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Abstract—Multiple three-phase permanent magnet synchronous
generator (MTP-PMSG) has excellent fault-tolerant features in
theory. However, the commonly used control architectures, such
as the centralized control architecture with only one central con-
troller and the distributed control architecture where the intercon-
nected communication cables between controllers may fail, limit
the fault tolerance of MTP-PMSG. Therefore, this article proposes
an enhanced distributed control (EDC) architecture without in-
terconnected communication cables of MTP-PMSG for improving
redundancy. The sensorless control and harmonic current sup-
pression algorithm are considered and implemented in the EDC
architecture. First, this article analyzes the magnetic field coupling
between the winding sets of MTP-PMSG, and the variation law of
equivalent inductance of the winding sets under the condition of ar-
bitrary current sharing is obtained. Then, an enhanced distributed
sensorless control method in EDC architecture is proposed based
on the equivalent inductance. Furthermore, this article proposes
a model-free predictive harmonic current suppression method to
solve the MTP-PMSG’s inherent harmonic problem in the EDC ar-
chitecture. The effectiveness of the proposed methods is verified by
the comparative simulations and experiments in a dual three-phase
PMSG with arbitrary current sharing of winding sets.

Index Terms—Distributed control, model-free predictive control,
multiple three-phase permanent magnet synchronous generator
(MTP-PMSG), sensorless control.

I. INTRODUCTION

FFSHORE wind power has the advantages of higher and
O steadier power quality, lower cost per kilowatt hour, and
no occupation of land resources compared with onshore wind
power, which is gradually the research focus of many research
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institutions [1], [2]. However, the offshore wind power genera-
tion system always operates in the harsh marine environment of
high humidity and high salt fog. In addition, the offshore wind
power system is far away from land, which makes operation and
maintenance more difficult than the onshore wind power. There-
fore, the offshore wind power generation system has extremely
strict requirements on reliability and fault tolerance [3].

Compared with the conventional three-phase permanent mag-
net synchronous generator (PMSG), the multiple three-phase
PMSG (MTP-PMSG) has multiple winding sets, which can be
fed by multiple converters. It can continue to operate even if
one/more windings or inverters are broken, which has inherently
fault tolerance [4], [37]. This advantage makes the MTP-PMSG
more suitable for remote high-power offshore wind power gen-
eration systems [5], [6]. Currently, there are many multiphase
machines used in the wind power generation system, such as
six-phase machines [7], nine-phase machines [8], twelve-phase
machines [9], and so on.

The MTP-PMSG can generally be controlled following two
methods: vector space decomposition (VSD) and multi-dq
modeling. According to the VSD method, the fundamental,
harmonic, and zero-sequence components of MTP-PMSG are
projected to mutually orthogonal subspaces [10], [32]. Then,
the MTP-PMSG can be controlled in these subspaces without
coupling. However, the VSD method becomes complex with an
increasing number of MTP-PMSG phases. The multi-dq model-
ing method is another well-known model for the MTP-PMSG.
Based on the multi-dg modeling method, the MTP-PMSG is
regarded as the combination of individual three-phase PMSG,
and then the control strategy of conventional three-phase PMSG
can be used to operate the MTP-PMSG. However, when the
multi-dg modeling method is applied, the voltage equation will
contain complex coupling terms due to the flux linkage coupling
phenomenon of MTP-PMSG [11], which increases the difficulty
of decoupling control.

Corresponding to the above-mentioned two control methods,
there are two control architectures for multiple three-phase
generators: centralized and distributed control architectures.
Most control algorithms, such as vector control, direct torque
control, sensorless control, and so on, can be implemented in
these two control architectures. The schematic diagrams of the
centralized and conventional distributed control architecture for
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Fig. 1. Control architectures for MTP-PMSG in offshore wind power sys-
tems. (a) Centralized control architecture. (b) Conventional distributed control
architecture with interconnected communication cables.

offshore wind power systems are presented in Fig. 1(a) and
(b), respectively. The centralized control architecture operates
with a single central controller that comprehensively receives
and processes all measurement information, including current
and rotor position data, and generates pulsewidth modulation
(PWM) signals to control the MTP-PMSG [10], [13], [33],
[34], [36]. This architecture offers improved centralization and
comprehensive system information processing. However, it ex-
hibits relatively lower redundancy and fault-tolerance perfor-
mance [34]. In contrast, the conventional distributed control
architecture employs individual controllers for each three-phase
winding set. These controllers receive current information for
their respective windings and exchange data, such as current
and rotor position information, through interconnected com-
munication cables to achieve effective decoupling [14], [25],
[34],[35], [36]. This architecture exhibits strong redundancy and
reliability, but its controllability is limited by the low degrees of
control freedom, making it impossible to control the subspaces
of the MTP-PMSG [34].

The centralized control architecture, as shown in Fig. 1(a),
utilizes one central controller to control multiple converters.
The VSD control method is usually adopted in the centralized
control architecture to realize decoupling control [10], [12].
The research on the centralized control architecture for multiple
three-phase motors primarily focuses on areas such as harmonic
suppression of stator current [30], [33], fault-tolerant control
[31], power-sharing between winding sets [10], sensorless con-
trol [29], and so on. Thanks to the decoupling of torque and
harmonic planes realized by the VSD method, achieving har-
monic suppression and sensorless control is easier compared
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with distributed control [29], [33]. However, the implementation
of power-sharing between winding sets and fault-tolerant control
may be more complex. The implementation of power-sharing
in the centralized control architecture requires imposing ap-
propriate fundamental frequency currents into the x-y harmonic
planes [10], which is relatively complex. Additionally, due to the
importance and uniqueness of the central controller, the failure
of the central controller will shut down the whole system [13].
This limitation restricts the full utilization of the redundancy of
the MTP-PMSG topology, which seriously affects the reliability
of the system.

The conventional distributed control architecture with inter-
connected communication cables, as shown in Fig. 1(b), em-
ploys multiple controllers to control multiple inverters. In this
architecture, the multi-dg modeling method is usually adopted,
which is inherently superior to the centralized control archi-
tecture regarding redundancy and power-sharing [14]. The re-
search on distributed control architecture mainly includes the
decoupling method [25], the torque control method [35], and
the power-sharing method [14], [34], which have excellent
control performance. However, the method described earlier
must require interconnected communication cables to exchange
real-time information between multiple controllers for decou-
pling control and harmonic suppression. In addition, the con-
trollers of MTP-PMSG also need interconnected communica-
tion cables to transmit the position signal from the only en-
coder installed on the motor shaft for park transformation. Even
if conventional sensorless control is adopted, interconnected
communication cables are also required, especially under the
condition of power unbalance [26]. However, interconnected
communication cables have a high probability of communi-
cation failure in the harsh operating environment of offshore
wind power [15], [16]. This interconnected communication
cable communication failure will break the decoupling control
and the transmission of position signals between controllers of
conventional distributed control architecture, and also restricts
the high redundancy of the MTP-PMSG topology. Therefore,
it is necessary to study a distributed control architecture that
does not need interconnected communication cables between
distributed controllers of the offshore wind power generation
system.

