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Abstract: In this study, a novel modular three-phase permanent magnet synchronous motor (PMSM)
is proposed for low-voltage high power applications. The proposed modular three-phase PMSM has
an independent segregated three-phase winding configuration, facilitating the implementation of the
control algorithm. Firstly, on the basis of the electromagnetic properties, the mathematical model of
the modular three-phase PMSM is established, considering the asymmetrical mutual inductances
investigated by finite element analysis (FEA). Then, the predictive torque control (PTC) method
combining the inductance characteristics of modular three-phase PMSM is developed, and excellent
performance is obtained by adjusting the stator flux and torque. Finally, simulation and experiment
are performed, and the results show that the proposed novel modular three-phase PMSM with
the PTC method exhibits excellent control performance, and small stator current total harmonic
distortion (THD).

Keywords: modular three-phase permanent magnet synchronous motor (PMSM), finite element
analysis; predictive torque control; mutual inductances

1. Introduction

The permanent magnet synchronous motor (PMSM) has been paid more and more attention
in industrial applications owing to advantages such as high power/torque density, high efficiency,
and its flux-weakening property [1,2]. With the increase of power level, a three-phase PMSM based on
a single voltage source inverter (VSI) cannot supply power for high-power traction applications [3].
To meet the requirements of higher power traction, the most straightforward method proposed is to
employ a multi-converter system structure either in series or in parallel [4,5]. However, the three-phase
winding currents of PMSM fed by multi-converters are still too high to generate the rated power.

In general, the multi-three-phase PMSM increases the number of phases by keeping the input
voltage and output power the same, which can dramatically decrease the current stress level in power
devices [6-8]. Therefore, the multi-three-phase PMSM has been considered a feasible alternative for
low-voltage large power applications, and has attracted more and more attention in recent years.
The implementation of the multi-three-phase PMSM control strategy usually depends on the multiple
d-q modeling method or the vector space decomposition modeling method [9-11]. Because the stator
windings of the multi-three-phase PMSM are overlapped, cross-coupled fields are formed among the
multiple winding sets. Therefore, no matter which modeling approach is employed, a customized
controller is needed, which will lead to a significant increase in cost and design time.
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To facilitate the implementation of the control algorithm of the multi-three-phase PMSM,
the modular three-phase PMSM with a novel and untraditional stator winding arrangement has
attracted the attention of scholars [12-21]. The merit of the stator winding placement is that the mutual
couplings among the multi-three-phase winding sets are negligible. Each winding set can be fed by
a conventional three-phase VSI, as depicted in Figure 1. In [12-15], a novel PMSM with different
winding configurations and displacements were studied, offering a good alternative for high-power
traction application owing to higher average torque and lower torque ripple. In[19], a general modeling
method for a triple three-phase permanent magnet assisted synchronous reluctance machine with
segregated winding sets was proposed, offering excellent flexibility for fault monitoring performance
evaluation, fault detection, and post fault control. In [20], a multi-segment PMSM drive system with
phase-shift pulse width modulation (PWM)was presented, which can meet the requirements of lower
torque ripple, vibration, and noise. Furthermore, the circulating current between the two VSIs can
be avoided with this winding configuration. In [21], a dual three-phase PMSM topology fed by two
T-type neutral point clamped inverters was proposed for low-voltage and high-power applications,
realizing the decoupling of PWM control and dc-link capacitor voltage balance control.
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three-modular three-phase PMSM

Figure 1. Drive topology of the modular three-phase permanent magnet synchronous motor
(PMSM) structure.

In [12-21], the asymmetrical mutual inductances of each motor unit caused by the segregated
winding configuration are not considered when the mathematical model of modular three-phase
PMSM is established, which can dramatically affect the static and dynamic characteristics. In addition,
the modular three-phase PMSM in the actual operation process is a nonlinear system with parameter
variation and uncertain disturbance. However, the parameter settings of the proportional-integral (PI)
controllers only correspond to some specific working range. Thus, this causes problems with controllers
when the working state of the motor changes [22]. It is difficult to gain a better dynamic control
performance using field-oriented control (FOC) with independent regulation of d-q axis currents with
PI controllers in the whole operating range. The predictive torque control (PTC) becomes more and
more attractive in the PMSM control due to its excellent transient response characteristics and accurate
reference current tracking [23,24].

