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Abstract: This paper presents a triple rotating coordinate transformed vector control method for dual
three-phase permanent magnet (PM) machines. In the proposed scheme, the control variables are
converted to three sets of a3 components directly, which are 120° electric degrees different from each
other. It omits the complicated six-dimensional transformed matrix and reduces the computation
greatly. The relationship with vector space (VSD) control was mathematically analyzed. By ensuring
the consistency of control variables in the three stationary reference frames, the suggested method can
not only achieve the same fundamental control performance as VSD but compensate for the imbalance
current caused by the harmonics in the back electromotive force. In addition, the proposed method
belongs to multi redundancy control in theory, which is maybe a good solution for fault-tolerant
operation. Finally, a prototype dual three-phase PM machine was tested. The experimental results
are in good agreement with the theoretical analysis.

check for Keywords: mechanical antenna; PM machine; vector control; triple rotating reference frame; imbalance

updates current
Citation: Zhang, J.-Y.; Zhou, Q.;
Wang, K. Dual Three-Phase

Permanent Magnet Synchronous

Machines Vector Control Based on 1. Introduction
Triple Rotating Reference Frame.
Energies 2022, 15, 7286. https://
doi.org/10.3390/en15197286

The ability to penetrate seawater has long been a major problem in wireless commu-
nication [1]. Though low-frequency electromagnetic waves have great potentiality in the
underwater covert communication field, the most widely studied low-frequency transmit-
Academic Editors: Quntao An, ting antenna belongs to electrically small antennas (ESA) with the features of bulky size,
Bing Tian and Xinghe Fu low radiation efficiency, high transmitting power, and energy consumption. It becomes
an important bottleneck to the further development of low-frequency electromagnetic
communication [2].

Mechanical Antenna (MA) was initially developed to achieve the miniaturization
and low power consumption of low-frequency transmitting systems by the US Defense
Publisher’s Note: MDPIstays neutral - A dvanced Research Projects Agency (DARPA) [3]. MA directly generates a strong static
with regard to jurisdictional claims in  oactric or magnetic field with the mechanical movement of special, exciting materials,
eliminating the matching tuning network and its corresponding additional losses. It is
expected to break through the physical scale limit of traditional low-frequency ESA [4].

Depending on different exciting materials and mechanical movement modes, MA can
be broadly divided into four classes: vibrating-electret based MA (VEBMA), vibrating-
magnet based MA (VMBMA), rotating-electret based MA (REBMA), and rotating-magnet
based MA (RMBMA). Among them, RMBMA attracts domestic and foreign attention that
This article is an open access article  Denefits from the mature application of rare earth permanent magnetic materials and servo
distributed under the terms and  control [5-7]. Typical RMBMA architecture consists of a permanent spinning magnet
conditions of the Creative Commons ~ and a rotating servo drive system, as shown in Figure 1. Obviously, the transmission
Attribution (CC BY) license (https://  characteristics of RMBMA are closely related to the performance of PMSM. For example,
creativecommons.org/licenses /by / the transmission capacity will be proportional to T, /]. Hence, increasing the output torque
40/). can improve MA efficiency.
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Figure 1. Typical RMBMA architecture.

Multiphase electric machines have numerous advantages over traditional three-phase
machines, such as torque enhancement, high efficiency, and low torque ripple. They are
obtained in wide applications; one of the most common multiphase machine structures is
the dual three-phase machine [8-10]. It consists of two isolated three-phase winding sets
shifted by 30° electric degrees. The special structure determines the diversity of its control
methods. An effective control scheme is an essential part of dual three-phase PMSM drives,
which are closely related to the performance and the whole application. However, control
of dual three-phase PMSM is more challenging than other machines due to the coupling
and asymmetry between two windings [11].

The vector space decomposition (VSD) method is the most widely used multiphase
modeling and control approach [12,13]. However, the original VSD control suffers from
imbalanced currents between two winding sets. Some improvements were suggested to
solve imbalance currents [14,15]. While the solutions are overcomplicated, they have not
achieved the desired effect in practice. Double d-q current control is another alternative
approach for this particular winding type, which is capable of balancing currents. However,
it is generally known that this alternative approach has the disadvantage of cross-coupling
that induces current harmonics. Additionally, it was criticized for reducing winding
utilization in fault-tolerant control [16-19].