To solve the problem of communication failure of intercon-
nected communication cables under the conventional distributed
control architecture of offshore wind power generation systems,
this article proposes an enhanced distributed control (EDC)
architecture of MTP-PMSG without interconnected communi-
cation cables. By analyzing the voltage equation of MTP-PMSG,
the variation law of the equivalent inductance of the winding
sets is obtained, and the decoupling mathematical model of
MTP-PMSG based on the multi-dg modeling method in the
EDC architecture without interconnections is derived. In addi-
tion, the encoder position signal cannot be transmitted between
controllers as the lack of interconnection cables, therefore,
this article proposes an enhanced distributed sensorless control
(EDSC) strategy based on the proposed EDC architecture to
achieve sensorless control. At the same time, considering the
complicated harmonic electromagnetic coupling, a model-free
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predictive harmonic current (MFPHC) suppression control strat-
egy based on the EDC architecture is given to solve the coupling
of the harmonic model and achieve harmonic suppression.

The rest of this article is organized as follows. The mathemat-
ical model of MTP-PMSG in the EDC architecture is derived
in Section II. The EDSC strategy and MFPHC suppression
control strategy based on the EDC architecture are proposed
in Sections IIT and IV. A set of comparative simulations and
experiments on the dual three-phase PMSG (DTP-PMSG) plat-
form verify the validity of the proposed EDC architecture in
Section V. Finally, Section VI concludes the article.

II. MATHEMATICAL MODEL OF MTP-PMSG UNDER
DISTRIBUTED ARCHITECTURE

A. Conventional Mathematical Model of MTP-PMSG

Assuming that the reluctance of stator and rotor cores, eddy
current, and hysteresis losses are ignored, the voltage equation
of MTP-PMSG based on the multi-dg modeling method can be
expressed as follows [19]:

‘ dig; .
uq; = Rig; + LdTZ - Wquqi + Ud_coup (D
) digi .
Ugi = qui + quizz +wlgigi + wwf + Ug_coup (@)
k=N .
di .
Ud_coup = Z <Lmdddtk - WLmquk) (3)
k=1,k+i
k=N .
di .
Ug_coup = Z <Lquqtk + WLmdldk) (€]
k=1,k+i

where ug;, Ug; and iq;, iqi, idk, iqk are the dg-axis voltages and
currents, and subscripts “2”” and “k” represent the variables of the
1th winding set and the kth winding set of MTP-PMSG, respec-
tively. Lg, Ly, Limg, and Ly, are the motor self-inductances
and mutual inductances, R is the stator resistance, ¢ is the
permanent magnet flux linkage, w is the electrical speed, and
N is the number of three-phase winding sets of MTP-PMSG.

B. Proposed Mathematical Model of MTP-PMSG

From (1) to (4), it can be seen that the stator voltage equation
of one winding set is coupled with the current of other wind-
ing sets through mutual inductances. To obtain better control
performance, the external interconnected communication ca-
bles between distributed controllers are usually used to interact
with current information for decoupling. However, the intercon-
nected communication cables will reduce the redundancy of the
MTP-PMSG topology. Therefore, how to realize the decoupling
control without a communication cable is the first problem to be
solved.

The magnetic field coupling of MTP-PMSG winding sets is
similar to the transformer’s windings. The mathematical model
of MTP-PMSG in EDC architecture can be established by
imitating the transformer’s mathematical equivalent circuit anal-
ysis method [17]. By substituting the equivalent transformation
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Gk = ta; X (lak/ta;)and igr, = ig; X (iqk/iq;) into the voltage
(1) and (2), the coupling term of the other winding sets can be
expressed by the ¢th winding set variables, and (1) and (2) can
be rewritten as follows:

) ' tar | dig
Ud; = dei + Ld + Z and.i‘ dt
k=1 ki tdi
k=N ;
—w | Ly + Lmq,ik Tgi
. 1qi
k=1,k#i
k=N
. Ldk
tigd | > Lpa— | /dt Q)
k=1, ki tdi
=l Zq;g d’iql
Ugi = Rigi + | Lq + Z Limg— at +wiy
k=1,k#i a
k=N ;
dk
+w Ld + Z and.i 1di
k=1 ki tdi
k=N .
. gk
tigd | Y Lmq% /dt. (6)

k=1,k#i av

For analysis simplification, defining the K4 and K,; as
follows:

k=N k=N

S Mg k= Y s @)

i i
k=1 ki 0 k=1 ki O

Kaii =

where Kg; and K, are the total current ratios, representing
the sum of the current ratios of the ith winding set to the rest
N-1 winding sets in dg-axis. Sy represents the health status
of the kth winding set, and Sj, equals 1 or 0, indicating that
the kth winding set is normal or faulty. Substituting (7) into
(5) and (6)

. dig L dKy
wii = Rigi+ Le ai—* —wLe gitgi +idilma=z @)
. dig; , . dK g
Ugi = Rigi + Le_qid—z + wLe_gita; +wipy + zqiLqu—tq
©)

where L. 4; and L. _,; are the equivalent inductance after con-
verting the other winding sets information to the ¢th winding set.
Le_g; and L._g; can be expressed as follows:

Le gi = La+ KgiLma

Le gi = Lg+ KyiLng. (10)

It can be seen from (8) and (9) that the stator voltage equation
of the ¢th winding set does not explicitly contain the coupling
term of the other winding sets, and the coupling terms are
replaced by the total current ratio between the winding sets.

The equivalent inductance of each set of windings will change
with Kg4; and K,;. Taking the g-axis inductance of the first
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Fig. 2. Relationship between equivalent inductance and total current ratio.

winding sets of DTP-PMSG as an example, the relationship
between the g-axis equivalent inductance and the total current
ratio is shown in Fig. 2. The following conclusions can be
obtained.

1) When the current/power of the two winding sets is unbal-
anced, the equivalent inductance would change with the
change of the total current ratio.

2) When K, = 0, the second winding set is equivalent to a
nonoperating state or open-phase fault state. At this time,
the health status Sy, is 0, and the DTP-PMSG is equivalent
to the conventional three-phase PMSG. The equivalent
inductance is L, q1 = L.

3) When K, = 1, the g-axis currents of the two sets of
windings are balanced. Then, the mathematical model
under the proposed EDC architecture is equivalent to the
mathematical model under the VSD method, and L, 41 =
Lg , where Lg is the g-axis inductance of DTP-PMSG
under the VSD method [19].

4) Specifically, when iy = iq2 = 0, the K is defined as 1.
When ig1 = 042 # 0, the K is defined as a relatively
large number, which can be taken as 100 in practical
applications.