Therefore, in this paper, a novel modular three-phase PMSM with the PTC method concerning
the asymmetrical mutual inductances is proposed. The main contributions of this paper are threefold:

1.  Compared with the traditional multiphase machine, the modular three-phase PMSM with the
unconventional stator winding placement has the advantages of simpler structure, low cost,
and facilitating the control method implementation.

2. The mathematical model considering the asymmetrical mutual inductances of the modular
three-phase PMSM is established to provide a more accurate torque control.

3. The simulation results show that the torque ripple is lower than that achieved with the PI method
and the experimental results show that the proposed machine with the PTC method can obtain
a small stator current total harmonic distortion (THD).

This paper is organized as follows: the characteristic analysis of the modular three-phase PMSM is
described in Section 2. The mathematical model of the proposed machine, considering the asymmetrical
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mutual inductances, is presented in Section 3. The PTC control of the modular three-phase PMSM is
are analyzed in Section 4. In Section 5, the prototype motor is manufactured and tested to verify the
validity of the proposed PTC and motors. Finally, conclusions are drawn in Section 6.

2. The Characteristic Analysis of the Modular Three-Phase PMSM

2.1. Topology Winding Configuration of the Modular Three-Phase PMSM

The proposed modular machine with an unconventional winding placement consists of N sets
of segregated motor units (A; B; C;, wherei = 1,2 ... N), sharing one set of the permanent magnet
(PM) rotor. Each motor unit has the same electromagnetic characteristics, and thus the total power and
torque are evenly divided by the N sets of motor units. Taking the triple module three-phase PMSM
and symmetrical 9-phase PMSM as an example, the structure diagrams are given in Figure 2, and the
winding alternatives and phasor diagrams are depicted in Figure 3. In the case of the symmetrical
9-phase PMSM, the distributed windings of different sets are overlapped and contacted together,
as shown in Figure 2a or Figure 3a. As a result, a strong cross-coupling magnetic field needing
full-coupling compensation would exist among three-phase winding sets. Alternatively, the traditional
overlapped windings are wound into three discrete segments along the circumference of the stator
core without any penalties or additional cost, so there is no physical contact among winding sets,
as depicted in Figure 2b or Figure 3b.

PMSM Unit 1

Stator core A _ Winding Modular

three-Phase
inding

Dovetail tenon

Stator core

PM
Rotor core

i
NN <

T
17\
L

Figure 3. Structure diagrams: (a) symmetrical 9-phase PMSM, (b) modular three-phase PMSM.
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As stated in [12-21], if the three-phase winding of the motor unit does not share any slot with the
other motor units, the mutual inductances among the three motor units can be negligible, realizing
independent control of each winding set and dramatically reducing the difficulty of controller design.
The neutral points of different three-phase winding sets are isolated from each other. Thus, each isolated
three-phase winding set can be driven by a well-consolidated two-level VSI, which is prone to facilitate
extremely fast integration and cost reduction. In the event of a fault in one part of the stator winding sets,
the faulty winding could be cut off and isolated from VSI by the controller owing to the configuration
of the separated windings. In addition, the other healthy winding sets are capable of uninterrupted
operation to deliver torque or power without any sophisticated control algorithm.

2.2. Finite Element Analysis (FEA) of Modular Three-Phase PMSM

In this section, a triple module three-phase PMSM model with a 54-slot, 6-pole combination,
and surface-mounted PM rotor is established. The main unit motor parameters are given in Table 1,
featured by a single-layer winding with the segregated coils. The Ansys/Maxwell package software
was used to obtain the results presented in the paper.

Table 1. Main Parameters of Unit Motor.

