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ABSTRACT In order to improve the cruising range of electric bus, this paper studies the deadbeat current
prediction vector control system of axial flux permanent magnet synchronous motor (AFPMSM) for electric
bus based on the optimal torque distribution method. Firstly, the mathematical model of the three stators-
double rotors AFPMSM is established. Secondly, in order to improve the high efficiency range, the efficiency
optimal torque distribution method is proposed based on the average torque distribution method and the
back propagation (BP) neural network is used to find the optimal torque distribution method. Then a
current control strategy based on deadbeat current prediction control is proposed to improve the torque
tracking characteristics. Finally, a drive control system is developed for the proposed control strategy, and
experimental research and vehicle testing are carried out. The experimental results show that the BP neural
network-based torque distribution method designed in this paper increases the high efficiency range of the
drive system and improves the cruising range of the electric bus. The drive system using a current controller
based on deadbeat current prediction control exhibits good dynamic and steady state performance.

INDEX TERMS Electric bus, AFPMSM, BP neural network, efficiency optimal torque distribution, deadbeat

current prediction control.

I. INTRODUCTION

New energy vehicles can be used in the public transportation
sector to achieve energy conservation and emission reduction
and to develop local new energy vehicle industry [1], [2],
in which electric buses have been initially applied. The
drive motor is an important part of the electric bus. The
application of the drive motors have two main trends in
the world, the alternating current asynchronous motor and
the permanent magnet synchronous motor (PMSM). Among
them, the PMSMs have a wide coverage of power level, which
can fully meet the power demand of the electric bus. The
current research on PMSMs have been deepened. The authors
of [3] conducted model prediction torque control for PMSMs
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for electric vehicles. The authors of [4] performed torque
analysis on the PMSM for electric vehicles and improved
the dynamic performance. Torsional vibration analysis and
modeling of hybrid electric vehicles are carried out in [5], [6].
In PMSMs, axial flux permanent magnet synchronous motors
(AFPMSMs) have been widely used due to their high power
factor, high efficiency, high power density and compact struc-
ture [7], [8]. The literature [9]-[14] applied AFPMSMs to
large-scale wind power, electric vehicles, electric bicycle,
electric motorcycle, robot and left ventricular assist device,
respectively. In summary, AFPMSM is suitable for using as
an high power drive motor on an electric bus. A three-stator-
double-rotor AFPMSM is used in this paper, which has three
independent stator windings, which can be equivalent to three
identical motors by decoupling. The axial connection is coax-
ial with a plurality of ordinary motors, and has the advantages
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of low cost, simple structure, small occupied space and the
like.

The difference between electric buses and traditional
buses is the energy system and the transmission system.
For the energy system, many researchers have conducted
in-depth research on vehicle scheduling and energy manage-
ment strategies for electric buses. Since the bus departure
time is based on the timetable, the authors of [15]-[17]
conducted a detailed study on the electric bus vehicle
scheduling. Secondly, since the driving route of the bus is
fixed, the energy management strategy can be used to ensure
the efficiency of the electric bus. The authors of [18]-[20]
used different methods to manage energy in electric
buses.

Another research focus of electric buses is the trans-
mission system. The research on the transmission system
is also divided into cruising range research, torque distri-
bution research, drive control method research and so on.
Literature [21], [22] used different methods to improve the
cruising range of electric vehicles. Gan C, Jin N, Sun Q, ef al.
proposed a multiport bidirectional switched reluctance
motor drive for solar-assisted hybrid electric bus pow-
ertrain, which not only improves the motoring perfor-
mance, but also achieves flexible charging functions [21].
Li J, Zhang M, Yang Q, et al. proposed a superconductor
magnetics energy storage/battery hybrid energy storage sys-
tem used in electrical buses with the benefit of extending
battery lifetime [22]. In [23]-[26], the drive system of electric
vehicles was studied. Zhang D, Zhang S, Fan T, et al. studied
the interference coupling mechanism between the electric
vehicle and low voltage circuit in an electric vehicle motor
drive system [23]. Li C, Huang W, Cao R, et al. modelled an
integrated topology of the charger and drive for medium/high
power electric buses [24]. Zhao J, Hua M, Liu T proposed
a sliding mode vector control system based on collaborative
optimization of an AFPMSM for an electric vehicle [25]. The
grey wolf optimization algorithm is used to control the per-
manent magnet synchronous hub motor in [26]. In addition,
the authors of [27], [28] conducted a detailed study of the
torque distribution of electric vehicles.

