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Control of Dual Three-Phase Permanent Magnet
Synchronous Machine Based on Five-Leg Inverter

Yashan Hu ¥, Shoudao Huang

Abstract—This paper proposes a current control of dual three-
phase permanent magnet synchronous machine (PMSM) based
on five-leg inverter. The five-leg inverter can be utilized to drive
dual three-phase PMSM with full torque at slow speed when the
conventional dual three-phase voltage source inverter (VSI) has a
faulty inverter leg. Usually, the common leg in the five-leg inverter
may have severe current stress. By dedicated selection of which
two phases as a pair to share the common leg, its current rating
is approximately half of current rating of other legs. Meanwhile,
the five-leg inverter can fully fulfill the vector space decomposition
control for dual three-phase PMSM, which has the same dynamical
performance as the conventional dual three-phase VSI. However,
due to the asymmetry of five-leg inverter non-linearity, the currents
of dual three-phase PMSM are unbalanced. To mitigate this issue,
the five-leg inverter non-linearity compensation is also introduced
and investigated in this paper, whose effectiveness is verified by
comparative experiments on a prototype dual three-phase PMSM.

Index Terms—Double star machine, dual three-phase perma-
nent magnet synchronous machine (PMSM), five-leg inverter,
six-phase machine.

I. INTRODUCTION

UAL three-phase machine is an attractive candidate in in-

dustry due to its high reliability [1]-[6], reduced torque
pulsation [7], and high efficiency [3]. The dual three-phase ma-
chine fed by conventional dual three-phase voltage source in-
verters (VSIs) is shown in Fig. 1 [8]. It is constructed by two
sets of single three-phase VSIs, which share the common dc
bus. The dual three-phase machine consists of two sets of single
three-phase windings, one set being designated as ABC, and the
other set as XYZ shifted by 30° electrical degrees.

When the conventional dual three-phase inverter has a faulty
inverter leg, it must operate in reduced-switch converter opera-
tion. The reduced-switch inverter has been extensively studied
in single three-phase drive system previously. For example, the
midpoint of dc bus capacitors or midpoint of two independent
dc voltage sources are assisted to drive one of the three-phase
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Fig. 1. Conventional dual three-phase VSI [8].
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Fig. 2. Four-leg inverter topology [11], [12].

windings; therefore, only four power switches (two inverter legs)
are required and the inverter is named as B4 inverter [9], [10].

Considering the reduced-switch converter operation for dual
three-phase system, a four-leg inverter with the access of mid-
point of dc bus capacitors shown in Fig. 2 can be utilized. For
example, the rectifier and inverter in a single three-phase rec-
tifier/inverter back-to-back system share the same midpoint of
dc bus capacitors in [11]. The four-leg inverter is employed to
drive two independent induction machines, which can be con-
trolled individually in [12]. Therefore, the four-leg inverter is
also applicable to drive the dual three-phase machine. However,
there are large dc bus voltage fluctuation and circulating cur-
rents through the dc bus capacitors [11], [12]. Therefore, bulky,
costly, and reliable capacitors are required in practice.

Another attractive reduced-switch operation for dual three-
phase system is the five-leg inverter operation. There are two
kinds of topologies that are applicable for dual three-phase
machine.

The first topology 1 is shown in Fig. 3(a), where one phase
of the first three-phase system (M1) is connected to the neu-
tral point of the second three-phase system (M2) [13], [14];
therefore, the zero sequence current of M2 will be the phase
current of M1. Since the zero-sequence current does not con-
tribute to torque, there are no zero sequence components in the
back electromotive force (EMF). The topology 1 has the capa-
bility of fully independent control of two individual machines

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 3.  Five-leg inverter. (a) Topology 1 [16]. (b) Topology 2 [13].
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Fig. 4. Fault-tolerant control of dual three-phase machine.

[13]-[15]. However, it is only applicable when the current rat-
ing of M1 is much smaller than that of M2, so this topology
is not suitable to the dual three-phase permanent magnet syn-
chronous machine (PMSM) as the current rating of each single
three-phase winding is the same.