Parameter Value Parameter Value
Rated power 53 kW Rotor flux 0.799 Wb
Rated speed 800 r/min Stator resistance 0.02 O)
Rated current 130 A d axis inductance 2.5 mH
Stator outer diameter 600 mm q axis inductance 4.1 mH
Stator stack length 1500 mm Type of magnet Br=12T,u,=1.05

The two figures in Figure 4 are in a no-load condition. The figure on the left shows the magnetic
density of the machine. As can be seen from the figure, no saturation can be observed, and the stator
tooth has the maximum magnetic density (1.42 T), which is suitable for most working conditions.
The figure on the right shows the distribution of magnetic force lines of the machine. It can be seen
that the magnetic line distribution repeats three times along the stator circumference.
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The no-load back electromotive force waveform of the triple module three-phase PMSM at
800 r/min is depicted in Figure 5. The phase shifts among multiple winding sets can be distinctly
seen from the FEA analytical results. In the triple module three-phase PMSM, the angle differences
among A;, B;, and C; (i = 1,2,3) are 120 electrical degrees, the angle differences among A; (i = 1,2,3) are
0 electrical degrees, which is entirely in agreement with the analysis of Figure 3b. The amplitude of the
no-load back electromotive force voltage of each motor unit is almost the same (185 V) with lower
harmonic content (5.1%).

Figure 4. Flux contour.
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Figure 5. Back electromotive force waveform.

The on-load analysis of the proposed triple module three-phase PMSM is also investigated.
As seen in Figure 6, the output torque of each motor unit is the same. In addition, the output torques
of motor units 1 and 2 are equal to that of the motor units 1 and 3, and all of them are twice the output
torque of motor unit 1. The total output torque generated by the modular three-phase PMSM is the
sum of each motor unit. In other words, each motor unit of the triple module three-phase PMSM has
a good independence and superposition characteristic. In addition, the torque ripple factor is defined
as the ratio of peak-to-peak torque value to average torque value. The torque ripple factors of unit
motor and triple module three-phase PMSM are 13.4% and 6.3%.
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Figure 6. Output torque variation.

Figure 7 represents the flux lines distribution of the triple module three-phase PMSM when phase
Al is supplied by 100 A, and A2 and A3 are under no-load condition. As can be seen in Figure 7,
there is weak cross-coupling flux among the phases Al, A2, and A3, respectively. The FEA results
show that the self-inductance of the phase Al is 5.1 mH, and the mutual-inductance of the phases
Al and A2 is the same as that of Al and A3 (0.25 mH), only 4.9% of self-inductance. It means that
with this configuration, the cross-coupling effects among triple three-phase winding sets are negligible
and significantly less than that of the self-inductance of each phase winding. The winding sets of the
three-segment motors fed independently are merely combined in the electromagnetic torque, which is

the foundation of the control strategy.
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Figure 7. Armature reaction of phase Al.

2.3. Winding Inductance Characteristices of Modular Three-Phase PMSM

The inductances are basic parameters for the modular three-phase PMSM, dramatically affecting
the dynamic behavior and performance. In addition, the accuracy of the mathematical model of
inductance is crucial for the PTC control strategy. Hence, the more accurate incremental inductance
method based on the FEA is used to investigate the inductance characteristics of the proposed modular
three-phase PMSM.

The flux linkage produced by the unit current can be calculated by subtracting the PM flux linkage
from the flux linkage generated by the unit current of the coil 1 and the PM flux linkage, as exhibited
in Figure 8. According to the definition of incremental inductance, the self-inductance of the coil 1 can
be calculated by dividing the flux arising from the unit current by the winding current. The specific
calculation formula in an abc three-phase stationary coordinate system can be written as follows

Lll — 1/)1;%
M21 — ¢2;¢0

@
where Lq; is the self-inductance of the coil 1, i is the flux linkage of coil 1 produced by PM, I is the
unit current, 1 is the flux linkage of coil 1 arising from the unit current and PM, 1), is the flux linkage
of coil 2, and Mp; is the mutual inductance between coil 1 and coil 2. Obviously, the self-inductance
of coil 1 depends not only on the current level but also on the rotor position, which is influenced
by the saturation effect due to magnets and armature currents. Under the condition of zero current,
the permeability of the stator core changes linearly. The permeability of the stator core changes linearly,
and the inductance value is almost constant. When a small current is applied to coil 1, the inductance
can be calculated according to Equation (1). The inductance value can be approximate to that at 0
current moment.

Eventually, by applying (1) to the armature reaction flux linkage, the self-inductance and mutual
inductance of phase Al can be acquired. The self-inductances and mutual inductances of the triple
module three-phase PMSM generated by the phase A1l (I, = 100 A) can be obtained, as illustrated
in Figure 9. The self-inductance of phase Al is most significant, followed by the mutual inductances
Laici and Lagp;. Although phase B3 is also adjacent to phase Al, it belongs to the different motor
units. As stated in [19], the magnetic couplings among three winding sets become very low (0.4 mH),
which can be negligible.
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Figure 8. Flux linkage: (a) permanent magnet (PM) flux linkage, (b) combined flux linkage (A1 current
Lnax = 100 A).
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Figure 9. Self and mutual inductance of phase Al.