The previous review of control strategies for dual three-phase PMSMs indicates that
further improvements and better control solutions are needed for balance current, harmonic
current suppression, simplicity, and high winding availability for fault-tolerant operation.
Therefore, this paper aimed to develop a control scheme for dual three-phase PMSM
based on a triple rotating reference frame. A simplified model to analyze the triple dg
transformation was established. The comparison between VSD and triple dg transformation
was analytically derived. The novelty of the proposed method was to perform the current
control in a new reference frame, which solves the problems of balanced current sharing
and current harmonics. It can also provide a practical means for improving the performance
of dual three-phase PMSMs with redundant fault-tolerant control.

2. Mathematical Model of Dual Three-phase Machines Based on Triple Stationary
Reference Frame

Due to the special structure, the dual three-phase machine can be regarded as three
sets of orthogonal two-phase winding, i.e., A&Z, B&X, and C&Y, as shown in Figure 2a,
even if with two isolated neutral points. Hence, the variables in the original six-dimensional
system can be mapped into three virtual stationary coordinates, shifted 120° from each
other. The three stationary coordinates are designated as «1-1, «2-2, and o3-33.

The variables in each «f3 frame can be converted to dg components directly by the
modified Park transformation:

cosf, —sin Qe]
(1)

—sinf, —cosb,

Pqu (6) = [
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Figure 2. Decoupled three d-q coordinates, (a) dual three-phase windings, (b) d1-q1 reference frame;
(c) d2-q2 reference frame; (d) d3-q3 reference frame.

Thus, the total transformation can be expressed as:
T
[ fon fo fe fe fo fp }
T
=Tyl fa fo fc fx fxr fz]

P344(61)
T3aq = Ps44(62) 3)
P, 3dg (63)

where 6 =6,, 0, =6, — 120°, and 6; = 6, + 120°; Symbol f is the machine variable, which
can represent voltage, current, or flux.

The voltage, flux, and electrical torque equations in the original six-dimensional
coordinate system can be mapped into a triple stationary reference frame by both sides
multiplied T34, By simplifying and omitting higher harmonic inductance components, the
voltage equations in the new reference frame can be rewritten as follows:

@

ug1 = Rigy + lzfdl — wePm
”ql = Riql + wa + wflpdl
Ugy = Rigy + i — wWetppa

. 4
Up = quz + l/qu + wetPgn
g3 = Rigy + g3 — wehys
Ugs = Rigz + %3 + wetPas
Additionally, the flux equations:
a1 = (Laad + Laar)ian + Laaa (a2 +ia3) + ¥ ra
Y1 = (Laag + Laat)iq1 + Laag (ig2 + ig3)
Wao = (Laad + Laar)id2 + Laga (a1 + 143) + $ra 5)
Y = (Lauq + Laal)lq2 + Lagg (1ql + qu)
W3 = (Laad + Laar)ia3 + Laaa (ia1 +ia42) + $a
g3 = (Laag + Laat)ig3 + Laaq (iq1 + ig2)
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Based on the electrical machinery theory with Virtual Displacement, the electromag-
netic torque T, can be represented as the derivative of magnetic co-energy W, with respect
to mechanical position 6;:

. aWC o ]. TaLs Talps
T, = 0, Pn (215 876615 +1 90, (6)

The electromagnetic torque in the new reference frame is obtained by substituting
(3)-(5) into (6):

(Lagd — Laag) (ia1 + iax +ia3) (ig1 + ig2 + ig3)

T, = . . .
¢ P +pralip +ig +ig)

@)

From the flux Equation (5), it can be seen that there are complex cross couplings
among the three d-q reference frames. It is therefore desirable to thoroughly understand
the variables in the new model by relating them with variables in the conventional double
d-q model, which is able to interpret physically. This can easily be performed by comparing
the transformation matrices between the two models.

The Clark-Park transformation of the conventional double d-q model is given as:

{ [ for fou ];:TDQl[ fa fs fc ]; @
[ fo2 for | =Toee| fx fr fz]
With
2 cos 6, —sin6, 17
Tpoi = 5 |cos(fe —120°) —sin(f, — 120°) )

3 | cos (6, +120°) —sin(6, + 120°) |
’ [ cos(6, —30°)  —sin(f, —30°) ]
Tpo2 = 3 cos(f, —150°) —sin(6, — 150°) (10)

| cos(6, +90°)  —sin(6. +90°) |

Then, the variables in the two models can be associated with the original six-dimen-
sional space:

fa f fc fx fr fz]TZTJqé[fdl f fa2 fe fn fq3]T (11)
{[fA fo fol =Tl for far 1 )
[ fx A f2] = Toonl fo2 fo 1