For electric buses, in addition to energy management,
the most important thing is the cruising range. Therefore, it is
very necessary to use better control methods to improve the
cruising range of electric buses. In addition, electric buses
are an important part of public transportation, so their drive
systems must have good control accuracy and stability so that
they can drive safely on the road. In summary, this paper
has conducted in-depth research on improving the cruising
range of electric buses and the performance of the drive
control system. Firstly, based on the torque average distri-
bution strategy, the optimal torque distribution strategy is
proposed. The BP neural network is used to find the torque
distribution method that makes the three-stator-double-rotor
AFPMSM the optimal. In order to improve the accuracy and
performance of the electric bus drive control system studied
in this paper, a current control strategy based on deadbeat
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FIGURE 1. Three-disc AFPMSM three-dimensional structure diagram.

current prediction control is proposed to improve the torque
tracking characteristics.

The main structure of this paper is as follows: In the first
section, the mathematical model of the three-stator-double-
rotor AFPMSM is deduced. In the second section, the optimal
torque distribution method based on BP neural network algo-
rithm is proposed and studied. In the third section, a current
control strategy based on deadbeat current prediction control
is proposed, and the drive control system for electric buses
is studied. In the fourth section, experimental research and
vehicle testing are conducted. In the fifth section, this article
is summarized.

Il. MATHEMATICAL MIODEL OF A THREE-DISC AFPMSM
The three-stator-double rotor AFPMSM, which is also called

three-disc AFPMSM, three-dimensional structure is shown in
Figure 1. Since the main magnetic flux equivalent magnetic
circuits of adjacent stators and rotors are independent of
each other, the interaction between the three sets of stator
windings and between the two rotor disks are ignored. At this
time, the three-disc AFPMSM can be equivalent to the case
where three PMSMs are coaxially connected, and each set
of stator windings can be independently controlled. A set of
stator windings is selected to establish a mathematical model.
Referring to the derivation process of the mathematical model
of the ordinary PMSM, the mathematical model of the three-
disc AFPMSM in the three-phase stationary coordinate sys-
tem is as follows [29]:
Voltage equation:

up Rs 0 0 iA IﬁA
up |=10 Ry O ip |+p| Vs (D
uc 0 0 Ry ic Ve

where ua, up, uc are the stator voltage, i, i, ic is the
stator current in the A-B-C coordinate system, and ¥/, Vg,
Yc is the stator flux linkage in the A-B-C coordinate sys-
tem. R; is the stator winding resistance. p is the differential
operator (d/dt).

Flux equation:

YA Laa Mag Mac || ia cos 6
VYB |=|Mpa L Mgc ||ip |+ cos(@ — 120°) |,
(e Mca Mcs Lcc || ic cos(f + 120°)

@
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where Lxx is the self-inductance of the X-phase winding,
Myy is the mutual inductance between the stator windings
X and Y, ¥ is the rotor permanent magnet flux linkage, 6 is
the rotor position angle.

Torque equation:

T, = Npyrg X g 3

where T, is the electromagnetic torque, N, is the pole pair
number of the torque winding, ¥ is the stator flux vector, i
is the stator current vector.

Equation of motion:

wr wr
Jp (N_> +B (17) =T.-TL 4)
P P

where J is the motor moment of inertia, B is the viscosity
coefficient, 71, is the load torque, and w; is the rotor angular
velocity.

The above equation shows that the mathematical model of
AFPMSM in the A-B-C coordinate system is a set of linear
differential equations with variable coefficients. In order to
facilitate the analysis, it is usually converted into a mathemat-
ical equation in the d-q axis coordinate system by coordinate
transformation. The mathematical equations in the d-q axis
coordinate system are as follows:

d-q axis voltage equation:

ug = Rsig + p¥a — wrpy )
Ug = Rsiq +PWq + wrYa (6)

where uq, iq is the component of the stator voltage and current
vector in the d-axis, ug, ig is the component of the stator
voltage and current vector in the g-axis

d-q axis stator flux equation:

Ya = Laiqg + ¥y @)
Vg = Lyig (8)

where /7 is the flux of the permanent magnet fundamental
excitation field coupled to the stator winding, ¥4, ¥q is the
air gap magnetic field in the d-axis and g-axis component, Lq,
L is the self-inductance of the d-axis and g-axis coil.

