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Abstract: High power density energy storage permanent magnet (PM) motor is an important energy
storage module in flywheel energy storage system for urban rail transit. To expand the application
of the PM motor in the field of urban rail transit, a predictive power control (PPC) strategy for the
N*3-phase PM energy storage motor is proposed in this paper. Firstly, the output characteristics of
the N*3-phase PM energy storage motor are analyzed by using the finite element method, and the
mathematical model of the N*3-phase PM energy storage motor is established. Then, the topological
structure and operation principle of N*3-phase PM energy storage motor system is illustrated.
Furthermore, the N*3-phase PM energy storage motor system driven by six parallel voltage source
inverters (VSIs) is proposed to generate the required power. Finally, a novel predictive direct
power control method is developed for the N*3-phase PM energy storage motor. The feasibility and
effectively of the proposed PPC method are verified by experiment and simulation. Comprehensive
simulation and experimental results both show that the proposed PPC method can obtain the lower
torque/stator flux ripple, smaller values of THD of stator winding currents, and zero error tracking of
stator winding flux.

Keywords: N*3-phase PM energy storage motor; predictive power control; urban rail transit

1. Introduction

Urban public transport is the lifeblood of urban economic life and an important infrastructure
related to national economy and social stability. As an efficient, safe, and environmentally friendly
new means of transportation, urban rail transit has gradually become the mainstream of urban public
transport development [1,2]. The research on the regenerative energy storage technology of train
braking is not only of great significance to the safe and stable operation of urban rail transit, but also of
great value in energy conservation and sustainable development. Flywheel energy storage technology
has the advantages of high power density, fast response speed and green environmental protection [3].
It has unique advantages in stabilizing the traction grid voltage and improving the regenerative
energy recovery of train braking. It is especially suitable for urban rail transit braking energy storage
power generation.

Permanent magnet (PM) motor has become the most commonly used and ideal type of energy
storage motor in flywheel energy storage system due to its high power density, high operating
efficiency and good dynamic and static performance [4,5]. To break through the capacity limitation
of a single power electronic converter, the flywheel energy storage system usually uses multiple
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sets of multi-phase PM motor as the main generator. Multi-phase PM motor has two significant
advantages: First, the amplitude of electromagnetic torque ripple is reduced with the increase of
motor phase number [6,7]. Second, the short-circuit and open circuit faults of the multi-phase PM
motor drive system can be collectively referred to as motor phase failure through fault isolation [8,9].
The multi-phase PM motor can run smoothly under the phase failure and has strong fault tolerance
and reliability [10]. Therefore, in the field of urban rail transit with higher and stricter reliability
requirements, the novel N*3-phase PM energy storage motor with strong fault tolerance and high
reliability has more advantages than the conventional three-phase PM motor.

A great deal of the literature reported and described different multi-phase PM motor topology,
modeling and design methods, and control technology. In [11], a novel multi-phase PM motor design
with a dual three-phase asymmetric stator winding was proposed, which can achieve the higher
torque density levels and excellent torque quality. In [12], a novel six-phase PM motor with a new
asymmetric stator ac winding scheme and placement was proposed, which can obtain a better motor
performance than conventional dual three-phase PM motors. To improve the fault tolerance of motor
drive system, a dual three-phase 12-slot 10-pole PM motor was designed in [13], which can avoid
excessive torque ripple and unbalanced radial forces in faulty operating conditions. In [14,15], a novel
modular fault-tolerant multi-phase PM motor was developed, which can solve the problem of full-load
testing a single ac PM electric machine. In [16], a new nine-phase permanent magnet synchronous
motor with consequent pole rotor was proposed for high power traction application, which can take
advantage of both simpler and cheaper construction in addition to wider flux weakening capability.
In [17], a 20-pole-24-slot surface PM synchronous motor with consequent pole rotor was proposed for
in-wheel direct drive, which can avoid all of the problematic features of the direct drive in-wheel motors.
In [18], a nine-phase PM synchronous motor drive system based on multiple three-phase voltage
source inverters was presented for an ultrahigh-speed elevator, which can ensure the fault-tolerance
capability of the ultrahigh-speed elevator system. However, the design of multi-phase PM motor
topology was only considered in [11-18].

