. As a
consequence, the use of multi-phase inverters together
with multi-phase ac machines has been recognized as a
viable approach to obtain high power ratings with current
limited devices [1]-[3].

On the other side, multi-level converters are able to
generate output voltage waveforms consisting in a large
number of steps. In this way, high voltages can be synthe-
sized using sources and switching devices with lower

voltage values, with the additional benefit of a reduced
harmonic distortion and lower dv/dt in the output volt-
ages. For these reasons, the use of multi-level inverters
has been recognized as a viable approach to obtain high
power ratings with voltage limited devices [4]-[6].

It becomes evident that the combination of multi-phase
and multi-level inverter technologies [7] could be an ef-
fective method to group the benefits of such technologies
and to obtain high power ratings with both voltage- and
current-limited devices.

Several conversion structures have been introduced in
last decades for multi-phase and multi-level inverters.
Among these structures, there are topologies based on a
proper arrangement of conventional 2-level three-phase
voltage source inverters (VSIs) to realize both multi-
phase [8]-[12] and multi-level [13]-[17] inverters. The
great advantages of such topologies are reliable power
layout and effective protecting circuitry, reduced cost of
both converter and motor due to conventional slot/wind-
ing configurations, and modularity of the whole conver-
sion structure.

In order to exploit all these advantages, a novel struc-
ture based on a dual three-phase open-ends winding mo-
tor (asymmetric six-phase induction machine) has been
considered in this paper. The power supply consists of
four standard 2-level three-phase VSIs having insulated
dc sources to prevent circulation of zero-sequence current
components. A schematic diagram of the whole system is
given in Fig. 1. Note that the structure is easy scalable to
nine, twelve or higher number of phases multiple of three.

An original modulation strategy has been proposed to
regulate each couple of 2-level VSIs such as a 3-level in-
verter, providing proper multi-level voltage waveforms
for each three-phase stator winding. Furthermore, the
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Fig. 1. Schematic diagram of the proposed multi-phase multi-level ac motor drive: (a) four voltage source inverters configuration,
(b) dual three-phase machine with open-end windings.
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proposed control algorithm allows total motor power to
be shared among the four dc sources with three degrees
of freedom, leading to a combination/extension of the
power sharing principles given in [17] and [18]. Power
sharing is a useful skill in battery supplied drives where
the charge status of batteries should be balanced.

II. SPACE VECTOR TRANSFORMATIONS
FOR SIX-PHASE SYSTEMS

Space vector transformations are introduced to repre-
sent the whole six-phase system consisting of the dual
three-phase machine supplied by four insulated three-
phase VSIs.

A. Multiple Space Vector Transformation

A possible space vector transformation for an asymmet-
ric six-phase system leads to the following multiple space
vectors [8], [12]
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being o = exp (jn/6). The inverse transformation of (1) is
given in [12]. The multiple space vectors X;, X3, and X
lie in the planes here called di-q,, d;-q3, and ds-gs, re-
spectively.

B. Three-Phase Space Vector Decomposition

The six-phase system can be seen as the composition of
two three-phase sub-systems {1} and {2} according to
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phase sub-system {1}, {2}, leading to
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The relationships between multiple space vectors and
three-phase space vectors are obtained by introducing (2)
and (3) in (1), leading to
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Fig. 2. Equivalent circuit of the whole ac motor drive
in terms of three-phase space vectors.
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where the symbols “ * ”” and “ - ”denote complex conju-
gate and scalar (dot) product, respectively.

The representation of the proposed multi-phase multi-
level ac motor drive shown in Fig. 1 in terms of three-
phase space vectors leads to the schematic equivalent cir-
cuit of Fig. 2.

III. DUAL THREE-PHASE INDUCTION MOTOR DRIVE

For the ac motor drive, an induction machine has been
considered in this paper.