The second topology 2 is shown in Fig. 3(b), where the com-
mon leg is shared by one phase in each individual single three-
phase system [16]-[20]. As the three-phase currents depend on
the line voltages without access of the neutral point, the currents
of the two single three-phase systems can be controlled inde-
pendently. However, the current of the common leg is the sum
current of the two phases sharing the common leg; consequently,
it may have severe current stress issue of overload.

The five-leg inverter can be applied in the application of
fault-tolerant control of dual three-phase machine. The conven-
tional dual three-phase inverter in Fig. 1 can be re-configured
as a five-leg inverter manually or automatically when it has one
faulty inverter leg. One potential reconfiguration is illustrated
in Fig. 4, e.g., if inverter leg-X is faulty and isolated from the
system, the switch Scx is switched ON, then phases X and C will
share the common leg C. Compared with the conventional fault
tolerant control with only phase windings ABC working, which
can provide only half torque/capability of original system, the
five-leg inverter can provide full torque/capability at up to half
rated speed while has the same performance as the conventional
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fault tolerant control at rated speed. Fu and Lipo [21] proposed
a method without changing the topology of dual three-phase
machine drive; however, there method is only applicable for the
system with only one neutral point, which is not suitable for the
dual three-phase system with two isolated neutral points.

In this paper, the control of dual three-phase PMSM with two
isolated neutral points based on five-leg inverter, the Topology
2 in Fig. 3(b), is investigated. Compared with the conventional
dual three-phase inverter, the five-leg inverter can also fully
fulfill the vector space decomposition (VSD) control [22] with
reduced inverter leg at slow speed. Meanwhile, by dedicated
selection of which two phases sharing the common leg, its cur-
rent rating is approximately half of other phases’ current rating.
The five-leg inverter also has its disadvantages; the common
problem of a five-leg inverter is that the dc bus voltage utiliza-
tion is reduced to a half. Although the dc bus voltage utilization
can increase a little bit from 0.5 to 0.5176, the improvement
of dc bus voltage utilization is limited, which will be discussed
at the end of the last paragraph in Section III. Meanwhile, due
to the asymmetric inverter non-linearity, it will result in sec-
ond harmonic current ripple. It can be mitigated by proper in-
verter non-linearity compensation, which will be validated in
Section IV-B.

This paper is organized as follows. First, the principle of
which two phases sharing the common leg is introduced in
Section II-A. Second, the analysis of the five-leg inverter
asymmetric non-linearity is detailed in Section II-B, which will
result in the unbalanced currents. Then the current control of
dual three-phase PMSM based on a five-leg inverter is proposed
in Section III, and its steady-state operation without/with
non-linearity compensation is evaluated and dynamical re-
sponse performance is compared with the conventional dual
three-phase inverter in Section I'V.

II. SELECTION OF COMMON LEG AND ANALYSIS OF
INVERTER NON-LINEARITY

A. Selection of Common Leg

In the dual three-phase PMSM system, assuming the funda-
mental phase currents can be expressed as follows:

iq cos (0 +7m/240, —0-05)]
iy cos(@+m/24+6, —1-0,)
ip _ 1. cos (0 +m/24+6, —4-0,) W
iy cos(@+7m/2+0, —5-6;)
ic cos(0+m/24+0, —8-65)
i, | Lcos (0 + /240, —9-05)]

where 6 is the rotor electrical position, 6, is the current lead
angle for flux-weakening, I,,, is the amplitude of phase currents,
and 0, = 7 /6. If phase C in the first set of three-phase windings
ABC is chosen to share the common leg with the other phase in
the second set of three-phase windings XYZ, the sum current of
phases C and X, phases C and Y, and phases C and Z with respect
to (6 + 6,) is shown in Fig. 5. As can be seen from Fig. 5, to
reduce the current rating of the common inverter leg, the phases
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Fig. 6. Five-leg inverter for dual three-phase PMSM.

C and X should be chosen as a pair to share the common leg,
whose current can be expressed as follows:

ie + i, = I, cos (9 + % +6, — 895> + I, cos <9 + g

-

— 0.5181,, cos (9 4 g 10, — 9§S> . )

As can be seen from (2), the current rating of common leg is
only 0.518 times of the current rating of phases C or X. There-
fore, the proposed power topology based on five-leg inverter for
dual three-phase PMSM can be illustrated in Fig. 6.