Because the AFPMSM does not have a salient pole effect,
and Ly = Lg, the torque equation is obtained:

3
T, = Eprfiq C)]

Since the three sets of stators jointly drive two rotor disks,
the two rotor disks are coaxially connected, and the motor
is structurally equivalent to three motor shafts. Therefore,
the reference coordinate systems corresponding to the three
stators are identical. At this point, the motors correspond-
ing to the three stators can be analyzed by placing them in
the same d-q reference coordinate system. Since the three
stators are identical in structure and have symmetry, Ry =
Rs1 = Ry = Rg3, and the motor air gap is uniform, that is,
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FIGURE 2. Three-disc AFPMSM drive system topology for electric buses.

Ly = Lqt = Ly = Lg3. At this point, the electromagnetic
torque equation can be rewritten as:

3 : : :
Toe=Tei +Tey +Te3 = Eprf (lql +ip+ lq3) (10

where T is the total electromagnetic torque of the motor, 7.,
Te>, Te3 are the electromagnetic torques of the stator 1, 2 and
3 windings respectively, iq1, iq2, iq3 are the components of the
stator 1, 2 and 3 winding current vectors in the g-axis.

IIl. EFFICIENCY OPTIMAL TORQUE DISTRIBUTION
METHOD BASED ON BP NEURAL NETWORK
A. TOPOLOGY OF THREE-DISC AFPMSM DRIVE SYSTEM
The structure of the three-disc AFPMSM drive system used
in this paper is different. The topology of the drive system
is shown in Figure 2. Although an electric bus only needs a
three-disc AFPMSM drive, since the motor has three sets of
independent stator windings, the drive system requires three
sets of motor controllers for control. In order to increase the
general performance of the three-disc AFPMSM drive sys-
tem, the conventional vehicle controller can also be applied
in the three-disc AFPMSM drive system, usually using a com-
munication manager. The command of the vehicle controller
is first sent to the communication manager, and after the com-
munication manager determines the working state and the
torque magnitude of the plurality of motor modules according
to the preset control strategy, the control signal and the torque
data are distributed to the three motor modules. At the same
time, the three motor modules first send the feedback motor
state information to the communication manager, and the
communication manager integrates the plurality of motor
module state information into overall motor state information
and sends it to the vehicle manager, so that in the case of a car
manager, it is equivalent to controlling a conventional motor.
Electric buses generally operate in torque mode, and con-
trol the output of the motor torque according to the depth at
which the driver steps on the throttle. The torque distributor
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included in the communication manager is first studied in this
section. In general multi-motor systems, the torque average
distribution is used to distribute the total torque Tp,. In order to
further improve the system efficiency, this section studies the
efficiency optimal torque distribution method based on BP
neural network. The most efficient torque distribution method
is obtained by BP neural network optimization in this method.
Firstly, the optimal torques Tma1, Tma2 and Tma3 of motor
1, motor 2 and motor 3 are obtained by the optimal torque
distribution method based on BP neural network, and then
reach the motor controller through torque current conversion.
The torque distributor structure diagram is shown in Figure 3.

B. EFFICIENCY OPTIMAL TORQUE DISTRIBUTION
METHOD BASED ON BP NEURAL NETWORK

Because the driving conditions of electric buses are affected
by many factors, the collected data is relatively large, so this
paper uses intelligent algorithms to optimize. Assume that
the output torque of the three-disc AFPMSM is T, which
belongs to [0,990 Nm]; the output torques of the three sets
of motor modules are T, T> and T3, respectively, belonging
to [0,330 Nm], and there are constraints:

T=T1+T,+T; (11

The mechanical angular velocity of the motor is w, and then
the mechanical power output of the three sets of motor mod-
ules is T1w, Tow, T3w. When the speed is @ and the torque
is Ty, T, T3, the corresponding single-group motor module
efficiency is ni, 2 and 53, respectively, so that 7| = a7,
T, = axT, T3 = a3T, where ay, az, az belong to [0,1], and
a) + a» + a3 = 1, the corresponding input power of each
group of motor modules are:

T\w aj

p=2_9%7, (12)
m m
T

py=22_%r, (13)
n2 n2
T

py=22 - Bry, (14)
n»oom

The total input power is:

ai as as
Pi=Pi+P+P3=(—+—+ )Tw (15)
moomo 3
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The total output power is:
P,=Tw (16)

System efficiency is:

U_Po _ Tw _ 1 (17
T p T (Al L@ @ Ta e @
Pi (m +n2+n3)Tw mn +n2+n3

Since the total torque 7 and the rotational speed w are
constant at a certain moment, the total output power is con-
stant. To improve the system efficiency, only the total input
power needs to be reduced, that is, the P; is decreased. Let
A = a1 /n1 + a>/n2 + a3/n3. Finding the minimum value of
P; is converted to finding the values of al, a2, and a3 such
that A is the minimum value.

In this paper, a three-layer BP neural network is used, in
which the input layer contains two neurons, the output layer
contains three neurons, and the hidden layer contains four
neurons. The structure is shown in Figure 4. The two input
quantities of the input layer are the total torque 7 and the
rotational speed w, respectively, and the states of the three
neurons of the output layer correspond to three parameters
ai, ap, and as.

The calculation formula for the hidden layer is:

S = Xwij — ) (18)

i=1
The output of the hidden layer neurons is excited by the §
function:

1
= — 19
f(x) g (19)
The calculation formula for the network output is:

Yo =g Swix — 1) (20)
i=1

The output of the output layer neurons is also excited by
the S function:

1
glx) = Tter (21)
The network output and ideal output error are:
ex = Qr — Yk (22)
The specified error performance indicator function is:
Ex = %ei (23)
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In the case of considering the shorter iteration time,
the weighting coefficient of the network is modified accord-
ing to the gradient descent method, that is, the weighting
coefficient is searched and adjusted in the negative gradient
direction according to the performance index function, and
the connection weight learning algorithm of the output layer
and the hidden layer is:

0E, oYy /
Awjp = —n—=-n-e - ——=-n-¢ Y, (24
owijk oWk

The 7 in the above equation is called the learning rate, and
is a preset constant for controlling the speed of the connection
weight adjustment. It can be seen from the formula of the
gradient descent algorithm that when the error tends to zero,
0Ex/dwjx will tend to zero, which will cause the connection
weight to be no longer updated, and the weight obtained at
this time is the optimal information learned by the neural
network.

The connection weight between the output layer and the
hidden layer at time t+1 is:

Wit + 1) = wir(®) + Awji (25)
The hidden layer and input layer connection weight learn-
ing algorithm is:

o0Ey aYy
Awj=—n—=-n-¢-
8W,’j 3Wij

(26)

At t + 1, the hidden layer and input layer connection
weights are:

wii(t + 1) = w;;(@) + Awy; 27

When using the gradient descent algorithm, sometimes the
error will fluctuate back and forth within a certain range,
because the 7 setting is too large. When 7 is set too small,
the error will enter the local minimum point. After reaching
the local minimum point, the gradient value Aw will tend to
zero, which is generally called the gradient disappearing phe-
nomenon, which will make the performance function unable
to reach the global optimum. In order to prevent the error
from going back and forth over a wide range of fluctuations
and the phenomenon of gradient disappearance, a momentum
factor (0 < «o < 1), is added to the gradient descent
method. Herein, « is taken as 0.05.The weight change amount
becomes

oE;
Aw(t + 1) = —n—+ aAw(t) (28)

ow
As can be seen from the above equation, the change in the
current weight is related to the change in the previous weight.
If Aw(t) > 0, the current weight change is correct, and
the change of the weight can be accelerated; if Aw(t) < O,
the current weight is suppressed from continuing to change
in the wrong direction. This can effectively suppress the error

fluctuation and enter the local minimum.