A. Machine Model by Multiple Space Vectors

The behavior of the dual three-phase induction ma-
chine having sinusoidal distributed stator windings can be
described in terms of multiple space vectors by the fol-
lowing equations, written in a stationary reference frame:

— < d_Sl — < T
V1 = Rgigi+——, QOg) = Lgigy + M ip, (6)

T . — d6 — T T
0=Rp lRl_]pwm(PRl"'_Rl’ Qri=Mig+Lgig, (7)

- < 50— -
Vss = Rgigs +—==, Qg5 = Lg/igs, (3)

T=3pMig jig )

where p is the pole pairs number, ®,, is the rotor angular
speed, and the subscripts S and R denote stator and rotor
quantities, respectively. It should be noted that i, and
ir, are responsible for the sinusoidal spatial distribution
of the magnetic field in the air gap, whereas igs does not
contribute to the air gap field.

B. Field Oriented Control

In dual three-phase induction motor drives, the refer-
ence values of the d-q; components of the stator currents
in a synchronous reference frame, i1y, and iy, ,.; are
determined on the basis of flux and torque commands, re-
spectively [11]. The d-axis of synchronous reference
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Fig. 3. Block diagram of a typical current controller in the synchronous
reference frame for dual three-phase induction motor drives.
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frame is aligned with the rotor flux, displaced by angle ¥
with respect to the d-axis stationary reference frame.

Then, the reference values of the stator voltage space
vectors in a stationary reference frame, vSl,ref and
Vgs,r can be determined by the typical block diagram
represented in Fig. 3. Note that the condition Vss,r of = 0
leads to balanced power sharing between the two three-
phase stator windings.

IV. POWER SHARING MANAGEMENT

In the proposed system, the power sharing among the
four dc sources is characterized by three degrees of free-
dom. The first one concerns the power sharing between
the two three-phase windings {1} and {2}, whereas sec-
ond and third ones are related to the power sharing be-
tween the two inverters H and L which supply each three-
phase winding.

A. Power Sharing Between Two Windings {1} and {2}
According to (4), the stator current space vector zTSI,

which is determined on the basis of torque and flux de-
mands, can be expressed as

is =%(f(l)+a5(2)). (10)
In order to minimize the currents in the two three-phase

windings, the space vectors i and o.i®) have to be in

phase, therefore the following assumption can be made:
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where k; represents a currents ratio between the windings.

The expressions of iV and i® can be readily ob-
tained from (11), leading to

l_(l) = 2kl lTSl

-y - (12)
iP=20-k)a iy
Once the three-phase current space vectors are known,
the stator current space vector ;;5 can be determined by
introducing (12) in (4):

Tk

1({- _ _
1S5=5(i(1)—oci(2>)=(2ki—l)iSl. (13)
Rewriting (13) in the synchronous reference frame, the
relationship in terms of d-g components becomes

isg = (2k; =Dijy (14)

iSq = _(2ki _1)ilq '

As emphasized in the block diagram shown in Fig. (4)
and according to (14), the ds-¢s components of the refer-
ence current can be directly determined on the basis of
the corresponding d,-g; components and the current ratio.

The related reference stator voltages in the synchronous
reference frame are then obtained by means of conven-
tional PI regulators, acting on the error signals. Finally,
the reference stator voltages in the stationary reference
frame, vg ,,r and ;;5,1’&}}" , which represent the inputs of
the modulation process, are determined through an op-
portune angular rotation.

It can be shown that the current ratio k; introduced in
(11) corresponds, with a good approximation, to a sharing
coefficient of the motor power P between the two three-
phase windings. In particular, the total electric power
supplied to the motor can be written as [3]
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Fig. 4. Block diagram of the proposed regulation scheme with power sharing capabilities for dual three-phase induction motor drives.
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On the basis of (5), the space vectors of the three-phase
stator currents and voltages can be calculated as follows

s (a7
(2 -1 ,7 Tk ’

i =a™ (ig ~igs)

s (18)

v =0 (Vg —Vss)

Substituting (17) and (18) in (16), and taking (13) into
account yields

PO =3k, Vg -ig +3k; Vs i,

PO =3(1=k)) v, -Tg —3(1—k;)Vgs -ig,

As can be recognized analyzing the dual three-phase
motor model, in particular (6) and (8), the voltage space

vector ‘7;5 can be considered negligible with respect to
Vs, . Then, comparing (15) and (19) leads to

PO =f P
PP =(1-k)P

Egs. (20) confirm that the current ratio k; defined by
(11) can be practically considered also a power sharing
coefficient between the three-phase windings {1} and {2}.