Alternatively, phases A and Y or phases B and Z can also be
chosen as a pair to share the common leg. In this paper, the
scenario of phases C and X as a pair to share the common leg
will be investigated.

B. Analysis of Inverter Non-Linearity

Take the five-leg inverter in Fig. 6 as an example, the phases
C and X share the common leg; therefore, the general sinusoidal
pulse width modulation (SPWM) or space vector pulse width
modulation (SVPWM) cannot be employed directly. In this pa-
per, a modified pulsewidth modulation (PWM) will be applied
which will be introduced in Section III-B.

There are several causes to distort output voltage in the VSI
[23]. Some are caused by the dead time that is inevitable to
prevent the shoot-through phenomenon. Others originate from
the inherent characteristics of the switching devices, such as
the voltage drop, the output voltage transition slope, and the
turn ON/OFF time. As detailed in [23] and [24], the distorted
phase voltage resulted from inverter non-linearity is related to
the phase current direction, which can be simplified as

Vi)hs,dead = Sign(iphs) * Vdead (3)
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Fig. 7. Distorted voltage from inverter nonlinearity of five-leg inverter.

(a) Distorted voltage in dg-frame. (b) Distorted voltage in dgz-frame.

where phs stands for phases A, B, C, X, Y, or Zin dual three-phase
system. Vqe,q Stands for the magnitude of distorted voltage.

In the five-leg inverter, the inverter non-linearity will result in
unsatisfactory operation of drive system [25]. Since the phases
C and X share common legs, the voltage distortion of phases
C and X is the same, which is decided by the sign of common
leg current. Therefore, the voltage distortion caused by five-leg
inverter non-linearity can be expressed as

Sign(iphs) * Vdcad, phS = A, B, K 7
V;;)hs,dcad =

L “4)
sign(ic + i) * Vacad, phs = C, X.

From (4), it can be concluded that the invert non-linearity for
a single three-phase ABC or three-phase XYZ is asymmetrical.

Assuming Veaq is equal to 2 V, according to the VSD theory
for dual three-phase system briefly introduced in the Appendix,
applying the distorted phase voltage (4) to (A2) and then Park
conversation and (A4), the distortion voltages in dg-frame in o3
sub-plane and dgz-frame in z; zo sub-plane can be obtained and
illustrated in Fig. 7. DV; and DV, are the distorted dg-axis volt-
ages in dg-frame. As can be seen, there is dominant dc voltage
in DV, and there are significant second harmonic voltages in
DV, and DV, which will result in second harmonic currents in
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Fig. 8. VSD control of dual three-phase PMSM based on five-leg inverter.

dg-axis currents that means the currents between phases in each
set are unbalanced [26]. DV;. and DV, are the distorted volt-
ages in dgz-frame in z; zo sub-plane; except the sixth harmonics,
Fig. 7(b), which also exist in the conventional dual three-phase
inverter and could be compensated by resonant control at the
center frequency of sixth times of fundamental [26], [27], the dc,
second, and other even order voltage distortions are also evident.
The dc voltage distortion could be compensated by PI controller
in dgz-frame. However, the second harmonic voltages will re-
sult in corresponding current harmonics in dgz-frame, which
means the currents between two sets of three-phase windings
are unbalanced [26].

In summary, the voltage distortion resulted from five-leg in-
verter non-linearity is more complicated than that caused by
conventional dual three-phase drives [26]. The voltage distor-
tion from five-leg inverter is asymmetric, which will result in
current unbalance in the dual three-phase drive system if the
inverter non-linearity is not compensated accurately.