128388

Iy l];lzo 1y 11;z=01q3 11(1320

1,
Ly Current Current Current
7 > | Controller 1 Controller 2 Controller 3
Upl Uyl UnlUn] Usl U] p
| Park | invPark | | invPark | | invPark | D
X : T f T : T T i
Ua ¢ Up ¢ Uas ¢ U/i2¢ Uas ¢ Uﬁ3¢
Ll |1 slvpffl\i | [ svewm | [ svewwm |
| Clark Inverter 1 Inverter 2 Inverter 3
A A
Uﬂl b‘hl UM Uﬂl Uﬁ? Utl UuS Ub3 UL3
1y Ly y y \
b ¢ Y v Y
PMSM1 PMSM2 PMSM3 —>| Sensorl—

Three-Disc AFPMSM

FIGURE 5. Electric bus vector control system block diagram.

T T v Ug
Current SVPWM >
Controller L, Inverter
T >
max S
Speed i
Controller abe L
aff e
n s
Tn vy
Speed [Position|
Calculation \M‘ PMSM

FIGURE 6. Control system block diagram.

IV. THREE-DISC AFPMSM DRIVE CONTROL STRATEGY
BASED ON DEADBEAT CURRENT PREDICTION

Electric buses generally work in torque mode. The traditional
double-closed vector control structure of speed and current
is not suitable for use in electric bus motor drive control
systems. According to the requirements of electric motor
drive control system for motor output torque and speed limit,
the structure diagram of the three-disc AFPMSM vector con-
trol system for electric bus designed in this paper is shown
in Figure 5.

In order to facilitate the analysis, the single-disk control
system in the three-disc AFPMSM is taken as the con-
trol object, and the vector control strategy is studied. The
block diagram of the single-disk control system is shown in
Figure 6. The single disc control system includes a speed loop
and two current loops, where T* is a given torque, T is a
given torque after limiting, Tax is the output of the speed
controller, and K is the conversion coefficient of torque and
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g-axis current, the value of which is related to the motor
parameters. The control requirement for the current loop is to
have the output torque follow a given torque. Different from
the traditional speed controller, the speed loop of this paper
is the speed limit loop. The control requirement of the speed
loop is to make the motor speed not exceed the maximum
speed, which is achieved by limiting the amplitude of the
given torque 7*. When the motor speed is lower than the
maximum speed, the speed loop does not work, the system
works in the current single closed loop mode; when the
throttle command is too large or the vehicle is over speed,
the system works in the speed and current double closed loop
mode, so that the motor does not exceed the maximum speed.

In order to improve the dynamic response and steady-
state response of the motor current loop, a current controller
based on deadbeat current prediction control is designed. The
schematic diagram of the deadbeat current prediction control
is shown in Figure 7. Because the algorithm combines spatial
modulation technology, its voltage utilization is high, and the
switching frequency is fixed and the current response speed
is fast. The mathematical model is derived below.

According to the mathematical model of the three-disc
permanent magnet synchronous motor, the voltage equation
under the d and q axes is

l
ug | id dr —weLiy
=R . L . 2
[“q} s[’q]+ lq +|:“’6L’d+‘°e‘pf} 29
dt

where uq, iq is the component of the stator voltage and current
vector on the d-axis, ug, iq is the component of the stator volt-
age and current vector in the g-axis, vy is the flux linkage of
the permanent magnet fundamental excitation field coupled
to the stator winding, Ry is the stator winding resistance and
L is the synchronous inductor, w, is the electrical angular
velocity.

Using the current of the motor as a state variable, the equa-
tion of state for a three-disc AFPMSM can be obtained:

di u

d_d =5 Tld T iqwe

dr L (30)
iq u; R, .

dt = L - Zlq_ldwe 1/ffwe
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When the sampling period T is small enough, the first-
order Taylor equation can be used to discretize the current
state equation. Herein, T = 1us.The following formula can
be approximated:

dig gtk + 1) —iq(k)
da T
dig  igtk +1) — ig(k)
ar T

Bring (30) into (31), the discretized current prediction
model can be got:

€1y

1
gtk +1) = Tsz[ud(k) — Rig(k) + Lo (k)ig(k)] + iq(k)

1
gtk +1) = Tsz[uq(k) — Riy(k) — Lw(k)ig(k)

_wawe(k)] + iq(k)
(32)