By substituting (3), (8), and (9) into (10) and (11), the relationship can be obtained as

{ for = fa1 = fo = fas
fa=fn=Ffp="Is 13)
{ fo2 = for = fao = faz

for=fon = f2 = f3

It indicates that the variables in three d-q reference frames are always balanced,
even if there is no careful regulation for current control or distribution. In addition, the
same conclusion can be drawn by observing Figure 2a. The three rectangular coordinate
systems consist of phase windings from two different sets. Each axis is only related to
one phase winding, x-axes being coincident with phases of A, B, and C, and 3-axes being
opposite to phases of X, Y, and Z. Variables in the x[3 reference frame can be represented
by their equivalence in the d-q reference frame by Park transformation, such as the g-axis
components are consistent with amplitudes of «3-axis components. Hence, the components
in the three d-q reference frames should be symmetric.
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By comparing (12) with (5), the flux can be rewritten as
Ya1 = Lain + Pra
lpql = Lqiql
Va2 = Lalap + Pra
. d (14)
¥g2 = Lgip
Ya3 = Laigz + Pra
¥g3 = Lqigs

where Ly = 3L, + Lyg and Ly = 3Lggq + Ly It can be observed that the three d-q reference
frames are totally decoupled with respect to each other, which yields a very simple form
for the machine equations, as shown in Figure 2b—d.
Therefore, the voltage equations are rewritten as:
. di .
ugy = Rigy + L~ — weLqig
. di .
ugp = Rig + qu—’f + weLgig + wepy
U = Rigp + Ld% — ngqiqz 15)
; 15
. di .
Up = quz + qui: + weLgign + CL)glIde
. di .
Uugz = Rigs + Ly TR — welgigs
. di .
ug = Rig + qu—"f + weLgigz + wepy

The electromagnetic torque can be rewritten as:

ig1 {(Ld — Lg)ig + lpfd}
To = pu +is| (La = Lo)ica + ¥5d] (16)
+igs [(Ld —Lg)igs + 1/de}

It can be seen that the total output torque is the sum of torque generated by the
three sets of two orthogonal windings. Thus, the dual three-phase machine can be regarded
as three separate sets of orthogonal two-phase winding. It is assumed that the machine is
surfaced mounted, Lyzq = Lgag, Te can be simplified as

Te = pusa(iqn +ig2 +ig3) = 3pusalr (17)
where I7 is designated as torque current to be referred to torque capacity.
3. Interpretation of Phase Currents Using VSD and Triple Stationary Transformation
Modeling Approaches

In the early research of multiphase machines, VSD is widely regarded as the most
effective motor vector control approach [20]. It is, therefore, desirable to provide a better
theoretical interpretation of the proposed method by relating it with the VSD control model.
The VSD current transformed matrix is expressed as:

1 1 3 3 :
1 -} -3 2 -% o0 A
Iy B
. 3 3 1 1 R
ig| _ 110 S T T S A a8)
1| 3 _1 1 3 3 ix
H 1 2 2 2 2 0 H
122 v " ly
3 3 1 1 |
AU S N : bz

It is obvious that each phase current component involves five phase currents, which
presents great complexity compared with the triple stationary transformation.
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By substituting (17) into (2), the VSD variables can be mapped to a triple stationary
reference frame:

1 1 3 1
— 7la2 — 3la3 — %152 - 71/33)

Iy = %(itxl

ig = L Ly — ﬁi,ﬁ +ig1 — bigy — bigs) (19)
i1 = 2(ig1 — Yieg — iaz + ﬁiﬁZ - @iﬁs)

in=3(— ‘zflaz + ‘[laa +ig1 — 3igp — %igs)

In order to comprehend the relation intuitively and thoroughly, these variables are
converted to dq reference frame:

. 1 . . .

g = §(ld1 +igp + ig3)

ig §(lql +ip+ lq3)

. 1 . 1 . 1 .