The effective control strategy can greatly improve the performance of the N*3-phase PM energy
storage motor drive system. In the process of train braking and starting, flywheel energy storage
system uses N*3-phase PM energy storage motor as generator and motor respectively. The controller of
N*3-phase PM energy storage motor can be divided into two parts: energy storage controller and energy
release controller. The N*3-phase PM energy storage motor control system is a three-loop cascade
control structure. In the field of urban rail transit applications, fast electromagnetic torque response
is required to ensure the high dynamic performance of the entire flywheel energy storage system.
Compared with conventional PI control, predictive control method has better dynamic and steady
performance, which makes N*3-phase PM energy storage motor have excellent control performance
under the whole operating range [19-21]. In [22], a robust fault-tolerant predictive current control
method was proposed for PM synchronous motors, which can improve the robustness of the current
control loops and maintain quick dynamic response. In [23], a predictive stator flux control algorithm
was proposed for PM synchronous motor drives, which can obtain low torque ripple, low stator current
harmonics, and excellent steady-state performance. In [24], a robust nonlinear predictive current
control algorithm was developed for PM synchronous motor drives, which can optimize the current
control loop performance under model parameter perturbation. In [25], a cascaded robust fault-tolerant
predictive control strategy based on integral terminal sliding mode observer was presented for PM
synchronous motor drives, which can obtain high performance speed loop and current loop. In [22-25],
the predictive control method was aimed at three-phase PM synchronous motor, which can obtain
perfect control performance. However, there are essential differences between N*3-phase PM energy
storage motor and conventional three-phase PM synchronous motor. Therefore, the design of predictive
controller for N*3-phase PM energy storage motor is still a challenge.

In this paper, a predictive power control strategy for the N*3-phase PM energy storage
motor is proposed, which can achieve lower torque ripple and zero error tracking of stator flux.



Energies 2020, 13, 1578 30f17

The predictive control algorithm is applied to the N*3-phase PM energy storage motor for the first
time. Firstly, the output characteristics of the N*3-phase PM energy storage motor are analyzed in
detail, and the mathematical model is presented. Secondly, the operation principle and topological
structure of N*3-phase PM energy storage motor is developed. Thirdly, a novel predictive direct power
control algorithm is proposed for the N*3-phase PM energy storage motor, which can obtain excellent
power control performance.

This paper is organized as follows. The novel N*3-phase PM energy storage motor is designed in
Section 2. The topological structure of N*3-phase PM energy storage motor drive system is illustrated in
Section 3. The predictive direct power control of novel N*3-phase PM energy storage motor is proposed
in Section 4. The simulation and experimental results are given in Sections 5 and 6, respectively.
Section 7 concludes this paper.

2. The Design of Novel N*3-phase PM Energy Storage Motor

2.1. Characteristic Analysis of N*3-phase PM Energy Storage Motor

To break through the capacity limitation of single power electronic converter, the N*3-phase PM
energy storage motor is designed in this paper. The N*3-phase PM energy storage motor consists
of N three-phase PMSM units with repetitive characteristics. Taking 3*3-phase PM energy storage
motor as an example, the finite element simulation model of the motor is established by using finite
element software, and the output characteristics of the motor are obtained by finite element calculation.
The structure diagram of 3*3-phase PM energy storage motor is shown in Figure 1.
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Figure 1. The structure diagram of the 3*3-phase PM energy storage motor.

The star of slots for the 3*3-phase PM energy storage motor is illustrated in Figure 2. It should be
noted that there is no electrical and magnetic connection between the six winding segments. Figure 3
shows the no-load back electromotive force of 3*3-phase PM energy storage motor. Figure 4 shows
torque curve of 3*3-phase PM energy storage motor. The characteristics of 6*3-phase PM energy storage
motor are as follow [10]:

(1) The no-load back electromotive force (EMF) of 3*3-phase PM energy storage motor coincides
completely with sinusoidal waveform. In addition, the volt-seconds characteristic of any two voltage
source inverters (VSIs) should be the same in any sub-cycle.