The voltage (8) and (9) of stator winding have been trans-
formed into a form similar to conventional motors. The only dif-
ference is that the MTP-PMSG contain differential disturbance
term (igi Lma “5: and ig; Lyq “5t0). When the MTP-PMSG
works in a steady state, the influence of this differential term is
very small. In addition, due to the low requirement of dynamic
response in the offshore wind power generation system, the
differential disturbance term of the dg-axis accounts for a small
proportion and can be ignored. Therefore, each set of windings
can be equivalent to a conventional three-phase PMSG in the
wind power generation system with low dynamic requirements.
The main control and modulation algorithm of conventional
three-phase PMSG can be applied to MTP-PMSG based on
the proposed EDC architecture. However, the failure of the
interconnected communication cables will cause the failure of
the conventional position sensor/sensorless control algorithm
and affect the performance of harmonic suppression analyzed
in Section I. To address these challenges, the EDSC strategy
and MFPHC suppression control strategy based on the proposed
EDC architecture are given in Sections III and IV.
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III. EDSC BASED ON EXTENDED BACK EMF IN EDC
ARCHITECTURE

In the offshore PMSG system, the position sensor may fail
in the high salt and high humidity environment. In addition,
under the multiphase motor conventional distributed control ar-
chitecture, it is inevitable to add interconnected communication
cables between multiple controllers to share the position sensor
information, which reduces the reliability and anti-interference
ability of the system. Therefore, an EDSC method based on
extended back electromotive force (EMF) under the EDC archi-
tecture is proposed in this section.

A. Extended Back EMF Model in EDC Architecture

Through the inverse Park transformation matrix [20], the
mathematical model in (8) and (9) is transformed into the static
af coordinate, which can be expressed as follows:

Uni = Riai + Le_ai%et + w(Le_ai —
+ iaiLm,d% + E(m

ug; = Rig; + Le,di% —w(Le_di — Le_gi)iai
+igiLmg g + Epi

B —— ((Lefd,‘ Lo ) (widi - d;gf) + mpf) sin 6;

Egi = ((Le,di — L i) (wz'di — d;f) + wwf) cos b;
(12)

Le,qi)iﬁi
(11)

where 14, ugi, 1, 15; are the stator voltage and current in the
static a3 coordinate, £,; and Ejg; are the extended back EMF
in the static a3 coordinate, and 6; is the rotor position angle.

Equation (11) contains the i4; L4 dg(t”“ and 1 BiLmq%,
which is different from the conventional three-phase PMSG.
If K4; and K; have random noise or step change, the classical
differentiator will amplify the noise. To extract the differential
signal, the tracking differentiator (TD) is introduced to obtain
a smooth differential signal in noise or step change occasions.
According to Han’s definition of TD [21], the state equation of
TD can be expressed as follows:

T1 = T2
To = —rsign (731 —o(t) + 9022\«;02\) (13)

where z; and x5 are the state variables representing the total
current ratio and the differential of the total current ratio, r is
the convergence factor, and v(t) represents the input reference
value of the total current ratio. The detailed derivation and proof
process of TD have been given by [21]. Due to the length of the
article, it will not be explained in detail here.

B. Extended Back EMF Observer

In (12), the extended back EMF includes the rotor position and
the speed of the MTP-PMSG under the EDC architecture. Only
when the extended back EMF is accurately obtained, can the
speed and position information of the motor be calculated. Ac-
cording to (11), the extended back EMF observer is constructed
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Fig. 3. EDSC method block diagram based on extended back EMF in EDC
architecture.

as follows:

Uaiq = R%ai + %aiLmd ddl + Le dzT
+ L:J(Le_di — Le_qz)Z,Bz + Eaz A

Bi = R%Bi + %BiLmq%A_F Le?qi%
— &(Le gi — Le_qi)iai + Egi

(14)

where %Mv and %Bi are the estimated stator current in the static
o3 coordinate. Then E,; and Eg; are the estimated extended
back EMF in the static a3 coordinate, expressed as follows:

Eai = (kP + k%) (iai - %on')

. . s)
Epg; = (kp + %) (iﬁi - iﬂi)
where kp and k; are the proportional and integral gains of the PI
controller. After obtaining the estimated extended back EMF, the
estimated rotor position 9; could be extracted from the phase of
the estimated extended back EMF using the phase-locked loop
(PLL) [22]. According to (13)—(15), the extended back EMF
observer under the EDC architecture is shown in Fig. 3.

IV. CURRENT HARMONIC SUPPRESSION OF MTP-PMSG IN
EDC ARCHITECTURE

Compared with the conventional three-phase PMSG, the cur-
rent harmonic problem of MTP-PMSG is more prominent. For
example, DTP-PMSGhasalower6k + 1 (k = 1,3,5...) order
harmonic impedance, so a small harmonic voltage will cause a
larger current harmonic [20]. At the same time, by deducing the
harmonic mathematical model of multiple three-phase motors
in the distributed control architecture, it is found that there is
electromagnetic coupling between winding sets in the harmonic
model. In the wind power system, the harmonic suppression
performance will be limited in case of the failure of the in-
terconnection communication cables between the distributed
controllers. Thus, in this section, an MFPHC suppression control
method is proposed, which can effectively suppress harmonics
notwithstanding whether the output power and current of the
winding sets are balanced or unbalanced.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 9, SEPTEMBER 2023

A. Analysis of MTP-PMSG Harmonic Model

In the natural coordinate reference system, the stator harmonic
current of MTP-PMSG can be expressed as follows [38]:

iaij = lij cos(j(wt = (i = 1)dm) + 0i5)

ipij = Lijcos(j(wt —2m/3 — (i — 1)d,,) + 0,5)
icij = Lijcos(j(wt +2m/3 — (i — 1)d,,) + 0i5)
j=1,57,11,13...

(16)

where @45, iBsj, icq; are the stator phase currents of winding
sets, I;; is phase current amplitudes, J,, is the angle of phase
difference between winding sets, 0;; is the initial angles of
phase currents, and j represents harmonic order. Taking the fifth
harmonic as an example, the harmonic model of MTP-PMSG is
derived as follows.

In the fundamental multi-dq coordinate, the fifth harmonic
current can be expressed as follows:

{ ,LLllz5 = L;5 COS(—th + 915)

Ii5 sin(—6wt + 915) (17)

S

Lgis =

where i<, il igi5 are the fifth harmonic current components of ith

winding set in the fundamental multi-dg coordinate. According

to (17), the fifth stator voltage harmonic equation of the :th
winding set can be written as follows:

dzd 5
s = Rigys + La=%= — wlyigs
dzdk .
+ Zk 1 ki ( md gt i WLmquks)) (18)
igis -
U’qi5 = Rz i5 T Lq pradn wLqigs
dlqks L -1
+30T oti \ Lma—gr — Whmdigys

where w5 and .5 are the fifth harmonic components of voltage
in the fundamental multi-dg coordinate, i}, -, i; 4 are the fifth
harmonic current components of kth winding set in the funda-
mental multi-dq coordinate. By using the Park transformation,
in which the transform angle is 6w, (18) can be transformed
from the fundamental multi-dg coordinate into the fifth-order
multi-dq coordinate and expressed as follows:

udL5 = dez5 + Ld ‘“° + 5wl zqw
d
+ Zk 1,k ( md = + 5WLmq7’qk5)

19)

= Ridys + L digis _ 5wLid;s

qz5 q dt

+Zk 1k7éz<

where 5, ub;s and i35, 105, 1.5, 0.5 are the fifth voltage and
current harmonic components in the fifth-order multi-dg coor-
dinate, respectively, and the fifth current harmonic components
can be expressed as follows:

{ Zdzs = I5C06915

75
Zq25 = 1;5 sin 915

Pgns 5
maq g — W Lmdlgys

(20)

It can be seen from (19) that the harmonic voltage equation of
the 7th winding set is related to its variables and coupled with the
harmonic current components of the other winding sets. In the
distributed control architecture without interconnected commu-
nication cables, the decoupling control cannot be carried out, and
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itis difficult to obtain a satisfactory harmonic suppression effect.
Therefore, this article proposes an MFPHC suppression control
method, which can suppress harmonic in the EDC architecture
without interconnected communication cables.