11 = (gldl — gld2 — gldz — £lqz + \[Zq?,) cos @

(20)

_|_

( %iql —+ liqz + *lq3 — ildz —+ ildB) sinf
igz + fzdz — £1d3) cos @

Q=

. . 1
22 = ( g1~ 6lg2 —
1 .
+(§ld1 - 51,12 - gldg, - %1572 + %lqg,) sin @

The dg current components in VSD are proportional to the sum of the dy, dy, d3, and
41, 92, and g3 components in the triple stationary reference frame. On the other hand, z1z2
current harmonic components are associated not only with the triple stationery transformed
variables but also with the rotor position. It can be shown that if the sum of d1, d», d3 and
41, 92, g3 components are three times that in VSD, then the triple stationary control could
have the same fundamental control performance as the VSD control without the stability
issues. For restraining the harmonic components, i,; and i, need to be zero, which is
equivalent as:

Yin — tim — tias — ilqz + fqus =0

(21)
Sig1 = glo2 — gigs + Pig — Pigg =0
Considering the sum current of the neutral point is zero, we have
ia+ig+ic=0
’A ’B ’C (22)
ix+iy+iz =0

Converted to the d-q axis by Park transformation, the neutral currents can be rewritten as:

. 1. 1. 3. 3.
(ldl —oli2 — 543 + %lqz — %qu,) cos @

. 1. 1 3. 3. .
—(qu — 2l — 3ig — %ldz + %Zd:;) sinf =0

(23)

Thus, the relationship between currents in the d141, d2q2, and d343 axes can be written as:

in — 3ig — 3igs + flqz - ilq?, =0 24)

it = Yig2 — Yigg — Wi + Pigz = 0
By solving Equations (11) and (14), the following can be obtained:
g =ip =1
a1 =tz = (25)
qu =13 =143

Therefore, it can be concluded that as long as the components in the three stationary
reference frames are balanced, the control performance is the same as the VSD, and the
harmonics can be removed. The suggested control scheme guarantees balanced current
sharing between the winding sets.
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4. Control Scheme of Triple Stationary Reference Frame

The suggested control scheme is illustrated in Figure 3. These three o-f reference
frames are independent of each other. It converts the feedback currents to three sets
of dg components via Park transformation. As mentioned, the 41, 42, 43 and 41, 42, 43
components are dc variables. The cross-coupling between d- and g-axis can be elimi-
nated by the decoupling voltage terms feed-forward compensation for the output of the
current controllers:

Aug = —weLqip
Aug) = w, (Ldidl + llde)
Augr = we (Ldidz + led)
Aud3 = —(Uquiq3

Augz = we (Ldids + 1Pfd)
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Figure 3. Control scheme of triple stationary frame.

Hence, the dg-currents can be effectively regulated without static errors by simple
PI controllers. For surface-mounted PM machines, the reference currents of d1,2,3-axes
set to zero are equivalent to maximum torque per ampere (MTPA), and the output of
the speed regulator is as the common reference currents of q1,2,3-axes. It is obvious that
the current PI controllers output phase voltages directly. The conventional stationary
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coordinate transformations between current PI controllers and phase voltages are avoided,
which reduces the computation complexity. For synthesizing the required reference voltage
vectors in the three d-q reference frames by a VSI, a carried-based PWM strategy was
adopted since six different voltage vector components (uq1, Uq1, Ud2, Uq2, Ud3, Uq3) are
modulated in three decoupled parts simultaneously. Hence, each «f3 reference frame can
be seen as a control unit, which contains a speed regulator, current controllers, PWM,
and two-phase inverter, respectively. It realizes the triple-redundancy control of dual
three-phase machines.

Compared with conventional double-redundancy control, the proposed scheme has
many advantageous properties. More redundancies mean better post-fault control perfor-
mance. Hence, the most obvious one is the ease of implementation of high-performance
fault-tolerant control. Furthermore, both neutrals can be preserved under open-phase
faults. The current constraints can especially be released by changing the neutral connec-
tion. It provides the possibility of improving the post-fault control performance, which
conventional double d-q control has lacked.

5. Experimental Results
5.1. Experimental Setup

In order to verify the effectiveness of the proposed fault-tolerant control, an experiment
platform was developed, which consists of two three-phase VSIs with a common dc link,
a dual three-phase PM machine, and a dynamometer acting as the system load. Table 1
presents the parameters of the dual three-phase PM machine. Carrier-based PWM strategies
are employed to generate PWM duties for each set. The VSIs operate at a switching
frequency of 10 kHz. The setup includes an encoder for the rotor angle and speed feedback.
The hardware platform based on dSPACE-1007 is shown in Figure 4.

Table 1. Parameters of dual three-phase PM machine.