(19)

(20)

B. Power Sharing Between Two Inverters H and L

The reference output voltage ‘72,)‘ supplying the first

three-phase stator winding can be determined by the six-
to three-phase decomposition (18), on the basis of multi-
ple space vector references vg,,, and \7;5’,4 . In
particular, \72} can be synthesized as the sum of the volt-
ages ‘_’lg?ref and Vzl,lef generated by VSIg) and VSIg) ,
respectively, leading to

—(1) _-(Q —Q
RO 1)

Introducing the voltage ratio kél) and imposing the in-
verter voltage vectors Vg)wf and Vzl’lef to be in phase
with the output voltage vector v, ; , yields

;O OO

VH.ref = ky Vref

SO _ m)50 "

VL,ref - (l_kv )vref

The condition expressed by (22) allows maximum dc
voltage utilization. Being the output ac current of the two
inverters the same, the coefficient k§‘> also defines the
power sharing between the two inverters. In terms of av-
eraged values within the switching period, the power to
the first three-phase stator winding can be expressed as

(22)

PO = %v};} A0 =pP+PY, (23)

where P}(ID and P[fl) are the individual powers from the
two inverters. By combining (22) with (23) leads to

3_ -
PO :Evl(-[l?ref 70 = pd)
3 . (24)
PO = = O i = (1 e ) P

The coefficient kél) has a limited variation range de-
pending on the value of the reference output voltage
Vrg) , as already investigated in [17].

urthermore, it has to be verified that both references
are within the range of achievable output voltages of each
inverter, which depend on their dc voltages. In the case of
a single inverter topology, if the voltage demand exceeds
the voltage limit, the output voltage is simply saturated.
With the dual inverter configuration, total voltage refer-
ence must be satisfied, so in case of voltage saturation of
one inverter, the second has to provide for the missing
part. A possible solution to overcome the problems of
voltage saturation in the dual inverter configuration has
been proposed in [17].

An identical approach can be applied to synthesize the
voltage Vr(jf) supplying the second three-phase stator
winding by inverters VSI(I;) and VSI(LZ) , leading to
Vr(;f) = vl(iz,)rqf + vé?zef . (25)

As in the preceding case, introducing the voltage ratio
kéz) leads to

A

=2 _ 2) )=
VL,ref _(l_k\g )vref

(26)

The powers to the second three-phase stator winding
now become

) _3- 5 2 2
PU:EV,F@)-A ) =pP + P, 27)

PZ 3—2 T2 ‘2 PZ
Igl) 2 1(-1,)}’ef'l() V() @
(28)

) _3- = 2\ p2)
P =5v£’)¢f-z( >=(1—k5 ))P( )

Same considerations given for k§‘> now apply to k52) .

V. MULTILEVEL SVM ALGORITHM

Once the reference voltage vectors Vg} and Vr(;) for
the two couples of inverters are determined by (22) and
(26), a proper multilevel SVM algorithm must be applied
to satisfy the power sharing imposed by kél) and kéz),
according to the block diagram of Fig. 4.

In particular, the SVM algorithm considered in this pa-
per is based on the space vector diagram given in Fig. 5.
Due to the symmetry of the outer hexagon, the analysis
can be restricted to one of its six sectors (i.e., OAB in
Fig. 5), similarly to the case of conventional three-phase
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Fig. 5. Plot of voltage space vectors generated by inverters H and L
for both the stator windings {1} and {2}.

SVM algorithm. Furthermore, the main triangle OAB is
divided in four identical equilateral triangles.