B. MFPHC Control

For a single-input single-output nonlinear system, the input
and output signals of the system can be used to establish an
ultralocal model [23], which is expressed as follows:

g=F+au @1

where 1 and y are the input and output of the system, respectively,
« is the designed system state gain factor, and F represents the
known and unknown parts of the system. According to (21), the
model-free control law is designed as follows:

u=(—F+y +¢&/a

where F' represents the estimated value of F, y* is the output ref-
erence value, and £ is the designed controller, which is designed
as a proportional controller, expressed as follows:

u=(—F+9 + Kye)/a

(22)

(23)

where e = y*
ficient.

Based on the harmonic model of MTP-PMSG, the fifth har-
monic ultralocal model is established in (19) and (21), which is
expressed as follows:

— v, and K, is the proportional controller coef-

45,
a5 5 5 .5
= = Fgis + 0gistigs
dzqw

(24)

5 5 .5
=I5 + Qgistys

where Fj;, Fs and af;, of;s represent the unknown part
and state gain factor, respectively, in the fifth-order multi-dg
coordinate.

Based on the differential algebra method [24], the input and
output of the system are used to estimate F', which can be
expressed as follows:

- 3 T

F=—— (T —20)y(o) + o (T —

3 J
where T' = nT}, n is the number of control periods, 7% is the
control period, and the superscript “A” represents the estimated
value of the variable. By using the gradient integral method [24]
to solve (25), the discrete-time domain expression of Fis

o)u(o))do (25)

((n—=2(m—1)) xy[m— 1]+
) 3 & a(m—1)Ts(n— (m—1))
s 21 (n—2m) x y[m]
+amTs(n —m) X u[m])

According to (23) and (26), the MFPHC controller in the fifth-
order multi-dq coordinate of the ith winding set of MTP-PMSG
is designed as follows:

udr — *F&)w*d’dw/dt+K5dw(quo )
di5 = o5
. ) 27
5x —Fq575+d7,2w/dt+qu15(zq75 i5:5) 27)
uqi5 - ad

QXgis
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Fig. 4. Block diagram of MFPHC control method. (a) MFPHC controller. (b)

Block diagram of fifth and seventh harmonic suppression based on MFPHC
controller in EDC architecture.

Fig. 5. Experiment platform for the DTP-PMSG.

((n—2(m — 1)) x ig;s[m — 1]+
o Glgm DT (m 1)
Fiis = w3 2om=1 XUgislm — 1]+

(n —2m) x ig;s[m]

+ O‘ZismT (n— ) X ufﬁs [m])
) , agig(m 1 Ts(n*( - 1))
F;z5 = n;_ﬂ m=1 Xuq%[m - 1]+

(n —2m) x i2i5 [m] + a2i5st

(n —m) x ug;s[m])

(28)

[T

where the superscript “+” represents the reference value of the
variables, K3,.c. K5 - and Fj, F2 are the proportional
controller coefﬁc1ent and the estimated value of the unknown
part in fifth-order multi-dq coordinate, respectively.

According to (27) and (28), the MFPHC controller of MTP-

PMSG in fifth-order multi-dg coordinate is shown in Fig. 4(a) .
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TABLE I
PARAMETERS OF DTP-PMSG

Parameter Value
Stator resistance R 1.89 QO
d-axis inductances Ly 0.0216 H
g-axis inductances L, 0.0367 H
Mutual inductances L,,4 0.0203 H
Mutual inductances Lyq 0.0354 H
Permanent magnet flux linkage 0.92 Wb
Pole pairs 5

Taking the fifth and seventh harmonics as an example, Fig. 4(b)
shows the block diagram of the MFPHC control method in
EDC architecture. In Fig. 4(b), the fifth harmonic current in
fifth-order multi-dq coordinate and the seventh harmonic current
in seventh-order multi-dg coordinate can be obtained, respec-
tively, using coordinate transformation and first-order low-pass
filters (LPFs). The LPFs can be used to filter the components of
other frequencies while retaining the dc components. The cut-off
frequency of LPF needs to be tuned in the experiment to trade-off
the filtering performance and dynamic performance [27]. The
MFPHC controller shown in Fig. 4(a) is used to calculate the
voltage harmonic compensation, and then the voltage harmonic
compensation will be transformed into the fundamental multi-dq
coordinate.

V. SIMULATION AND EXPERIMENTAL RESULTS
A. Experimental System

To verify the effectiveness of the proposed EDC architecture
without interconnected communication cables, a 7.5 kW DTP-
PMSG is selected as the test motor. The DTP-PMSG distributed
control platform is built as shown in Fig. 5. The parameters of the
DTP-PMSG are listed in Table I. The DTP-PMSG is coaxially
connected with a 7.5 kW conventional three-phase induction
motor (rated voltage/current 380 V/17.8 A), which serves as
a prime mover. The proposed EDC architecture method algo-
rithm is implemented on two control boards without intercon-
nected communication cables, and the digital signal processor
TMS320F28377 is used to execute the proposed method. The
PWM signal is generated by a field programmable gate array
(FPGA). The incremental encoder with a 2048 pulse is used to
detect the precise position and speed of the rotor for comparison
with the experimental results of the proposed EDC architecture
method.

The initial reference command of this wind power genera-
tion system is the power reference of the transmission system
operator shown in Fig. 6(a). The subscript “1” and “2” refer to
the variables of the two winding sets of DTP-PMSG, and the
superscript “x” refers to the given value. The power balance
sharing mode or the optimal converter efficiency strategy mode
proposed in [18] can be chosen to obtain the torque reference
command of each set of windings. The power balance sharing
mode means that the power command of each set of windings
is equal, while the optimal converter efficiency strategy mode
means the power command of each winding sets is adjusted
according to the power requirements to achieve the overall
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Fig. 6. Proposed drive system. (a) Wind turbine dispatch controller block.
(b) Control diagram of the proposed EDC architecture for the DTP-PMSG.

optimal efficiency output of the converter system [18]. After
obtaining the torque command, the maximum torque per ampere
(MTPA) method [28] is used to calculate the current reference
command in the dg-axis. However, in this article, in order to
verify the applicability of the proposed EDC architecture, the
current command will be directly given within the rated range
in the following experiments without using this optimal con-
verter efficiency strategy. The equivalent inductance is obtained
according to the current command and (7) and (10).