The given signal current quantities iq* and ig* are used as
input quantities iq(k+1) and iq(k+1) at the next time 7'(k+1).
The three-phase stator currents obtained by the acquisition
are transformed by the mathematical coordinate system to
obtain the current quantities iy and iq at the time T'(k), and
the optimal voltage vectors uq and ug of the equation (33)
can be obtained by combining the equations (30). Then,
through the SVPWM modulation technology, a switching
pulse for controlling the inverter is generated, thereby real-
izing the fast response control of the current loop, so that
the actual current follows the given current after one sam-
pling period. When the sampling period is small enough,
it can be considered that there is no beat following the given
signal.

ug(k) =L (id(k)T;id(k)) + Riq(k) — Law,(k)iq(k)

ok k _ .s k
uq(k>=L<M) +Rig(k)+Loe(R)ig) + Y we(k)

(33)

N

V. SIMULATION AND EXPERIMENTAL RESEARCH ON
ELECTRIC BUS DRIVE SYSTEM
A. SIMULATION RESEARCH ON ELECTRIC BUS
DRIVE SYSTEM
Using the BP neural network-based torque distribution
method and the deadbeat current prediction controller
designed in this paper, the overall simulation model of the
system is built in MATLAB/Simulink, as shown in Figure 8.
The given torque 7* = 600 Nm, the load torque 7T, =
20 Nm, and the acceleration is started from the rotational
speed of O until the maximum speed limit of 3500 rpm. The
velocity waveform is shown in Figure 9. The torque given
waveform is shown in Figure 10. The output torque wave-
form is shown in Figure 11, wherein the three-phase current
waveform of the first group of stator windings is as shown
in Figure 12. Figure 9 shows that the speed limiter ring can
effectively limit the speed. Figure 10 shows that the BP neural
network-based optimal efficiency torque distribution method
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proposed in this paper can reasonably distribute the torque.
Figures 11 and 12 show that the vector control based on
the deadbeat current prediction controller has fast response
capability and good reliability and stability.

B. DRIVE SYSTEM EXPERIMENT

The drive system experiment was completed on a 160 kW
motor-to-drag test platform, and the drag-and-drop test plat-
form is shown in Figure 13.
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First, a torque tracking experiment was performed to verify
the proposed current controller performance based on the
deadbeat current prediction control. The three-disc AFPMSM
operates in a single-disc mode with only one set of motor
controllers. The host computer software sends a torque com-
mand to the motor controller through the controller area
network (CAN) bus. The torque sensor feeds back the torque
information, outputs the analog quantity, and the oscilloscope
is used to read, save and analyze the torque information. The
sensor ratio is S0Nm/1V. The torque follow-up experiments
were carried out on the drive control system based on the
PI controller and the design based on the deadbeat current
predictive controller. The abrupt torque is given as 200Nm,
and the feedback torque waveform is shown in Figure 14 and
Figure 15.

It can be seen from Figure 14 and Figure 15 that, based
on the proportional integral (PI) controller’s drive system,
the time taken for the torque to reach a steady state from
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FIGURE 15. System torque tracking waveform based on deadbeat current
prediction controller.

0 Nm to 200 Nm is about 42ms, and there is a certain over-
shoot. Based on the deadbeat current prediction controller’s
drive system, the time taken for the torque to reach a steady
state from ONm to 200Nm is about 34ms, and there is no
torque overshoot, and the torque ripple is small at steady
state. The experimental results show that the designed current
controller based on the deadbeat current prediction control
can improve the dynamic performance of the system torque
tracking and reduce the torque ripple during steady-state
operation, which meets the expected requirements.

Then drive the system efficiency experiment. On the
motor-to-drag experiment platform, the BP neural network-
based torque distribution method was used to test the effi-
ciency. The output torque 7" and the rotational speed n on the
three-disc AFPMSM rotor shaft are acquired by the torque
and speed sensors, and then the input voltage U and the
current / of the DC side of the motor controller are collected
by a storage recording instrument. System efficiency 7 is:

_ZSZ Tn
T 60 UI

The maximum speed of the motor is 3500 rpm. In order to
test the motor performance, from the motor speed of 300 rpm
to 3800 rpm, a speed point is selected every 100 rpm for
a total of 36 speed points. At each speed point, from the
output torque ONm to 990Nm, a torque point is selected
every S0Nm for a total of 20 torque points. Corresponding
to different speeds and torques, a total of 720 efficiency
collection points are set, and the output torque T, the rotation
speed n, the DC side input voltage U and the current I of each
efficiency point are collected, and then the driving system
efficiency is calculated by Equation 38. Then, the output
torque 7', the rotational speed n and the system efficiency n
are imported into MATLAB, and the motor system efficiency
MAP can be generated. The system efficiency MAP is shown
in Figure 16-17.