The reference voltage \7,(;} lays in one of these trian-
gles, leading to four relevant cases. By the basic SVM
principle, the components Vg?ref and Véljef can be
generated by selecting adjacent vectors. The switch con-
figurations corresponding to these vectors cannot be ap-
plied in an arbitrary sequence if proper multilevel voltage

waveforms are desired, i.e., the reference voltage Vg}

Fig. 6. Step change between 50% and 100% of the rated torque,
and d-g current components (from top to bottom): 7, ig, i14, isg, isa-

Fig. 8. Stator phase voltage waveforms during the torque step:
voltage v(!) (top) and voltage V1(2) (bottom).

TABLE |
MOTOR PARAMETERS
Proieq 8 kW Ry =051 Q
[S, rated = 16 Arms RR =042 Q
VS,mted = 125 Vrms LS] = 58.2 mH
O greq = 250 rad/s Lz = 582 mH
4 = 2 (pairs) M,= 56 mH

should be generated by using the nearest three vectors
approach (NTV) [19]. In order to do this, the method in-
troduced in [17] has been implemented. The same con-

siderations apply to the reference voltage Vr(ezf) .

VI. RESULTS

In order to verify the effectiveness of the proposed
control strategy, the behavior of the whole system has
been numerically tested by means of the PLECS simula-
tion package in the MATLAB environment.

For the induction motor, the model presented in Section
IIT has been implemented using the parameters given in
Table 1. The value of the four dc bus voltages (V) is set
to 155 V and a switching frequency of 5 kHz is selected.

In the first simulation test (Figs. 6-9), the behavior of
the system is analyzed in balanced conditions (k;= 0.5,
kél) = kéz) = 0.5), i.e. the electrical power is equally
shared among the four VSIs. A torque step is demanded

Fig. 7. Stator currents waveforms during the torque step:
winding {1} (top) and winding {2} (bottom).

Fig. 9. Low-pass filtered (T = 2 ms) inverter dc currents during
the torque step (from top to bottom): Iy, L"), 1@, I,®.
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to emphasize dynamics, as depicted in Fig. 6 (upper
trace). The corresponding di-¢q; and ds-gs stator current
components in the synchronous reference frame are also
depicted (lower traces). Note that is, and is, are null being
the current ratio k; set to 0.5 (balanced), according to
(14), whereas ij, and i,; follow torque and rotor flux
commands.

The six stator currents are shown in Fig. 7, for both the
two stator windings {1} and {2} (top and bottom traces,
respectively). It should be noted that the current wave-
forms are practically sinusoidal, with the same amplitude,
and correct phase angle displacements.

Fig. 8 shows the nine-level waveforms of phase volt-
ages vl(l) (stator voltage of phase 1 of the first three-phase
winding, upper trace) and vl(z) (stator voltage of phase 1
of the second three-phase winding, lower trace). The av-
eraged voltage values are also depicted in the same dia-

gram.

Fig. 9 shows dc currents of the four VSIs, ", LW,
IH(Z), IH(Z) (from top to bottom, reference is made to Fig. 2
for symbols), during the torque step. The instantaneous

values have been averaged by a low-pass filter (T= 2
ms). The diagrams confirm a balanced dc current sharing
among all inverters, i.e., balanced power sharing, as
stated by (20), (24) and (28).

Fig. 11. Step change between 50% and 100% of the rated torque,
and d-g current components (from top to bottom): 7, iy, i14, isg, isa-

Fig. 13. Stator phase voltage waveforms during the torque step:
voltage v (top) and voltage ,(2) (bottom).

Fig. 10. Variation of the current ratio coefficient £;.

In the second simulation test (Figs. 10-14), torque and
flux commands are maintained constant. The current ratio
k; has been changed among the values 1/2, 1/3 and 2/3, as
shown in Fig. 10, to emphasize the power sharing capa-
bility between the two motor windings. The voltage ratio
coefficients kél) and k,(,z) are fixed to 0.5.