Fig. 6(b) shows the control diagram of the proposed EDC
architecture for DTP-PMSG. The controller of each winding of
DTP-PMSG operates independently without mutual influence,
which increases the redundancy of the system and is easy to
be extended to the operation control of other MTP-PMSGs.
Fig. 3 shows the block diagram of the EDSC module, in which
the estimated rotor positions 6, and 6, are calculated by their
respective controllers to achieve sensorless control under current
balanced or unbalanced conditions in EDC architecture. Fig. 4
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shows the block diagram of the MFPHC control module, and
the 5th, 7th, 17th, and 19th order current harmonic are selected
to be suppressed. The harmonic voltage compensations pqq1
and uj,q442, calculated by the MFPHC controller are added to the
fundamental voltage to suppress the selected harmonics.

B. Simulation Results

Before experimental verification, the DTP-PMSG drive sys-
tem and the proposed EDC architecture method are modeled
and simulated using the MATLAB/Simulink environment. The
motor parameters used in the simulation are presented in Table I.
The simulation results of the proposed method for both steady-
state and dynamic operation of the DTP-PMSG are presented to
demonstrate its operational performance under power balance
and power unbalance conditions.

Fig. 7 shows the comparison simulation results of the steady-
state operation between the conventional distributed control and
the proposed EDC method under power balance conditions. The
motor speed is set to 200 rpm, and the given reference g-axis
currents of two winding sets are iy, =iy, = 10 A, with the
given currents for the d-axis being set to 0 A. From Fig. 7(b),
it is evident that based on the proposed EDC method, the phase
current harmonic of DTP-PMSG is very small, with a THD
of 3.92%. Additionally, the torque waveform is smoother and
more stable than the conventional distributed control method.
These results demonstrate that the MFPHC method based on the
proposed EDC architecture can effectively suppress harmonics.
The rotor position information in Fig. 7(b) indicates that the
position errors between the estimated rotor position using the
proposed EDSC method and the actual rotor position angle
are within 5°, demonstrating the effectiveness of the proposed
EDSC method under steady-state conditions.

In Fig. 8, the simulation results of the proposed method under
power balance conditions during dynamic operation are pre-
sented. The given reference g-axis currents of the two winding
sets are iy = igo = 5 A within the first 0-0.4 s, then increasing
to iy = iyo = 10 A within the next 0.4-1.4 s, and then de-
creasing back to iy = iy, = 5 A after 1.4 s. It is evident from
Fig. 8 that the proposed method effectively ensures that both
windings of the DTP-PMSG can rapidly follow the given current
command, and the torque waveform remains stable throughout
the dynamic process. Additionally, the proposed EDSC method
can promptly converge and estimate the rotor positions of both
sets of windings during dynamic processes, with a maximum
error of no more than 10°.

To verify the power-sharing performance of the proposed
method, the simulation results of the proposed method under
power unbalance conditions are presented in Fig. 9. The
given reference g-axis currents of two winding sets under
power-sharing conditions are shown in Table II, and the sum
of the given reference current values of the two winding sets
is 20 A. Fig. 9 demonstrates that the proposed EDC method
can effectively track the given current value and achieve
power-sharing between the two sets of windings even under a
wide range of power unbalance conditions, with current ratios
of the two sets of windings ranging from 1/9 to 9. The estimated
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Fig. 7. Comparison simulation results between the conventional distributed

control and the proposed EDC architecture method under power balance steady-
state operation. (a) Conventional distributed control. (b) Proposed EDC method.

TABLE I
GIVEN REFERENCE CURRENTS AND CURRENT RATIO OF DTP-PMSG UNDER
CURRENT UNBALANCE
Time[s] 0-0.2 0.2-0.6 0.6-1.0 1.0-14 14-1.8 1.8-2.0
iq1[A] 10 5 2 15 18 10
iq2[A] 10 15 18 5 2 10
Kq1 1 3 9 1/3 1/9 1

rotor position shown in Fig. 9 fluctuates slightly during the
power-sharing process, and the rotor position error values are
within 5°, proving that the proposed EDSC method exhibits
excellent performance in the power-sharing condition.
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Fig. 10. Experimental results of DTP-PMSG based on conventional dis-
tributed control under current balanced steady-state operation. (a) Phase current
and torque waveform. (b) dq -axis currents.

C. Experimental Results of Steady-State Operation Under
Current Balance

The steady-state operation comparison experimental result of
conventional distributed control with dual dg modeling method
and proposed EDC architecture method under the current bal-
ance are shown in Figs. 10 and 11, respectively. The motor
speed provided by the induction motor is 200 rpm, and the
input given current reference values of the two winding sets
of the DTP-PMSG are iy, =iz, = 10 A and i) = iy, = 0 A.
From the comparison of phase current and torque waveforms
in Figs. 10(a) and 11(a) that the proposed EDC architecture
method can effectively reduce stator current harmonics, which
the total harmonic distortion (THD) is reduced from 18.5% to
5.2%. Meanwhile, the torque ripple under steady-state operation
is also reduced. Figs. 10(b) and 11(b) show that the dg-axis
currents based on the proposed EDC architecture method can
better track the reference value under steady-state operation,
which also verifies the MFPHC control method can suppress
stator harmonic current in steady state. The actual rotor position
obtained by the incremental encoder, the estimated rotor posi-
tion, and the position error of the two winding sets based on the
proposed method are shown in Fig. 11(c) and (d), respectively.
It can be obtained that the position errors of the two winding sets
are within 5°, which verifies that the proposed EDSC method in
EDC architecture is effective in the steady state.

D. Experimental Results of Dynamic Operation Under
Current Balance

To verify the dynamic operation performance of the proposed
EDC architecture method, Fig. 12 shows the load increase and
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Fig. 11.  Experimental results of DTP-PMSG based on proposed EDC archi-
tecture method under current balanced steady-state operation. (a) Phase current
and torque waveform. (b) dg -axis currents. (c) Actual rotor position 6,1,
estimated rotor position él, and corresponding position error A6 of the first
set of windings. (d) Actual rotor position 6,2, estimated rotor position ég, and
corresponding position error Ay of the second set of windings.

decrease experiment results of DTP-PMSG under the current
balance. The given reference g-axis currents of two winding
setsareiy; = 1,9 = 5 Ain0-0.4s, which are increased to i, =
igo =10 A'in 0.4 s and decreased to iy, =0 =5 Ain 1.4s.
The given reference d-axis currents of two winding sets are set to
0 A.Ttcan be seen from Fig. 12(a) and (b) that the phase currents
of the two winding sets are balanced, and the dg-axis currents can
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Fig. 12.  Experimental results of DTP-PMSG based on proposed EDC archi-
tecture method under current balanced dynamic operation. (a) Phase current
and torque waveform. (b) dg -axis currents. (c) Actual rotor position 6,1,
estimated rotor position él, and corresponding position error A6 of the first
set of windings. (d) Actual rotor position 6,2, estimated rotor position ég, and
corresponding position error Ao of the second set of windings.

be accurately tracked to the given reference value. Fig. 12(c) and
(d) show the estimated rotor position waveform of the two wind-
ing sets and the corresponding position error waveform with the
actual rotor position values in dynamic operation. It can be seen
the proposed EDSC method in EDC architecture can quickly
estimate the rotor position value under the dynamic operation
state, and the maximum position error is restricted within 12°.
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Fig.13.  Experimental results of DTP-PMSG based on proposed EDC architec-
ture method under power and current unbalanced dynamic operation. (a) Phase
current and torque waveform. (b) dq -axis currents. (c) Actual rotor position
0,1, estimated rotor position él, and corresponding position error Af; of the
first set of windings. (d) Actual rotor position 6,2, estimated rotor position ég,
and corresponding position error Ay of the second set of windings.