It can be seen from Figure 16 that the efficiency of
the motor is only high in the vicinity of the rated speed,
and the efficiency is relatively low in other areas. It can
be seen from Figure 17 that when the motor speed is
900 to 2500 rpm and the torque is 100 to 900 Nm, the system

n (34)
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FIGURE 17. System efficiency MAP based on BP neural network for
optimal efficiency distribution method.

FIGURE 18. Experimental electric bus.

efficiency is above 90%. In addition, when the motor speed is
3000 to 3200 rpm and the torque is 200 to 400 Nm, the system
efficiency is also close to 90%. The experimental results show
that the BP neural network based torque distribution method
can effectively improve the efficiency of the drive system.

C. VEHICLE EXPERIMENT
The electric bus used for the three-disc AFPMSM loading
experiment is shown in Figure 18. The electric bus is 12m
long, 2.5m wide and 3m high. The three-disc AFPMSM
is shown in Figure 19(a), one of the motor controller is
shown in Figure 19(c), and the power battery pack is shown
in Figure 19(b).

The electric bus has an unloaded weight of about 15 tons,
a power battery pack capacity of 400 Ah, a charging capacity
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Three-disc AFPMSM

{(

FIGURE 19. Electric bus internal structure. (a) The three-disc AFPMSM,
(b) the power battery pack, (c) the motor controller.

TABLE 1. Electric bus cruising range.

Distribution-Based Efficiency Optimal Torque

Excpjligﬁféﬁal Torque Distribution Distribution Method Based
Method on BP Neural Network
No Load 245km 281km
2 Tons Load 211km 243km

of 225 kWh, and a design speed of 60 km/h. Experiments
were carried out with the experimental electric bus shown
in Figure 18, and the endurance capability under the base-
allocated torque distribution method and the BP neural
network-based torque distribution method were tested. In the
urban roads, the battery life of the electric bus under no-load
and 2 tons load (about 30 people) was tested separately. The
experimental data is shown in Table 1.

It can be seen from Table 1 that the three-disc AFPMSM
drive system for electric buses designed in this paper has a
higher cruising range in the actual operation of electric buses.
The BP neural network-based torque distribution method can
increase the cruising range by about 15% under no-load and
2 ton load conditions compared to the average distribution-
based torque distribution method. Experiments show that
the BP neural network based torque distribution method
can effectively improve system efficiency, save energy and
increase cruising range.

VI. CONCLUSION

In this paper, the three-stator-double rotor AFPMSM is taken
as the research object, and the deadbeat current predictive
vector control system based on the efficiency optimal torque
distribution method is studied. The following conclusions can
be drawn:
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1.The results of the overall drive simulation show that the
drive control system designed in this paper can meet the needs
of practical applications.

2. The motor-to-drag experiment platform and the whole
vehicle experiment show that the BP neural network-based
torque distribution method can effectively improve the sys-
tem high efficiency range. Compared with the method of
torque average distribution, the BP neural network based
distribution method can increase the cruising range by about
15% under both no-load and 2 ton load conditions.

3. The drive system based on the deadbeat current pre-
diction controller can effectively improve the torque track-
ing characteristics. The motor-to-drag experiment shows that
when the torque changes from ONm to 200Nm, the time
taken for the drive system based on the deadbeat-free current
prediction controller to reach a steady state is less than the
conventional PI control, and there is no torque overshoot, and
torque ripple is small at steady state.

In addition to the above research content, there are still
some content worthy of further research and optimization.
If the influence of the flux linkage between the three sets
of stator windings and between the two sets of permanent
magnet rotors is considered, the system performance will be
further improved. In addition, in order to further improve the
cruising range of electric buses, the related control strategies
for energy recovery can be studied in the future.
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