III. CURRENT CONTROL SCHEME
A. Current Control Scheme

The proposed current control is shown in Fig. 8, which is
based on VSD theory for dual three-phase machine [22]. The
fundamental and harmonics in ¢y, 4, t¢, i, , %y, and i, in abc-xyz-
frame are mapped as a3, 71 22, 0102 sub-planes, respectively, by
matrix conversion in (A2), which are briefly introduced in the
Appendix. Through Park conversion, the currents i,, ig in a3
sub-plane are converted to currents in synchronous frame, i.e.,
dg-frame. Through matrix conversion of [T}, ] (see Appendix),
the currents 7,1, i.,9 in 73z sub-plane are converted to cur-
rents in dgz-frame. Except the PI controllers in dg-frame and
in dgz-frame, two resonant controllers [28]-[30] are employed
to eliminate sixth harmonic currents in dgz-frame caused by
inverter non-linearity [26], [27] and non-sinusoidal back EMF
[26]. After the PWM duty for each phase is determined for
conventional dual three-phase VSI, according to the principle
of same line voltages, the PWM duty is modified to be applica-
ble for five-leg inverters, which will be detailed in Section III-B.

To suppress the current unbalance resulted from five-leg inverter
non-linearity, the distorted voltages are compensated by feed-
forward compensation vxap,c_dead aNd Vkyy, dead according to
(4). The flux-weakening control is also illustrated in the dotted
box in Fig. 8, where the amplitude of the fundamental voltage
is employed as voltage feedback. If the fundamental voltage is
higher than the voltage command v7, the flux-weakening cur-
rent ¢ will decrease to a specific negative value to weaken
the flux until the fundamental voltage is beyond the voltage
reference v5.

B. PWM Generation

For the three-phase system without the access of neutral point,
the phase currents depend on the line voltages. Assuming the
PWM duty for each phase is DutyA, DutyB, DutyC, DutyX,
DutyY, and DutyZ, respectively, in the conventional dual three-
phase driver system. To maintain the same line voltages in
five-leg inverter as that in conventional dual three-phase driver
system, the PWM duty in the five-leg drive system can be cal-
culated as follows.

Assuming the PWM duty for the common leg (phase C and X)
is Duty_com, the modified PWM duty DutyA’, DutyB’, DutyC’,
DutyX’, DutyY’, and DutyZ’ for phases A, B, C, X, Y, and Z in
the five-leg drive, Fig. 6, can be expressed as

DutyA’ = DutyA — DutyC' + Duty_com ®)
Duty B’ = Duty B — DutyC + Duty_com (6)
DutyC’ = Duty_com 7
Duty X’ = Duty_com (3)
DutyY’ = DutyY — Duty X + Duty_com )
DutyZ’ = DutyZ — DutyX + Duty_com. (10)

The Duty_com of common leg is normally chosen as 0.5,
as the duty of other phases are varied from 0 to 1; the line
voltage can vary symmetrically from —0.5%Vdc to 0.5%Vdc, so
the maximum line voltage in the region of linear modulation
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TABLE I
PARAMETERS OF PROTOTYPE DUAL THREE-PHASE PMSM

Parameters Value Parameters Value
Resistance () 1.096 Flux linkage (Wb) 0.075
Leakage inductance (mH) 0.875 Pole pairs 5
d-axis self-inductance (mH) 2.141 Power (W) 240
g-axis self-inductance (mH) 2.141 DC link voltage(V) 40

3-phase
PMSM

Encoder

Power Load

resistor motor e DC power supply

@ ()

Fig. 9. Experimental setup for dual three-phase PMSM drive. (a) Test rig of
dual three-phase PMSM. (b) Dual three-phase drive system.

is 0.5%xVdc, which is only half of the single three-phase drive
system with SVPWM strategy [31], [32].

The dc bus voltage utilization is reduced to half, which is
the common problem of five-leg inverter. It can be improved a
little bit if the Duty_com could be adjusted timely while still
maintaining the same line-to-line voltages [25], [33], which is
similar to the SVPWM method in the single three-phase sys-
tem with the zero sequence voltage injection [32], [33]. The
dc bus voltage utilization can be improved from 0.5 to 0.5176
if the Duty_com is adjusted by 0.5%(1- DutyMax — DutyMin),
where

B DutyA’, Duty B’, DutyC’,
DutyMax = max (DutyX " DutyY”’, Duty Z’ an
.. (DutyA’, DutyB’, DutyC",
DutyMin = min (DutyX ' DutyY”’, DutyZ’ (12)

The improvement of dc bus voltage utilization is not sig-
nificant; therefore, the dual three-phase PMSM drive based on
the five-leg inverter can be used in the scenario where there is
enough dc bus voltage or in the scenario where full torque is
required at low speed in the faulty condition.