E. Experimental Results of Dynamic Operation Under Power
and Current Unbalance

To verify the operation performance of the proposed EDC
architecture method under power and current unbalance, Figs. 13
and 14 show the dynamic load increase and decrease comparison
experiments of the conventional distributed control and the
proposed EDC architecture method of DTP-PMSG. The given
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Fig. 14. Experimental results of DTP-PMSG based on conventional dis-
tributed control under power and current unbalanced dynamic operation.

(a) Actual rotor position 6,.1, estimated rotor position él, and corresponding
position error Af of the first set of windings. (b) Actual rotor position 6.2,

estimated rotor position 65, and corresponding position error Ay of the second
set of windings.

reference dg-axis currents of two winding sets are shown in
Table II. The current ratio of two winding sets changes with the
change of the given reference current. The comparison experi-
ments give the operation results of the current ratio from 1/9 to
9, which verify that the proposed EDC architecture method can
operate effectively under the condition of extremely unbalanced
power and current between two winding sets.

The stator phase current and torque of the two winding
sets are shown in Fig. 13(a). It can be seen that the proposed
EDC architecture method can realize the arbitrary torque/current
sharing of the two winding sets under the unbalanced condition
when the total output torque/current of the DTP-PMSG remains
unchanged. This is of great significance for a wind turbine to
realize arbitrary power-sharing of winding sets. Fig. 13(b) shows
the dg-axis current values of the two winding sets. It can be seen
that the ¢g-axis current can quickly track the given reference value
during the dynamic process, and there is no obvious fluctuation
in the d-axis current in the dynamic process, which proves that
the proposed EDC architecture method has accurate decoupling
performance.

Fig. 13(c) and (d) show the estimated rotor position of the
two winding sets and the corresponding position error value
with the actual position, respectively. It can be seen that the
proposed EDC architecture method can accurately estimate the
rotor position value in the dynamic process of current sharing,
and the position error is restricted within 5°.

For comparative analysis, Fig. 14(a) and (b) show the exper-
imental results of the conventional sensorless control algorithm
under the failure of the interconnected communication cables



LIANG et al.: ENHANCED DISTRIBUTED CONTROL ARCHITECTURE OF MTP-PMSG FOR IMPROVING REDUNDANCY

Tek F11E ¥
Fault
70N.m
35N.m N
Y I [5S0Nm/div]
B T;l ng ON.m
La is
4
B 7
[40ms/div] I [10A/div]
«—>
O @ 00~ “wm, EETT, I - WA [ 2729
‘7 o ! ‘ 100k 00 A 17:51:23
()
Tok # S
Fault
10A - |
SA
- T § AR
a i [9A/iv]
D i i
dl 1
d2
0A 0A
e 4
[40ms/div]
@
@ 100V e 40.0ms Ok (/Y [>¥ 3041 2023
‘ © ] Jook 24 0.00 ¥ 18:00:31
(b)
Tek HItE i
Fault
[360deg]
0, / }

/]

/

/| /| 4 /] /1 v,
4 // / il / | 1360deg]
; / / P / P 4

> AO,
I [25deg/div]
= [40ms/div]
-
9 ® Lo 30.0m% S Wi 04H 2023
\ a I i i T
(©
Tek HIIE i
Fault
[ [360deg]
/ [ [360deg]
> Z
I [25deg/div]
= [40ms/div]
R —
[2) [om T @ 7 | 04H 200
\ o | e D0 feosie )
(d)

Fig. 15. Experimental results of a sudden inverter fault on the DTP-PMSG
based on the proposed EDC architecture method. (a) Phase current and torque
waveform. (b) dq -axis currents. (c) Actual rotor position 6,1, estimated rotor

position 61, and corresponding position error Af; of the first set of windings.

(d) Actual rotor position 6,2, estimated rotor position 92, and corresponding
position error Ay of the second set of windings.

in the conventional distributed control architecture. The given
reference values are the same as that in Table II. As can be
seen, when the conventional sensorless control is applied to
the power unbalance condition, the position error between the
estimated rotor position and the actual value even exceeds 30°,
which makes it impossible to use the estimated rotor position for
closed-loop control. From the comparison between Figs. 13 and
14, it can be proved that the proposed EDSC method in EDC
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architecture can be well applied to power and current unbalance
conditions.

The experimental results, which are consistent with the sim-
ulation results, support the conclusion that the proposed EDC
architecture can achieve effective dynamic and steady-state con-
trol without the interconnected communication cables.

F. Experimental Results of a Sudden Inverter Fault

To verify the operational performance of the proposed EDC
architecture method in the event of inverter failure, Fig. 15 shows
the experimental waveforms of the DTP-PMSG when experienc-
ing inverter faults during normal operation. To simulate a fault
condition, a hardware fault signal is artificially sent to Inverter
2, which triggers its hardware protection circuit and causes it to
stop operating. Prior to the fault occurrence, the given reference
g-axis currents of the two winding sets are iy; =iz =5 A,
and the given currents for the d-axis are set to 0 A. After the
fault occurs, the health status S5 in (7) will change from 1 to
0, and the given reference g-axis current of the first winding set
is adjusted to iy; = 10 A to maintain the output power of the
motor unchanged.

It can be seen from Fig. 15(a) and (b) that the proposed
EDC architecture can timely disconnect the faulty inverter
while preserving the normal operation of the healthy inverter
and winding set. Furthermore, it can quickly track the given
current command, ensuring that the total output power of the
DTP-PMSG remains unchanged after the occurrence of inverter
failure. The rotor information in Fig. 15(c) and (d) show that
the proposed EDSC method can accurately estimate the rotor
position under inverter fault conditions, with the rotor position
error being within 5°. From the experimental results in Fig. 15,
it is evident that the proposed EDC architecture method can
effectively handle the working conditions of inverter faults and
exhibits good fault-tolerant control performance.

VI. CONCLUSION

To solve the problem caused by the communication failure of
interconnected communication cables under the conventional
distributed control architecture, this article proposes an EDC
architecture of the MTP-PMSG that eliminates the need for inter-
connected communication cables and improves redundancy. The
fundamental principle of this proposed method is to transform
the coupling characteristics between the MTP-PMSG winding
sets under different current distributions into variations in the
inductance parameters of the winding set. Compared with the
conventional distributed control architecture, the proposed EDC
architecture method can achieve decoupling between the MTP-
PMSG winding sets without interconnecting communication ca-
bles, and accurately estimate the rotor position of each winding
set of the MTP-PMSG under power-sharing conditions. The
contributions of this article are as follows.

1) The decoupling mathematical model of the MTP-PMSG in
the EDC architecture is derived by introducing the current
ratio parameter, which transforms the coupling between
winding sets into the change of equivalent inductance
parameters.
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2)

3)
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A novel EDSC method is proposed based on the EDC
architecture, which can accurately estimate the rotor po-
sition under the condition of power balance or unbalance
between winding sets.