(2) It can be known from Figure 5 that the three-phase motor unit 1, 2 or 3 of 3*3-phase PM energy
storage motor has the same electromagnetic torque. Therefore, the output electromagnetic torque of
3*3-phase PM energy storage motor is the sum of the output electromagnetic torque of each three-phase
PMSM unit, which satisfies the superposition characteristic of the output torque.
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Figure 2. The star of slots for 3*3-phase PM energy storage motor.
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Figure 4. Torque characteristics of 3*3-phase PM energy storage motor.
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Figure 5. Topological structure of N*3-phase PM energy storage motor system for ground rail transit.
2.2. Mathematical Model of N*3-phase PM Energy Storage Motor

According to the characteristics analysis of the N*3-phase PM energy storage motor, the d-and
g-axis voltage equations of N*3-phase PM energy storage motor can be obtained as follows [10,16]:

didj _ _Ry: : 1

T = —L—Uldj + a)eij + L—oud]- 1
digi Ry ; Yro 1 @
A T L laj T Weldj = L, We T Uy

where j stands for any unit of the motor, i;; and i;; are the d-and g-axis currents, respectively; R, and
L, are the stator resistance and stator inductance, respectively; w, is the electrical rotor speed, ¢y, is
the flux linkage of permanent magnets; u,; and u,; represent the d- and g-axis voltages of the jth
winding, respectively.

The N*3-phase PM energy storage motor is composed of three-phase SPMSM units with identical
characteristics. Therefore, the stator resistance and stator inductance of each three-phase SPMSM unit
are equal. The electromagnetic torque produced by each three-phase SPMSM unit is equal. The output
electromagnetic torque of N*3-phase PM energy storage motor is the sum of the electromagnetic torque
produced by each three-phase SPMSM unit. The electromagnetic torque produced by the N*3-phase
PM energy storage motor can be expressed as follows [16]:

N
T. = TPZ l/)rolq] 2)
j=1
The mechanical dynamic model of N*3-phase PM energy storage motor can be described as follows:
dw
T,- T, = éd—; ()

where 1, is the number of pole pairs, | is the moment of inertia; T, and T are the electromagnetic
torque and load torque of the N*3-phase PM energy storage motor, respectively.

3. Topological Structure of N*3-phase PM Energy Storage Motor Drive System

With the increasing load power of high-speed railway electric multiple units (EMUs), the total
capacity of converter is also increasing. The capacity of single power electronics converter module
cannot meet the demand of high-speed railway EMUs system. Thus, the multi-module parallel
power electronics converter energy storage system based on N*3-phase PM energy storage motor
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is proposed in this paper. Due to the limitation of flywheel safety and space of high-speed railway
EMUs, the application of flywheel energy storage technology in rail transit is limited to the ground.
The topological structure of N*3-phase PM energy storage motor system for ground rail transit is
illustrated in Figure 5. The topology consists of a back-to-back converter, and the flywheel is connected
with the converter through the N*3-phase PM energy storage motor to realize energy transfer.

The N*3-phase PM energy storage motor system can be divided into charging and discharging
working states, as shown in Figure 6. When the high-speed railway EMUs accelerates and leaving
the station, the flywheel energy storage system is charged state. N*3-phase PM energy storage motor
is used as motor (i.e., power of N*3-phase PM energy storage motor P > 0). When the high-speed
railway EMUs decelerates and brakes into the station, the flywheel energy storage system is discharged
state. The N*3-phase PM energy storage motor is used as generator (i.e., power of N*3-phase PM
energy storage motor P < 0). Through the above analysis, the charging and discharging control of
N*3-phase PM energy storage motor system is essentially the power control of N*3-phase PM energy
storage motor.

A

} Charge Power

N*3 Phase Energy Storage Motor/ Start-up Energy
Used as Motor of EMUs

P>0

»
»

Power

N*3 Phase Energy Storage Motor
Used as Generator

v Discharge Power
Figure 6. Energy recovery process of N*3-phase PM energy storage system.