IV. EXPERIMENTS

The hardware platform employed to investigate the control of
the dual three-phase PMSM based on five-leg inverter is shown
in Fig. 9. The test rig is based on dSPACE DS1005, two sets of
three-phase insulated gate bipolar transistor (IGBT) intelligent
power modules, STGIPS10K60A (600 V, 10 A) from STMicro-
electronics, are utilized in the test rig. One phase of the second
module of STGIPS10K60A is disabled deliberately to imple-
ment the five-leg inverter. The inverter power topology is the
same as Fig. 6 with phases C and X as a pair to share the com-
mon leg. The execution rate of the current loop is the same as the
PWM frequency of 10 kHz. The design parameters of the proto-
type dual three-phase PMSM are shown in Table I. The PMSM
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is coupled to a permanent magnet dc motor, which is connected
to an adjustable power resistor used as load.

The purpose of the experiments is to demonstrate the VSD
control of dual three-phase PMSM based on five-leg inverter
without/with inverter non-linearity compensation. The over-
modulation and flux-weakening control will not be considered
and discussed in this paper. If there is enough dc bus voltage,
the operation at high speed will not be an issue. In these experi-
ments, the drive works in constant current mode with relatively
slow speed, the i,* is assigned as 1.5 A, i4* is assigned to 0 A
directly with flux-weakening control excluded. The design of
PI gains is the same as that in [34], and the overall time delay
including the PWM output delay, current sampling delay, and
processing delay is approximately 1.5 times of PWM period.
Thus, the optimized PI parameters can be derived by setting the
damping factor to 0.707. The gains of resonant control for 6 w
are equal to the integral gain in the PI controller.

A. Comparison of Conventional and Five-Leg Inverter

In this experiment, the test results from conventional dual
three-phase inverter and five-leg inverter are compared. Neither
the inverter non-linearity of five-leg inverter nor the inverter
non-linearity of conventional three-phase inverter is compen-
sated; the drive works in constant current mode and the 7, refer-
ence is 1.5 A, the other current references, such as 7,4, 4., and
i, reference are zero.

When the conventional dual three-phase inverter is applied,
the phase currents are shown in Fig. 10(a). The dg-axis currents
i4 and ¢, are shown in Fig. 10(b), and the currents in dgz-frame
are shown in Fig. 10(c). From the harmonic analysis of dg-axis
currents [see Fig. 10(d)] and dgz-axis currents [see Fig. 10(e)],
it can be seen that the second harmonic currents are negligible.

When the five-leg inverter is employed for the dual three-
phase PMSM, the phase currents are shown in Fig. 11(a). The
currents of ¢; and 7, are shown in Fig. 11 (b), and the currents
of ¢4, and 7, are shown in Fig. 11(c). It is evident that there are
second harmonic current ripples. Through the harmonic analy-
sis of dg-axis currents [see Fig. 11(d)] and dgz-axis currents [see
Fig. 11(e)], it can be seen that there are apparent second har-
monic currents. As there are no second harmonic currents based
on conventional dual three-phase inverter in Fig. 10(d) and (e),
it indicates that the second harmonic currents in Fig. 11(d) and
(e) are from the five-leg inverter, which is in accordance with
the analysis in Section II-B.

The experimental results from conventional dual three-phase
VSI set the benchmark for the five-leg inverter. By comparison,
it can be concluded that the five-leg inverter can also fulfill the
VSD control of the dual three-phase PMSM as well; meanwhile,
the current of common leg is approximately half of the other
legs’ current, which is very beneficial for reduced inverter size
and cost.

B. Unbalance Compensation for Five-Leg Inverter

If the voltage distortion resulted from the five-leg inverter
non-linearity could be compensated effectively, the current
unbalance can be mitigated. In this experiment, the voltage
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distortion is compensated according to the current direction
(4) [23], [24]. The phases A, B, Y, and Z voltage distortion is
compensated according to their current direction, respectively.
Since the phases C and X share the common leg, their voltage
distortions are compensated according to the direction of their
total currents.