The harmonic mathematical model of the DTP-PMSG is
analyzed, which proves that the harmonic model also has
electromagnetic coupling between winding sets. And then
a MFPHC suppression method is given to realize the stator
current harmonic suppression under the EDC architecture.

The research in this article can not only fully utilize the
advantages of the high redundancy of the MTP-PMSG topology,
but also serve as a supplement to conventional distributed control
in the event of interconnected communication cables failure.

One

limitation is that it may reduce the degree of controlla-

bility from a control perspective. The comparative simulation

and

experimental results demonstrate that the proposed EDC

architecture method can achieve effective and stable operation
in both stable and dynamic conditions with arbitrary current
sharing of winding sets.

(1]

(2]

(3]

(4]

(5]

(6]

(71

(8]

(91

[10]

[11]

[12]

REFERENCES

G. Ning et al., “A hybrid resonant ZVZCS three-level converter for
MVDC-connected offshore wind power collection systems,” IEEE Trans.
Power Electron., vol. 33, no. 8, pp. 6633-6645, Aug. 2018.

I. Jlassi and A. J. Cardoso, “Enhanced and computationally efficient
model predictive flux and power control of PMSG drives for wind turbine
applications,” IEEE Trans. Ind. Electron., vol. 68, no. 8, pp. 6574-6583,
Aug. 2021.

M. A. Parker, L. Ran, and S. J. Finney, “Distributed control of a fault-
tolerant modular multilevel inverter for direct-drive wind turbine grid
interfacing,” IEEE Trans. Ind. Electron., vol. 60, no. 2, pp. 509-522,
Feb. 2013.

Z. Wang, Y. Wang, J. Chen, and M. Cheng, “Fault-tolerant control of
NPC three-level inverters-fed double-stator-winding PMSM drives based
on vector space decomposition,” IEEE Trans. Ind. Electron.,vol. 64,no. 11,
pp. 8446-8458, Nov. 2017.

Y. Gang, G. Yichang, Z. Lidan, L. Dongdong, and L. Xing, “Multi-phase
permanent magnet synchronous generator variable speed constant fre-
quency offshore wind system based on modular multilevel converter,” in
Proc. IEEE Innov. Smart Grid Technol. Asia, 2019, pp. 2127-2132.

F. Luise, S. Pieri, M. Mezzarobba, and A. Tessarolo, “Regenerative testing
of a concentrated-winding permanent-magnet synchronous machine for
offshore wind generation—Part I: Test concept and analysis,” IEEE Trans.
Ind. Appl., vol. 48, no. 6, pp. 1779-1790, Nov./Dec. 2012.

M. J. Duran, I. Gonzdlez-Prieto, A. Gonzdilez-Prieto, and F. Barrero,
“Multiphase energy conversion systems connected to microgrids with
unequal power-sharing capability,” IEEE Trans. Energy Convers., vol. 32,
no. 4, pp. 13861395, Dec. 2017.

A. S. Abdel-Khalik, A. M. Massoud, and S. Ahmed, “Nine-phase six-
terminal induction machine modeling using vector space decomposition,”
IEEE Trans. Ind. Electron., vol. 66, no. 2, pp. 988—1000, Feb. 2019.
A.S. Abdel-Khalik, A. M. Massoud, and S. Ahmed, “An improved torque
density pseudo six-phase induction machine using a quadruple three-phase
stator winding,” IEEE Trans. Ind. Electron., vol. 67, no. 3, pp. 1855-1866,
Mar. 2020.

1. Zoric, M. Jones, and E. Levi, “Arbitrary power sharing among three-
phase winding sets of multiphase machines,” I[EEE Trans. Ind. Electron.,
vol. 65, no. 2, pp. 1128-1139, Feb. 2018.

L. De Camillis, M. Matuonto, A. Monti, and A. Vignati, “Optimizing
current control performance in double winding asynchronous motors in
large power inverter drives,” IEEE Trans. Power Electron., vol. 16, no. 5,
pp. 676-685, Sep. 2001.

W. Liao, M. Lyu, S. Huang, Y. Wen, M. Li, and S. Huang, “An en-
hanced SVPWM strategy based on vector space decomposition for dual
three-phase machines fed by two DC-source VSIs,” IEEE Trans. Power
Electron., vol. 36, no. 8, pp. 9312-9321, Aug. 2021.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

K. Alewine and W. Chen, “A review of electrical winding failures in wind
turbine generators,” IEEE Elect. Insul. Mag., vol. 28, no. 4, pp. 8-13,
Jul./Aug. 2012.

I. Subotic, O. Dordevic, J. B. Gomm, and E. Levi, “Active and reactive
power sharing between three-phase winding sets of a multiphase induction
machine,” IEEE Trans. Energy Convers., vol. 34, no. 3, pp. 1401-1410,
Sep. 2019.

C. Zhang, W. Ma, and C. Sun, “A switchable high-speed fiber-optic ring
net topology and its method of high-performance synchronization for
large-capacity power electronics system,” Int. J. Elect. Power Energy Syst.,
vol. 57, pp. 335-349, 2014.

Y. Nan et al., “Real-time monitoring of wind-induced vibration of
high-voltage transmission tower using an optical fiber sensing sys-
tem,” [IEEE Trans. Instrum. Meas., vol. 69, no. 1, pp.268-274,
Jan. 2020.

S. Umans, Fitzgerald & Kingsley’s Electric Machinery. New York, NY,
USA: McGraw-Hill, 2013.

J. H. Teng, S. H. Liao, W. H. Huang, and C.-C. Chiang, “Smart control
strategy for conversion efficiency enhancement of parallel inverters at
light loads,” IEEE Trans. Ind. Electron., vol. 63, no. 12, pp. 7586-7596,
Dec. 2016.

Y. Hu, Z. Q. Zhu, and M. Odavic, “Comparison of two-individual
current control and vector space decomposition control for dual three-
phase PMSM,” IEEE Trans. Ind. Appl., vol. 53, no. 5, pp. 4483-4492,
Sep./Oct. 2017.

G. Liang et al., “An optimized pulsewidth modulation for dual three-phase
PMSM under low carrier ratio,” IEEE Trans. Power Electron., vol. 37,
no. 3, pp. 3062-3072, Mar. 2022.

J. Han, “From PID to active disturbance rejection control,”
IEEE  Trans. Ind. Electron., vol. 56, mno. 3, pp.900-906,
Mar. 2009.

S. Chen, W. Ding, R. Hu, X. Wu, and S. Shi, “Sensorless control of
PMSM drives using reduced order quasi resonant-based ESO and Newton—
Raphson method-based PLL,” IEEE Trans. Power Electron., vol. 38, no. 1,
pp. 229-244, Jan. 2023.

Y. Zhang, T. Jiang, and J. Jiao, “Model-free predictive current control
of DFIG based on an extended state observer under unbalanced and dis-
torted grid,” IEEE Trans. Power Electron., vol. 35, no. 8, pp. 8130-8139,
Aug. 2020.