4. Predictive Power Control of Novel N*3-phase PM Energy Storage Motor

4.1. Drive System Structure of N*3-phase PM Energy Storage Motor

Taking 6*3-phase PM energy storage motor as an example, the 6*3-phase PM energy storage motor
is driven by six drive units to obtain required power. The 18 stator winding wiring of 6*3-phase PM
energy storage motor are connected with six voltage source inverters (VSI) in parallel, as shown in
Figure 7. It can be seen from Figure 7 that each group of stator windings is excited independently with
three phase symmetrical voltage generated by a voltage source inverter. The volt-seconds characteristic
of any two VSIs are the same in any sub-cycle. The mathematical model and characteristic of each
motor units is identical with a regular PMSM, and all the characteristics of each motor units are
repetitive. The control of a voltage source inverter can be analogous to that of a conventional inverter.
In this paper, a novel predictive direct power control method is proposed for the N*3-phase PM energy
storage motor.
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Figure 7. Drive system structure of 6*3-phase PM energy storage motor drive.
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4.2. Predictive Power Control of Novel N*3-phase PM Energy Storage Motor

The PPC method is a discrete control algorithm based on the precise mathematical model of
N*3-phase PM energy storage motor. It is necessary to discretize the mathematical model of the
N*3-phase PM energy storage motor and then design the predictive power controller.

The general solution of voltage equations of N*3-phase PM energy storage motor can be expressed
as follows:

¢
xi(t) = eA(t_to)xj(to) + | At (Buj(t) + D)dt 4)

to
. R, 1
1qi Uy I, We i 0 0
wherex;(£) =| Y |, u;(t ]],At = 0 ,B:[ 0 ],D:[ ]
i) [ lgj ] 0= [ Ugj ) [ —We _R_,? ] 0 Ll_0 _%8’70“7
Lett, = kT, t, = (k+ 1)Ts, Ts is the sampling period. When the sampling period is short enough,
we can get:

RoTs RoT,
2Mofs
eRT ~1- Lo
_RoTs
el ~1- G ©

cos(weTs) ~ 1
sin(weTs) = weTs

Thus, according to (1), the discrete state equation of the N*3-phase PM energy storage motor can
be obtained as follows:

ugj(k) = %—Zidj(k—l— 1) + (Ro - %—Z)idj(k) — Lowe (k)igj (k) ©)
gj(k) = Rigi(k+1) + (Ro — 7 )igj (k) + Lowe (K)igj (k) + Prowe (k)
The power discrete expression of N*3-phase PM energy storage motor can be expressed as:
P(k) = Te(k)we (k) )

According to (7), it is known that the purpose of PPC method is to control the motor’s torque.
To minimize the absolute error between the predicted stator flux and torque values with its reference
values, the cost function is defined as:

T T, (k+1) 8)

g = kylphT = g+ 1)) +

where ky, is a weighting factor; T;ef and 1/)261( are the torque reference value and flux linkage reference
value, respectively; T.(k + 1) and 15 (k + 1) are the predicted torque value and predicted flux linkage
value, respectively.

If the PPC sampling period T is short enough, the discrete form of N*3-phase PM energy storage
motor can be modeled by the first-order Taylor expansion. The torque and stator flux prediction
equation of N*3-phase PM energy storage motor can be expressed as:

Pe(k+1) \/4’,1 (k+1) +y2(k+1)

9
T,(k+1) = z [lpmzw (k+1)] ®

where V;(k + 1) and ¢;;(k + 1) are the d-and g-axis stator flux components, respectively; iy;(k + 1) is
the g-axis current response.

According to (2) and (6), the torque prediction equation of N*3-phase PM energy storage motor
can be expressed as follows:

3Nn, ]
Te(k+1) = —= [Yrofy(k +1)] (10)
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where

. 1 R,
i;ilk+1) = —Tsuyi(k) — (—

According to (6), the stator flux prediction equation of N*3-phase PM energy storage motor can be
expressed as follows:

T = 1)igj (k) — Tswe (K)igj (k) - ngTs%we(k) (1)

aj(k+1) = Tougj(k) + (1= 22T aj (k) + Tswe (k) gi (k) + Tpro T 1)
Pk 1) = Tattgj(k) + (1= 22 Te)0g;(K) = Tswe (k) (k)
where ‘

{ Vaj(k) = Loigj(k) + ¢ (13)

‘/)qj(k) = Loiqj(k)

According to (7), the torque reference value can be obtained as follows:

Pref
Tref _ 14
e we (k) ( )

Using the maximum torque per ampere (MTPA) control strategy, the relationship between stator
flux reference and torque reference can be expressed as follows:

. e
= R 9E = | )+ (Loge—) (15)
) ro

The structural diagram of the 6*3-phase PM energy storage motor system with PPC strategy is
shown in Figure 8. According to Figure 8, the operating principle of the 6*3-phase PM energy storage
motor drive system is as follows: According to (10) and (12), the predicted values of stator flux and
torque at the (k 4 1)Ts moment can be calculated. Then, the switching signal of the VSI can be obtained
by substituting the predicted values and the response values into the cost function (8). Because six
VSIs are connected with six sets of windings of 6*3-phase PM energy storage motor, controlling one of
them can realize the control of the whole 6*3-phase PM energy storage motor system. The proposed
PPC strategy is used to obtain the excellent torque and stator flux control performance. The proposed
PPC strategy can effectively eliminate the steady errors of the stator flux and torque while obtaining
lower stator flux and torque ripple.

Pm;/ Pm/ Tref

,(k) W'\ costfunction
MTPA

170+ D] Wy (kD)

Stator flux and
Torque Prediction
i (k) l:"q(")
1/6 i (k
o KO Z
" [ 6

Figure 8. Structural diagram of the 6*3-phase PM energy storage motor system with PPC strategy.
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5. Simulations

Taking 6*3-phase PM energy storage motor as an example to verify PPC algorithm. The 6*3-phase
PM energy storage motor drive system is established by using the MATLAB/Simulink. During the
charging and discharging process of 6*3-phase PM energy storage motor, some simulation results are
given to verify the effectiveness of the proposed PPC strategy. The main parameters of 6*3-phase PM
energy storage motor used in the simulation are given in Table 1. The simulation analysis of charge
and discharge state of 6*3-phase PM energy storage motor is given in Figures 9-18.

Table 1. Phase PM energy storage motor.

Parameters Value

Stator phase resistance (R,) 0.026 O
Number of pole pairs (1) 4
Inductances (L,) 5.572 mH
Flux linkage of PM (¥ o) 0.992 Wb

5.1. Control Performance of N*3-phase PM Energy Storage Motor under the Charge State

To verify the operation performance of the 6*3-phase PM energy storage motor under the charge
state, the power reference is set as follows:

{ pref =1.6x105%t+0.8x10° 0<t<0.5s

Pref =1.6x10° 0.5s<t<1s (16)

Simulation results of 6*3-phase PM energy storage motor under the charge state are shown in
Figures 9-13. Simulation results of the torque and phase current under the charge state are illustrated
in Figure 9. From Figure 9, it can be seen that the peak-to-peak torque ripple is only 200 N-m for
6*3-phase PM energy storage motor under the charge state. Furthermore, the stator current of 6*3-phase
PM energy storage motor can keep a perfect sinusoidal waveform. The phase current of the 6*3-phase
PM energy storage motor and unit motor under the charge state is given in Figure 10. From 0 to 0.5 s,
the stator current increases with the increase of the power reference value. After 0.5s, the stator current
is stable at 287A. Figure 11 shows the stator current frequency spectra of the 6*3-phase PM energy
storage motor and unit motor under the charge state. From Figure 11a,b, it can be known that the stator
current fundamental value of the unit motor is about 47.74A, while that of the 6*3-phase PM energy
storage motor is about 286.5A, which is about six times. The torque superposition characteristic of
6*3-phase PM energy storage motor is verified. In addition, it can be seen that the THD of 6*3-phase PM
energy storage motor and unit motor is 2.53%, both lower than 5%. Figure 12 shows the «-f3 stator flux
linkage of the 6*3-phase PM energy storage motor under the charge state. The «-f stator flux linkage
response value and reference value of the 6*3-phase PM energy storage motor are shown in Figure 12,
where it can be observed that the response value of o-f3 stator flux linkage can accurately track the
reference value. It also needs to be noted that the -3 stator flux linkage fluctuation value of 6*3-phase
PM energy storage motor is only +0.05 Wb, and the o-[3 stator flux linkage track errors is about 0.02 Wb.
Figure 13 shows the three-dimensional rotor flux trajectories of the 6*3-phase PM energy storage motor
under the charge state. It is known that there is a smaller «-f3 stator flux linkage track error between
the stator flux linkage reference value and the response value by using the proposed PPC strategy,
which are shown clearly in Figure 13. In summary, when the proposed PPC strategy in this paper is
used, the 6*3-phase PM energy storage motor can achieve satisfactory control performance under the
charge state.
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Figure 9. Simulation results of the torque and phase current under the charge state.
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Figure 10. Phase current of the 6*3-phase PM energy storage motor and unit motor under the
charge state.