Parameter Value
Resistance () 0.48
Leakage inductance (mH) 0.262
d-axis self-inductance (mH) 0.28
g-axis self-inductance (mH) 0.28
PM flux linkage (Wb) 0.07
Pole pairs 5
DC link voltage (V) 50

5.2. Dynamic Performance Observation

The dynamic preference was tested by step response of given speed. During this test,
the reference speed was changed from 0 to 250 r/min, rising to 500 r/min, then falling to 0.
At last, the prototype runs the continuous speed transient state (500 r/min, 1 Hz) without
load. Figure 5 shows the experimental results. Obviously, the proposed method achieves
high-speed tracking accuracy, and even the distinction cannot be seen in Figure 5.

In order to showcase the rise time of speed step response, the given speed was
increased from 0 to 500 r/min directly, without load. The speed response curve and g-axis
currents are shown in Figure 6. The rise time was 0.028 s, and the currents changed rapidly
and consistently. This control strategy presents good dynamic performance.

5.3. Compensation of Imbalance Currents

Previous studies show that asymmetric phase resistance and back EMF harmonics
may induce currents in the z1z2 sub-plane, which results in imbalanced currents between
two winding sets and additional copper loss [21]. However, the conventional VSD is incom-
petent to eliminate currents in the z1z2 sub-plane. The prototype possesses nonsinusoidal
back EMFs, which are suited to verify the balance control.



Energies 2022, 15, 7286

90f13

During this test, the machine runs with a rated speed (500 r/min) and rated load
(3.5 N.m). The conventional VSD experimental results are shown in Figure 7a. The currents
between two winding sets present asymmetry. One peak current is 3.4A, while the other is
about 4.1A. The phase currents are not purely sinusoidal, as shown in Figure 7b; there is
a fifth harmonic in the spectrum. It is evident that the conventional VSD is not capable of
regulating currents in the z1z2 sub-plane effectively.

hl I IIIII]II||II|||HI|IIIIIIIIIIII ?ﬁ M%Iﬂ

DC Link

TCP/IP

PC  /

Switch
Signali

Phase
Current

Power Convertor

Hall

[
>

RS232

Load

Prtotype Machine

Figure 4. Experiment setup for dual three-phase PMSM drive testing.

Tek Prevu Y Noise Filter Off ?

SOOr m le

R RN 250rpm/d1v

500mY So0my 2005 | &® ~20.0my <10H'Ius,57.54 J

Figure 5. Continuous speed transient state: Channel 1: actual speed, Channel 2: reference speed
(250 rpm/div), Horizontal: Time (2 s/div).

As a comparison, Figure 8a,b also shows the phase currents where the prototype was
operated with the suggested control method in this paper. The phase peak currents of A and
Z are both 3.7A. There are no current harmonics in the spectrum. It was concluded that the
imbalance currents could be corrected with the triple stationary frame control scheme.
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2: phase of X (2A/div), Horizontal: Time (0.02 s/div); (b) corresponding harmonics analysis. (PS: “/%
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Figure 8. Experimental results with triple stationary control, (a) currents: Channel 1: phase of A,
Channel 2: phase of X (2A/div), Horizontal: Time (0.02 s/div); (b) corresponding harmonics analysis.
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6. Conclusions

This paper proposes a vector control method for dual three-phase PM machines
based on a triple stationary reference frame. The novel coordinate transformation and
mathematical model were discussed. The fast dynamic response and imbalance of current
inhibition were demonstrated by experiments. Compared with previous studies, the
proposed method adopted three Park transformations to obtain the feedback of currents
directly, omitting the complicated six dimensions transformed matrix. The vector control
algorithm was simplified without sacrificing performance. The imbalanced currents caused
by harmonic EMFs were suppressed effectively. Additionally, this suggested scheme
theoretically achieves triple-redundancy control for dual three-phase machines. Although
there is a lack of experimental verification, it is still a good solution for fault tolerance.
Therefore, the proposed control scheme is suitable for high-speed machine applications,
especially for the RMBMA system.
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authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the National Natural Science Foundation of China
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Nomenclature
u Voltage Layg  Q-axis self-inductance
i Current T, Torque
P Flux Pn Pole pairs
R Resistance 0, Rotor position
Wc  magnetic co energy 0m  Mechanical position
L inductance matrix w,  Electric angular frequency
L,y  Leakage inductance I Current matrix
L,q D-axis self-inductance s Flux matrix
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