In this experiment, the drive also works in constant cur-
rent mode and the i, reference is 1.5 A. The experimental re-
sults of five-leg inverter are shown in Fig. 12. Compared with
the experimental results of five-leg inverter without inverter
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Fig. 11.  VSD current control-based five-leg inverter without inverter non-

linearity compensation (Pl in dg-frame and PI4-R (sixth) in dgz-frame). (a) Phase
currents. (b) Currents in dg-frame. (c) Currents in dgz-frame. (d) Harmonics
analysis of currents in dg-frame. (e) Harmonics analysis of currents in
dgz-frame. (f) PWM duty.
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Fig. 12.  VSD current control-based five-leg inverter with inverter nonlinearity
compensation (Pl in dg-frame and PI+R(sixth) in dgz-frame) (a) Phase currents.
(b) Currents in dg-frame. (c) Currents in dgz-frame. (d) Harmonics analysis of
currents in dg-frame. (e) Harmonics analysis of currents in dgz-frame. (f) PWM
duty.

nonlinearity compensation (see Fig. 11), it can be found that
the dg-axis currents [see Fig. 12(b)] have much smaller current
ripples than that in Fig. 11(b). The dg-axis current harmonic
analysis [see Fig. 12(d)] and dgz-axis current harmonic analysis
[see Fig. 12(e)] show that there are less second harmonics than
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that in Fig. 11(d) and (e), respectively. However, due to inaccu-
rate feed-forward voltage compensation, there are still a small
portion of second harmonic currents.

C. Dynamic Performance

In the evaluation of dynamic performance, the ¢, reference is
stepped from 1.0 to 1.5 A at the time stamp of zero second. The
current step response from dual three-phase inverter and five-
leg inverter is compared. The experimental results are shown in
Fig. 13, it can be seen that the dual three-phase VSD control
based on dual three-phase inverter and five-leg inverter have
equivalent rising time and settling time, which means the five-
leg inverter has the equivalent dynamical response to the dual
three-phase inverter.

V. CONCLUSION

The current control of dual three-phase PMSM base on five-
leg inverter is investigated in this paper. It can fully fulfill the
VSD control of dual three-phase PMSM and has the equiva-
lent dynamical response to the dual three-phase inverter. With
dedicated selection of phase from each set of single three-phase
windings as a pair to share the common leg, the current rating
of the common leg is approximately half of the rating of other
legs. Meanwhile, the five-leg inverter non-linearity is analyzed
in detail. With the inverter non-linearity feed-forward compen-
sation, the current unbalance could be mitigated in steady-state
operation without deterioration of dynamical performance.

APPENDIX

According to VSD theory [22], the original six-dimensional
machine system can be decomposed into three orthogonal sub-
spaces, i.e., a3, 7122, 0109 sub-planes. By using the transfor-
mation matrix, which is shown in (A1), different harmonics are
projected to different sub-planes
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where 6, = 7/6. The fundamental and (12k 4 D)th, k € (I, 2,

3,..

. ) harmonics in abc-frame are mapped to a3 sub-plane; the

(6k £+ Dth,k € (1,3,5,...)harmonics in abc-frame are mapped
to z1zo sub-plane; and the (3k)th, k € (1, 3, 5,...) harmonics
in abc-frame are mapped to 0; 05 sub-plane. The transformation
can be described as follows:

T
[E} Fﬂ le FzZ Fol F()Z]

A2
:[Tﬁ]'[FaFazFbeFch]T ( )

where F'is v, i, or ¢, which are corresponding to voltage, current,
and stator flux, respectively.

If we define [T,,.] as (A3) and a new matrix conversion as
(A4) [26], by this matrix conversion, the variables in z;zs sub-
plane are converted to a new frame, which can be designated as
dqz-frame. Consequently, all the (6k £ 1)th, k € (1, 3, 5,...)
harmonics in z;zo sub-plane are converted to (6k)th harmonics
in dqz-frame

(1

(2]

[3]

[4]

(5]

(6]

(71

[8]

[9]

[10]

[11]

[12]

—cosf sin 0
[Tag:] = [ sinf cos 6] (A3)
Fy. F.
) e
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