Fundamental (13Hz) = 47.74 , THD= 2.53% Fundamental (13Hz) = 286.5 , THD= 2.53%

=3 =3
8 500 E 500
: I —
Bl omER S| o
=] b = b |
| cremmMEN | - G
< -500 S 1 -500
< 0 05 1 < 0 05 1
‘2“ Time[s] § Time[s]

L] YR T . . L] it b i | . .

0 0 200 400 600 800 1000 0 0 200 400 600 800 1000
Frequency (Hz) Frequency (Hz)
(a) unit motor (b) 6*3-phase PM energy storage motor

Figure 11. Stator current frequency spectra of the 6*3-phase PM energy storage motor and unit motor
under the charge state.
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Figure 13. The three-dimensional rotor flux trajectories of the 6*3-phase PM energy storage motor
under the charge state.

5.2. Control Performance of N*3-phase PM Energy Storage Motor under the Discharge State

To verify the operation performance of the 6*3-phase PM energy storage motor under the discharge
state, the power reference is set as follows:

{ pref = —1.6x10°t—0.8%x10° 0<t<05s

pref = -1.6x10° 05s<t<1s 17

Simulation results of 6*3-phase PM energy storage motor under the discharge state are shown in
Figures 14-18. The torque and phase current of 6*3-phase PM energy storage motor under the discharge
state is given in Figure 14. From 0 to 0.5 s, the torque response value decreases with the decrease of the
power reference value. After 0.5 s, the torque response value of 6*3-phase PM energy storage motor is
stable at —2100 N-m, and the peak-to-peak torque ripple is also only +200 N-m. The phase current
of the 6*3-phase PM energy storage motor and unit motor under the discharge state is illustrated in
Figure 15. From Figure 15, it can be known that the phase currents of 6*3-phase PM energy storage
motor and unit motor keeps a good sinusoidal waveform. In addition, the phase current amplitude of
6*3-phase PM energy storage motor is about six times of that of unit motor, which verifies the torque
superposition characteristic of 6*3-phase PM energy storage motor.

Figure 16 shows that the stator current frequency spectra of the 6*3-phase PM energy storage
motor and unit motor under the discharge state. From Figure 16a, it can be known that the stator
current fundamental value and the THD of unit motor are 59.2 A and 3.00%, respectively. The stator
current fundamental value and the THD of 6*3-phase PM energy storage motor are respectively 59.2 A
and 3.00%, which are shown clearly in Figure 16b. Figure 18 shows that the -3 stator flux linkage of
the 6*3-phase PM energy storage motor under the discharge state. From Figure 17, it can be observed
that the fluctuation value and tracking error of a-f3 stator flux linkage are +0.03 Wb and 0.01 Wb,
respectively. The response value of o-f3 stator flux linkage can accurately track the reference value,
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which are shown clearly in Figure 17. Figure 18 shows the three-dimensional rotor flux trajectories of
the 6*3-phase PM energy storage motor under the discharge state. Under the discharge state, the flux
linkage error between the flux linkage response value and its reference is very small by adopting the
proposed PPC strategy, which are shown clearly in Figure 18. In summary, the proposed PPC strategy
can make the 6*3-phase PM energy storage motor to achieve lower torque ripple and smaller values of
THD of stator winding currents under discharge state.
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Figure 14. Simulation results of the torque and phase current under the discharge state.
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Figure 15. Phase current of the 6*3-phase PM energy storage motor and unit motor under the
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under the charge state.
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Figure 17. The «-p stator flux linkage of the 6*3-phase PM energy storage motor under the
discharge state.
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Figure 18. The three-dimensional rotor flux trajectories of the 6*3-phase PM energy storage motor
under the discharge state.

6. Experimental Results

In this paper, the PPC method of N*3-phase PM energy storage motor is verified by using the
RT-Lab hardware-in-the-loop simulation (HILS) platform. Taking 6*3-phase PM energy storage motor
as an example, the feasibility and effectively of proposed PPC algorithm is verified on the RT-Lab HILS
platform. The parameters of RT-Lab HILS platform in RT-Lab HILS platform are consistent with those
of simulation. In the case of charge state and discharge state of 6*3-phase PM energy storage motor,
the experimental results of the proposed PPC algorithm are shown in Figures 19-24.