The inductance characteristics of motor unit 1 are depicted in Figure 10. As shown in Figure 10,
both the self-inductances and mutual inductances are quite sinusoidal with twice the frequency of the
flux linkage. The amplitudes of the self-inductances of the three-phase winding set of motor unit 1 are
the same with an angle difference of 60 electrical degrees, which is identical to conventional three-phase
PMSM. Meanwhile, the amplitudes of the mutual inductance Lcia1 and Lpicg are 2.8 mH and Lpia1 is
0.55 mH. It is remarkable that the average values of the mutual inductances Lc1a1 and Lgicy are much
bigger than that of the mutual inductance Lg; o1, which is somewhat different from the conventional
three-phase PMSM. The reason is that each motor unit only occupies one sector of the whole stator
core, and the three-phase winding set is evenly distributed along the stator core circumference.
The three-phase windings are asymmetrical in spatial position. Thus, the spatial angle difference of
phases Al and Cl1 is equal to that of phases B1 and C1, and is half of phases Al and B1, which will
inevitably lead to inconsistent mutual inductances of three-phase windings in each motor unit.



Energies 2020, 13, 5606 8 of 20

=)

BN S S JES S .
5 s e ,,f‘ff: P i —,?,,’,,‘,,',, AL ,,,’f‘,‘,,,, ‘,-,,',f

.. s &;._f‘t R S — “ '.

ES
T

,,,,,,,,,,,,,,,,,,,,,,,,,,, 37:,,A!A!?,?!,‘?TH@Y@,,,,,,,,,,,,,,,

LB]B]’ 5. 14mH(Avg)
ClCl’ 5. 14mH(Avg)

[ ]
T

§“LB1A1, 0. 55mH(Avg)

1
(]
T

Self-inductance &mutual inductance(mH)

IN =3
T

I~

]

9

l:-)

oe

N

=

=

>

&

1 . 1 L 1 L 1 i
1.0 1.5 2.0 2.5
Time(ms)

_ca\
=]
[
9]

Figure 10. Inductance of motor unit 1.

Besides, the inductance characteristics of motor unit 1 versus the current (I,4¢) of phase Al are
shown in Figure 11. The unsaturated self-inductance L1 increases for the overall trend as phase Al
current increases from 0 to 200 A, though it changes nonlinearly. Nevertheless, the magnetic circuits
of the proposed machine become oversaturated with a further increase of the current, resulting in
a significant decrease in Laja1. From the Figure 11, it can be known that both Lcia1 and Lpjcy of
motor unit 1 vary little with the increased current amplitude. The mutual inductance Lgja; is less
sensitive to the current compared with Lcia1 and Lpicy, since the mutual inductances Lgja; keeps
almost unchanged.
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Figure 11. Inductances of motor 1 versus the current I;;y.

In order to quantitatively study the inductance characteristics of the triple module three-phase
PMSM, the fast Fourier transformation analysis of Laia1, Laici, Leici, and Laip; is employed and
depicted in Figure 12. As can be seen, the 2nd harmonic is most abundant, followed by the 4th
harmonic. Compared with the 2nd harmonic component, the 4th harmonic and other higher harmonics
can be ignored. The critical values, such as the dc components and the 2nd harmonics magnitudes,
are given in Table 2. It shows that the dc component of La1p; is considerably lower than Ljc; and
Lp1c1, which is much different from the conventional three-phase PMSM.
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Table 2. Inductance Characteristics of Phase 1.

Parameter Dc Component The 2nd Harmonic (Peak)
LAlAl 5.14 mH 0.43 mH
Laic1 2.81 mH 0.31 mH
LBlCl 2.81 mH 0.31 mH
LAlBl 0.55 mH 0.14 mH

Similarly, the influence caused by the inconsistent mutual inductances of each unit motor on the

d-q axis inductances L, and L, is also analyzed. In general, the L; and L; of the motor unit can be
calculated as follows

L(d,q,0) = P+L(a,b,c)* P 2)

where P is the well-known Park-transformation matrix.