Fig. 11 shows that torque (upper trace) and d,-¢; stator
current components in the synchronous reference (i, and
ii» middle traces) are unaffected by this transient,
whereas ds-gs stator current components (is; and is,,
lower traces) vary according to (14).

Fig. 12 shows that the stator current amplitudes of
windings {1} and {2} change according to (12).

The waveforms of phase voltages vl(l) and vl( , to-
gether with the corresponding averaged values, are de-
picted in Figs. 13 (top and bottom traces, respectively).

2)

Fig. 12. Stator currents waveforms during the torque step:
winding {1} (top) and winding {2} (bottom).

Fig. 14. Low-pass filtered (T = 2 ms) inverter dc currents during
the torque step (from top to bottom): LY, 1O L@, @,
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Fig. 14 emphasizes the low-pass filtered value of the
four dc currents. Owing to kél) = k,(,z) = 0.5, the dc cur-
rents of inverters {1} are equal (two upper traces) and the
same holds for the dc currents of inverters {2} (two
lower). On the contrary, the dc currents of inverters {1}
and {2} become different as k; changes from 0.5, due to
the power sharing variation between the two windings, as
stated by (20).

In last simulation test (Figs. 15-19), the power sharing
capability between the two inverters H and L of each
three-phase stator winding has been emphasized while
both torque and flux commands are kept constant. The
voltage ratios k(" and k¥ have been changed between
the values 1/2, 1/3 and 1/2, 2/3, respectively, at different
time instants, as shown in Fig. 15. In this case, the current
ratio coefficient £; is fixed to 0.5.

As expected, these changes do not affect the torque and
the dy-¢q; and ds-g5 stator current components, as shown in
Fig. 16. Note that is5, and is; are null (lower traces) being
the current ratio ; set to 0.5, whereas the values of i}, and
i14 (middle traces) are determined by torque and rotor flux
references, respectively. Also the six stator currents are
unaffected by this transient, as proved by Fig. 17. Fig. 18
shows the waveforms of phase voltages vl(l) and v1(2> , Te-
spectively, together with their averaged values.

Fig. 16. Step change between 50% and 100% of the rated torque,
and d-g current components (from top to bottom): T, ig, i14, isg, isa-

Fig. 18. Stator phase voltage waveforms during the torque step:
voltage () (top) and voltage V1(2) (bottom).

Fig. 15. Step variation of voltage ratios k(! (0.03 s) and £® (0.06 s).

Fig. 19 emphasizes the low-pass filtered values of the
four dc currents. Owing to k; = 0.5, the sum of dc currents
of inverters {1} (proportional to pY ) is constant and
equal to the sum of dc currents of inverters {2} (propor-
tional to P?), whereas each dc current and its corre-
sponding dc power change according to (24) and (28).

VII. CONCLUSION

A new quad-inverter configuration for multi-phase
multi-level ac motor drives has been presented and ana-
lyzed in this paper. The proposed structure consists in a
dual three-phase open-end windings induction machine
supplied by four conventional 2-level three-phase voltage
source inverters with insulated dc sources.

A proper control strategy which allows the total motor
power to be shared among the four dc sources with three

Fig. 17. Stator currents waveforms during the torque step:
winding {1} (top) and winding {2} (bottom).

Fig. 19. Low-pass filtered (T = 2 ms) inverter dc currents during
the torque step (from top to bottom): LY, 1O L@, @,
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degrees of freedom has been introduced. In order to
regulate the couple of 2-level VSIs supplying each three-
phase winding such as a 3-level inverter, a specific SVM
technique has been adopted, allowing the power sharing
between the two dc sources. This regulation leads to two
degrees of freedom in the total power sharing, one for
each three-phase winding. A suitable technique has been
proposed in order to regulate the power sharing between
the two three-phase windings, leading to an additional
degree of freedom in the total power sharing.

Numerical tests provided in the paper prove the effec-
tiveness of the proposed multi-phase multi-level ac motor
drive in different operating conditions. The hardware
prototype of the whole ac motor drive system is actually
under development.
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