In Figure 19, the experimental results of the torque and phase current of the 6*3-phase PM energy
storage motor under the charge state are shown. The torque and phase current of 6*3-phase PM energy
storage motor are about 1700 N-m and 290 A under the charge state, respectively. The experimental
results show that the proposed PPC method can achieve perfect torque and stator current control
performance under the charge state. The experimental results of the phase current of the 6*3-phase
PM energy storage motor and the unit motor under the charge state are illustrated in Figure 20.
The phase current of 6*3-phase PM energy storage motor is 6 times of that of unit motor under the
charge state, about 290 A. The reason is that the torque of 6*3-phase PM energy storage motor satisfies
the superposition characteristic. Figure 21 shows that the experimental results of the «-f3 stator flux
linkage of the 6*3-phase PM energy storage motor under the charge state. The «-§3 stator flux linkage
value of the 6*3-phase PM energy storage motor is about 1.03Wb. The experimental results show
that the flux linkage predicted value of the 6*3-phase PM energy storage motor can accuracy track its
reference value by using the PPC method. The experimental results in Figures 19-21 show that the
proposed PPC algorithm can achieve high-performance control of 6*3-phase PM energy storage motor
under the charge state.
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Figure 19. Experimental results of the torque and phase current under the charge state.
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Figure 20. Experimental results of the phase current under the charge state.
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Figure 21. Experimental results of the o3 stator flux linkage under the charge state.

The experimental results of the torque and phase current of the 6*3-phase PM energy storage
motor under the discharge state are shown in Figure 22. The torque and phase current of 6*3-phase
PM energy storage motor are about—2100 N-m and 355 A under the discharge state, respectively.
From Figure 22, it is known that the perfect torque and stator current control performance can be
obtained by using the proposed PPC method. In Figure 23, the experimental results of the phase current
of the 6*3-phase PM energy storage motor and the unit motor under the discharge state are illustrated.
The experimental result shows that the phase current of 6*3-phase PM energy storage motor is also six
times of that of unit motor under the discharge state. The phase current of 6*3-phase PM energy storage
motor is 6 times of that of unit motor under the discharge state, about 355A. Furthermore, the perfect
sinusoidal waveform of 6*3-phase PM energy storage motor can be achieved under the discharge state,
which are shown in Figure 23. The experimental results of the a-f3 stator flux linkage of the 6*3-phase
PM energy storage motor under the charge state are shown in Figure 24. The «-f stator flux linkage
value of the 6*3-phase PM energy storage motor is about 1.03 Wb. The flux linkage predicted value of
the 6*3-phase PM energy storage motor can accuracy track its reference value under the discharge state,
which are shown in Figure 24. From Figures 22-24, it can be known that the 6*3-phase PM energy
storage motor can obtain perfect performance control by adopting the proposed PPC method.
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Figure 23. Experimental results of the phase current under the discharge state.
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Figure 24. Experimental results of the «-f3 stator flux linkage under the discharge state.
7. Conclusions

This paper started from analyzing the output characteristics of the N*3-phase PM energy storage
motor drive, based on which the PPC method was developed to obtain the performance of lower torque
ripple, smaller values of THD of stator winding currents under the charge state and discharge state.
For the first time, the proposed PPC algorithm is used to control the N*3-phase PM energy storage
motor in this paper. The designed N*3-phase PM energy storage motor has the advantages of simple
structure, strong robustness, and high power density. The multi-module parallel power electronics
converter energy storage system based on N*3-phase PM energy storage motor is designed to meet
the demand of high-speed railway EMUs system. Moreover, the novel PPC strategy is proposed
to eliminate the steady errors of the torque and stator flux while achieving lower stator flux and
torque ripple. No matter the N*3-phase PM energy storage motor is operating in the state of charge
or discharge, the proposed PPC method can achieve perfect control performance. Simulation and
experimental results verify that the proposed PPC method operates well in the case of charge state and
discharge state while obtaining the lower torque/stator flux ripple, smaller values of THD of stator
winding currents.
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