According to (2), the inductance characteristics of the d-axis and g-axis over one electrical cycle are
shown in Figure 13. The fluctuation frequencies of the L; and L, are equal to that of the self-inductances.
The average values of the L; and L, are 2.5 mH and 4.1 mH, respectively. It can be known that the
average value of L, is higher than that of L;, even if the rotor adopts the surface-mounted PM structure.
In this case, the salient effect will exist in each motor unit with the proposed winding configuration
caused by the inconsistent mutual inductances. This feature is distinctive and unavoidable for the
proposed machine, which should be considered in establishing accurate mathematical modeling for
the modular three-phase PMSM. In addition, different from the three-phase and multi-phase PMSMs,
the inductance difference value between L; and Ly (i.e., Ls-L,) varies sinusoidally. This phenomenon
results in the periodic change of reluctance torque, which is not conducive to reducing torque ripple,
which is needed to optimize motor design and improve control strategy.

Figure 14 depicts that the d-q axis inductances of motor unit 1 with different phase current
conditions varied from 0 to 400 A. Additionally, the inductance difference between L, and L; is also
investigated. As can be seen, the inductance L; increases then turn to decrease with the increased
current amplitude, but the inductance L, decreases gradually as the current increases. Ly-L, is a positive
value as the phase current below 263 A and then is negative with the further growth of the phase current,
which is much different from conventional three-phase PMSM. It means that the modular three-phase
PMSM can run with a positive d-axis current (i;), which is beneficial to realize the flux-intensifying
effect and reduce the demagnetization risk of the module three-phase PMSM under the high current
amplitude condition or the condition that the motor frequently starts [25,26].
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Figure 13. d-q axis inductances with rotor position.
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Figure 14. d-q inductances with the current I;yy.
3. Mathematical Model of Modular Three-Phase PMSM
3.1. Topology Winding Inductance Mathematical Model
A 3Nth-order inductance matrix for the modular three-phase PMSM can be described as
Laiaj LaBj Laicj

ij=| Lsiaj LsiBj Lsicj 3)
Lciaj Lesj  Leicj

L

When i =j, the L;; is the inductance matrix of ith motor unit, as expressed in the three-phase counterpart.

When i # j, the mutual inductance matrix between each motor unit is negligible and can be ignored,
which means L; j = 0.
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In the case of only considering the dc and second-harmonic component, the mathematical
expressions of the inductances of each motor unit can be expressed as

Laiai = Lso + Ls2 cos(20)
Lpigi = Lsop + Lsp cos 2(6 — 27t /3)

(4)
Leici = Lso + Lsa cos 2(0 + 21/3)
i=1,2,3
Lpici = Lcipi = —Lsoo + Ls20 cos(20)
Lpiai = Laisi = —Lsoo + Lsoo cos2(0 —27/3) )

Laisi = Lpiai = —Lso1 + Ls21 c0s2(0 +27/3)
i=1,23

where Ly and Lgj are the 2nd harmonic and dc component of the self-inductances. Lggg and Lgyg are
the dc component and second-harmonic of the two adjacent phases of each motor unit (i.e., the phases
A-C and B-C). Lyp; and Lg; are the dc component and second-harmonic of the two alternate phases of
each motor unit (i.e., the phase A-B).

3.2. Mathematical Equation of Modular Three-Phase PMSM

As mentioned above, the mutual inductances among the modular winding sets are negligible,
enabling independent control. Thus, the proposed machine can be modeled as multiple segregated
three-phase PMSMs, reducing the mathematical model complexity. Thus, the d-q axis model of
the proposed machine in the synchronous rotor reference frame can be expressed by the traditional
three-phase PMSM [14,20,21]. In this case, the d-q axis voltage transformation of each three-phase
winding set can be expressed as

[ Haj ] of cos0 cos(O0-F)  cos(O+F) | M (6)
Uyj 3| —sing - sin(6 — 2?") —sin(6 + %”) g

where 1, up;, u¢j and ugj-ug; represent the three-phase windings and d-q axis voltages of the jth motor
unit. When the d-q transformation is applied to the proposed machine, the voltage and flux equation
can be written as