M. Fliess and C. Join, “Model-free control,” Int. J. Control, vol. 86, no. 12,
pp. 2228-2252,2013.

J. Karttunen, S. Kallio, P. Peltoniemi, P. Silventoinen, and O. Pyrhonen,
“Decoupled vector control scheme for dual three-phase permanent magnet
synchronous machines,” IEEE Trans. Power Electron., vol. 61, no. 5,
pp. 2185-2196, May 2014.

T. Liu, Z. Q. Zhu, Z.-Y. Wu, D. Stone, and M. Foster, “A simple sensorless
position error correction method for dual three-phase permanent magnet
synchronous machines,” IEEE Trans. Energy Convers., vol. 36, no. 2,
pp. 895-906, Jun. 2021.

L. Yan et al., “Multiple synchronous reference frame current harmonic
regulation of dual three phase PMSM with enhanced dynamic perfor-
mance and system stability,” IEEE Trans. Ind. Electron., vol. 69, no. 9,
pp. 8825-8838, Sep. 2022.

T. M. Jahns, G. B. Kliman, and T. W. Neumann, “Interior permanent
magnet synchronous motors for adjustable-speed drives,” IEEE Trans. Ind.
Appl., vol. 1A-22, no. 4, pp. 738747, Jul. 1986.

T. Liu, Z. Q. Zhu, X. Wu, Z. Wu, D. A. Stone, and M. P. Foste, “A position
error correction method for sensorless control of dual three-phase per-
manent magnet synchronous machines,” IEEE Trans. Ind. Appl., vol. 58,
no. 3, pp. 3589-3601, May/Jun. 2022.

G. Feng, C. Lai, W. Li, Z. Li, and N. C. Kar, “Dual reference frame based
current harmonic minimization for dual three-phase PMSM considering
inverter voltage limit,” IEEE Trans. Power Electron., vol. 36, no. 7,
pp- 8055-8066, Jul. 2021.

B. Zheng, J. Zou, B. Li, M. Tang, Y. Xu, and P. Zanchetta, “Analysis and
fault-tolerant control for dual-three-phase PMSM based on virtual healthy
model,” IEEE Trans. Power Electron., vol. 37, no. 12, pp. 15411-15424,
Dec. 2022.

Y. Zhao and T. A. Lipo, “Space vector PWM control of dual three-phase
induction machine using vector space decomposition,” IEEE Trans. Ind.
Appl., vol. 31, no. 5, pp. 1100-1109, Sep./Oct. 1995.

Y. Hu, Z. Q. Zhu, and K. Liu, “Current control for dual three-phase
permanent magnet synchronous motors accounting for current unbalance
and harmonics,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 2, no. 2,
pp. 272-284, Jun. 2014.



LIANG et al.: ENHANCED DISTRIBUTED CONTROL ARCHITECTURE OF MTP-PMSG FOR IMPROVING REDUNDANCY 11351

[34]

[35]

[36]

(371

[38]

A. Galassini, A. Costabeber, M. Degano, C. Gerada, A. Tessarolo, and
R. Menis, “Enhanced power sharing transient with droop controllers
for multithree-phase synchronous electrical machines,” IEEE Trans. Ind.
Electron., vol. 66, no. 7, pp. 5600-5610, Jul. 2019.

S. Rubino, R. Bojoi, D. Cittanti, and L. Zarri, “Decoupled and modular
torque control of multi-three-phase induction motor drives,” I[EEE Trans.
Ind. Appl., vol. 56, no. 4, pp. 3831-3845, Jul./Aug. 2020.

X.Peng, Z. Liu, and D. Jiang, “A review of multiphase energy conversion
in wind power generation,” Renewable Sustain. Energy Rev., vol. 147,
no. 2, Sep. 2021, Art. no. 111172.

Z. Ji, S. Cheng, Q. Ren, X. Li, Y. Lv, and D. Wang, “The ef-
fects and mechanisms of periodic-carrier-frequency PWM on vibra-
tions of multiphase permanent magnet synchronous motors,” [EEE
Trans. Power Electron., vol. 38, no. 7, pp.8696-8706, Jul. 2023,
doi: 10.1109/TPEL.2023.3260647.

G. Liu, B. Chen, K. Wang, and X. Song, “Selective current harmonic
suppression for high-speed PMSM based on high-precision harmonic
detection method,” IEEE Trans. Ind. Inform., vol. 15, no. 6, pp. 3457-3468,
Jun. 2019.

Ge Liang was born in Qinzhou, China, in 1996. He
received the B.S. degree in electrical engineering in
2018 from the College of Electrical and Information
Engineering, Hunan University, Changsha, China,
where he is currently working toward the Ph.D. degree
in electrical engineering.

His current research interests include advanced
control of permanent magnet synchronous motor
drive.

Sheng Huang received the M.S. and Ph.D. degrees
in electrical engineering from the College of Electri-
cal and Information Engineering, Hunan University,
Changsha, China, in 2012 and 2016, respectively.

He s currently a Professor with the College of Elec-
trical and Information Engineering, Hunan Univer-
sity. His research interests include renewable energy
generation, modeling and integration study of wind
power, control of energy storage system, and voltage
control.

‘Wu Liao received the B.S. degree in automation and
the Ph.D. degree in electrical engineering from Hu-
nan University, Changsha, China, in 2010 and 2016,
respectively.

From 2016 to 2019, he was with CRRC Zhuzhou
Institute Company, Ltd., Zhuzhou, China, as a Con-
verter Software Designer and Researcher. From 2019
to0 2022, he was a Postdoc with the College of Electri-
cal and Information Engineering, Hunan University,
where he is currently an Associate Professor. His
research interests include wind power system, high
power motor drives.

Yu Liu (Graduate Student Member, IEEE) received
the B.S. degree in electrical engineering from Hunan
Institute of Engineering, Xiangtan, China, in 2017
and the M.S. degree in electrical engineering in 2020
from the College of Electrical and Information Engi-
neering, Hunan University, Changsha, China, where
he is currently working toward the Ph.D. degree in
electrical engineering.

His current research interests include advanced
control of permanent magnet synchronous motor
drive.

Congqi Feng (Graduate Student Member, IEEE) re-
ceived the B.S. degree in electrical engineering from
China University of Mining and Technology, Xuzhou,
China, in 2020. He is currently working toward the
Ph.D. degree in electrical engineering with the Col-
lege of Electrical and Information Engineering, Hu-
nan University, Changsha, China.

His current research interests include advanced
control of permanent magnet synchronous motor
drive.

Xuan Wu was born in Hunan, China, in 1983. He
received the M.S. and Ph.D. degrees in automation
from the College of Electrical and Information Engi-
neering, Hunan University, Changsha, China, in 2011
and 2016, respectively.

From 2016 to 2019, he was a Postdoc with the
College of Electrical and Information Engineering,
Hunan University, where he is currently an Associate
Professor. His research interests include permanent
magnet synchronous motor drives and position sen-
sorless control of ac motors.

Shoudao Huang (Senior Member, IEEE) received
the B.E. and Ph.D. degrees in electrical engineering
from Hunan University, Changsha, China, in 1982
and 2003, respectively.

He is currently a Professor with the College of
Electrical and Information Engineering, Hunan Uni-
versity. His research interests include motor drives,
power electronics, and control systems.


https://dx.doi.org/10.1109/TPEL.2023.3260647


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