Uugj | _ of i i[ lde] w[_%j]
| 1y ] R[iw']*_df N I T 7
e e BN
[ g 0o L |liy ] "0 ®

where ij; and ij; are the d-q axis currents, R is the stator resistance, L; and L are the d-q axis inductance,
w, is the electric angular velocity, and 1), is the PM flux linkage. By substituting (8) into (7), the following
equations are easy to obtain:

dldj R . Lq . 1

AT LM T T Welgj T dj ©)
Gigj _ Ry Lo i Wrooo 1,

dt — TLja) T LWetdj T L, %e T L Maj

As is stated above, the torque generated by the proposed machine will be the algebraic sum of
the torque generated by each three-phase motor unit sharing the common rotor. Thus, the resultant
electromagnetic torque equation of the modular three-phase PMSM can be written as
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3np a . ..
T, = T]_Zl (ll)rlq]‘—‘r(Ld —Lq)ld]‘lq]‘) (10)

Similarly, the mechanical dynamic model of the proposed machine can be written as

J dwe

T.-T; =
em L ny dt

(11)
where 1, is the pole of pairs, | is the moment of inertia, T, is the electromagnetic torque, and T}, is the
load torque.

4. PTC of Modular Three-Phase PMSM

Taking the six-module three-phase PMSM as an example, as shown in Figure 15, the six
stator winding coils of the six-module three-phase PMSM are connected to six VSIs in parallel.
Each three-phase winding set is fed independently by a VSI. The behavior of each set of VSIs is identical
with the traditional three-phase counterpart, and the behaviors of the six VSIs are identical. Therefore,
the control of a VSI can realize the operation of the six-module three-phase PMSM. The control block
diagram of the six-module three-phase PMSM system with the PTC method is described in Figure 15a.
The stator flux and torque prediction control unit are based on Equations (13)-(16). Then, the detected
d-q axis current is input to the state flux and torque prediction control unit. The predicted values
of the torque and flux of the machine are input the cost function. The cost function is based on the
algorithm proposed in this paper to send out the PWM modulation signal to realize the control of
the module three-phase PMSM. Besides, the six-module three-phase PMSM system with the double
closed-loop vector control system, which adopts the maximum torque current per ampere (MPTA),
is shown in Figure 15b.

Pulse
Gen.

k)T k+D)

Stator flux and
Torque Prediction

iM(k& i, (k)
g VCEE

ar]

ref|  cost function =

(a) (b)

Figure 15. Structural diagram of the six modular three-phase PMSM: (a) with the predictive torque
control (PTC) method, (b) with the proportional-integral (PI).

To realize the predicted stator flux and the predicted torque track their reference values accurately,
the cost function can be given by

g =ky

9l - e+ 1)+

T = T, (k+1)| (12)

where Te”f is the torque reference and the gbs’ef is the flux linkage reference; T.(k + 1) is the predicted
torque, Ps(k + 1) is the predicted flux linkage; and k;, is a weighting factor.
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The T; is the sampling period and is short enough. The prediction equation of torque and stator
flux of the proposed machine can be expressed as

Yok +1) =\l (k+ 1) + g2 (k+1)
s N (13)
To(k+1) = le[wriqj(k+ 1)+(Lg = Ly )iaj(k + 1)igj(k +1)]
=

where 14i(k + 1) and 1,(k + 1) are the d-g axis predicted stator flux linkage value; and i4(k + 1) and
igi(k + 1) are the d-axis and g-axis predicted current value.
According to (9), the discrete state equation of the modular three-phase PMSM can be expressed as

. . L .
igj(k+1) = £ Tougj(k) = (£ Ts = V)igj (k) + 22 Tswe (k)igj (k)

. . L .
ii(k+1) = quTsqu(k) - (f—qu = 1)igj (k) = 22 Tswe (K)igj (k) - Ll—qullJra)g(k)

(14)

where uy;(k + 1) and ugj(k + 1) are the d-q axis predicted stator voltage. According to (14), the stator
flux prediction equation of the modular three-phase PMSM can be obtained as

Yaj(k+1) = Taugi (k) + (1= RT)gi(k) + Tewe(K)gi(K) + KT,

R (15)
Ygj(k+1) = Tsugj(k) + (1= - Ts) g (k) = Tswe (k) ¢g; (k)

The relationship between stator flux and torque reference can be estimated with the MPTA control

strategy [23,24].
ref 2
TE
ZEf - \Hbﬁ + 1#% = || @)’ + (Lg- 3NnP’1[} ) i
2 r

Taking the six-module three-phase PMSM as an example, the control system simulation model
is built up using the MATLAB/Simulink, as shown in Figure 16. There is no original mathematical
model of the prototype in Matlab/Simulink, so the mathematical model of the proposed machine must
be built to verify the effectiveness and control algorithm. The six-module three-phase PMSM model
is built based on the Equations (7)—(11), and the model of the controller is established by Equations
(12)—(16). The overall control block diagram and the mathematical model of a motor established in
Matlab/Simulink are shown in Figure 16. The validity of the proposed control approach is verified by
the simulation analysis results. The main parameters of the unit motor used in the MATLAB/Simulink
are listed in Table 3. The 5000 is the weight factor of the control approach, the sampling frequency
is set to 10 kHz, and the IGBT switching frequency is 5 kHz. The proportion coefficient and integral
coefficient of the PI speed controller are 8000 and 0.5, respectively. When the PI control strategy is
adopted, the proportion coefficient and integral coefficient of the PI double current loop are 0.26 and
65.7. At this time, the output torque ripple of the proposed machine is minimum.
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<<f

Figure 16. The Matlab/Simulink model of the modular machine and of the control system.

Table 3. Main Parameters of Three-phase permanent magnet synchronous motor (PMSM) unit.

Parameter Value Parameter Value
Rated power 20 kW Rotor flux 0.058 Wb
Rated voltage 380V Stator resistance 0.07 Q)
Rated speed 600 r/min d inductance 0.51mH
DC bus voltage 250V q inductance 0.85 mH
Pole pairs 2 - -

5. Experimental Results and Analysis

The control performances of the six-module three-phase PMSM by using the proposed PTC
method are depicted in Figures 17-19. At 0 s, the speed and torque reference are respectively set as
600 rpm and 8000 Nm. At 0.35 s, the load torque of the six-module three-phase PMSM suddenly steps
to 1000 Nm. The load torque steps to 1600 Nm at 0.8 s, then back to 1000 Nm at 1.2 s. The simulation
analysis results of the torque and phase current of the six-module three-phase PMSM are depicted in
Figure 17. The Figure 17a shows the PTC control algorithm proposed in this paper can well follow the
change of load torque. It is seen that the peak-to-peak torque ripple of the six-module three-phase
PMSM is about +£200 Nm and the peak-to-peak torque ripple with the PI controller is about +300 Nm,
as shown in Figure 17b, which means the torque ripple mainly caused by the asymmetrical mutual
inductances can be dramatically reduced by using the proposed PTC method. The simulation analysis
results of the «-f3 stator flux linkage of the six-module three-phase PMSM is depicted in Figure 18.



Energies 2020, 13, 5606 15 of 20

It shows that the predicted value of the «-f3 stator flux linkage can accurately track the reference value.
The tracking error of «-3 stator flux linkage are +0.01 Wb, and the fluctuation range of the o-f3 stator
flux linkage is from 0.8 Wb to 0.83 Wb. The simulation results of the three-dimensional rotor flux
trajectories of the six-module three-phase PMSM, as shown in Figure 19. It shows a small «-f3 stator
flux linkage track error between the predicted flux linkage and the reference value.

m)]

8000

6000/ £
400 0.9 1 11 E f:

4000} S E
6 s I s

o000l 2w [E4087 i 3 | £

0]

Phase current[A]& Torque[N.m]

190052 04 06 08 1 12 14 1.6

Time[s]

(a) (b)

Figure 17. The current and torque: (a) with proposed PTC, (b) with PI.
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Figure 18. «-f3 stator flux linkage.
Response flux linkage Flux linkage error
Reference flux linkage
1.5
E
5}
£
= 0.5
0
2
w [Wb] 2 -2 [Wb]
B Waj

Figure 19. Three-dimensional view of the rotor flux trajectories.
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Figure 20 presents the frequency spectra of the stator current of the unit motor of the six-module
three-phase PMSM and unit motor. It is seen from Figure 20 that the fundamental value of the
unit motor is 74.44 A. The THD of the unit motor of the six-module three-phase PMSM is 2.82%.
The above simulation analysis shows that the six module three-phase PMSM can achieve perfect
control performance and lower harmonic content with the proposed PTC method.

Fundamental (24Hz) = 74.44 , THD= 2.82%

FFT window: 3 of 38.4 cycles of selected signal
100 |

1905 11 115
Time (s)

O =~ N W & O

Mag (% of Fundamental)

|I| il I i Lo
0 200 400 600 800 1000
Frequency (Hz)

Figure 20. The frequency spectra of stator current i, at 1600 Nm of the motor unit.

Furthermore, in order to further verify the feasibility of the proposed control method of the six-
module three-phase PMSM, a test prototype was made, as shown in Figure 21. Each unit motor had 4
poles and 24 slots. In order to further reduce the magnetic coupling between each unit motor, magnetic
isolation material was used between each unit motor. The main parameters of the unit motor are listed
in Table 3, and an experimental platform was set up and described in Figure 22. It mainly included:
one six-module three-phase PMSM, A DC load motor, a load motor control cabinet, 6 integrated power
module-based converters, a real-time monitoring display, and so on. The DSP28335 was selected as
the main control chip, the torque sensor was HBM T20WN, and the current sensor was Tek A622
current clamp.

isolation pnpS

Figure 21. Schematic diagram of the prototype structure and the physical drawing of the prototype.



Energies 2020, 13, 5606 17 of 20

1f6*three- phase™
_ ! PMSM
PWM Convditer .| &
)

Converter . Load Load motor

motor control cabine

Figure 22. 6*three-phase PMSM experimental platform.

High-frequency voltage impulse method was used to obtain the values of d-q axis inductances of
the prototype. The Figure 23 is the inductance waveform of the dq axis tested in practice. In the case of
the rated load, the measured L; (0.38 mH) is smaller than the L; (0.51 mH) obtained by FEA, and the
measured L, (0.91 mH) is bigger than the L, (0.85 mH) obtained by FEA.

C) (b)

Figure 23. Measured dq axis inductance: (a) Ly, (b) Lg.

Figure 24a shows the experimental results of the phase current and torque of the unit motor.
The experimental analysis results of the phase current and torque of the unit motor of six-module
three-phase PMSM are given in Figure 24a. The experimental results show that the unit motor can
achieve an excellent stator current and work well in dynamic conditions, in terms of load torque changes.
The response speed of the system is very fast by using the proposed PTC method. The experimental
analysis results of the «-f3 stator flux linkage of the unit motor of six-module three-phase PMSM are
illustrated in Figure 24b. The predicted flux linkage value of the unit motor of six module three-phase
PMSM can accurately track its reference value, which is shown in Figure 24b. Figure 25 shows the
current waveforms of the unit motor with the PTC method in the paper. According to the test results,
the THD of the six-module three-phase PMSM with the PTC method proposed in the paper is 3.1%
with low harmonic content.



Energies 2020, 13, 5606 18 of 20

[
T s i

[

et T e \@/\/
T TR

U] WWWWWW‘\WNFNWUWWWWH
[400.0a] YR PEERREE [1.0Wb] Vo ® v
la‘
j[100.0ms/div] [100.0ms/div]
(a) (b)

Figure 24. Experimental results: (a) current and torque, (b) «-f3 stator flux linkage.
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Figure 25. Current waveform with proposed PTC method.
6. Conclusions

In view of the disadvantages of conventional multi-three-phase PMSM drive systems, such as
complex structure, custom, and expensive converters, a novel modular three-phase PMSM with PTC
method control strategy has been proposed in this paper. This novel machine is composed of N
sets of three-phase PMSM units with the same electromagnetic characteristics. Each motor unit has
the advantages of good electrical/magnetic isolation, simple structure, and easy control. The study
also found that the salient effect will exist in each motor unit caused by the inconsistent mutual
inductances of three phase windings, even if the machine adopts the surface-mounted PM rotor
structure. This feature is distinctive and unavoidable for the machine with the segregated winding
configuration and should be considered in establishing accurate mathematical modeling for modular
three-phase PMSM. Moreover, the simulation results show that the torque ripple achieved is lower
than that obtained with the PI method, and the experimental results show that a small current THD
can be achieved.
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