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A Switched-capacitor Step-up Inverter for Bidirectional Wireless
Charging Applications in Electric Microcar

Fong Y. C !

Abstract—Wireless power transfer (WPT) offers a more

convenient and safer option for electric vehicle (EV) charging.

However, the mismatch of the DC link voltages between the
charging stations and small scale EVs may increase the
difficulty of design and control of the charging facilities.
Along with the growing penetration of renewable energy,
vehicle-to-buildings (V2B) and vehicle-to-grid (V2G)
interfaces, requiring bidirectional power flow would be the
essential features of future EV wireless charging systems. In
order to tackle this issue, this paper suggests a high-
frequency step-up inverter based on series-parallel
conversion of switched-capacitor with the associated staircase
modulation and power flow control for WPT applications.
Corresponding to the system parameters of a typical electric
microcars, the operating principle and the power flow control
of the proposed inverter are verified by simulation. The
battery power as well as the primary and secondary AC
waveforms of the simulation model are presented.

Keywords—Electric vehicle (EV) charging, inductive power
transfer (IPT), DC-AC power converters, switched-capacitor
circuits.

1. INTRODUCTION

Wireless power transfer (WPT) is one of the emerging
technologies for powering consumer electronics, portable
devices and even electric vehicles (EVs). This technology
greatly improves the convenience and safety, as well as
enables a wide range of commercial, industrial and
medical applications like electrified transportations,
industrial robots, sensor networks and biomedical implants
[1-9]. Inductive power transfer (IPT) is a promising and
well developed technology for short to mid-range wireless
applications including wireless charging for EVs. Last
year, the Society of Automotive Engineers (SAE) has
released the wireless charging standard, TIR J2954 [10],
for light duty plug-in hybrid EVs or EVs that utilizes a
common frequency band of around 80kHz to 90kHz for
inductive power transfer at power levels of a few kilowatts
to dozen-kilowatts. Fig. 1 illustrates a typical wireless EV
charging system based on IPT [11]. The transmitter side,
supplied by AC voltage source from the utility, usually
consists of a power factor correction (PFC) rectifier
following a high-frequency inverter to convert the output
frequency and voltage level. Since the coupling factor
would be very low for WPT, compensation networks
would be required for both primary and secondary coils to
compensate the leakage inductance which improve the
power factor as well as the energy efficiency. In the
receiving side, diode bridge rectifier is most commonly
used to convert the high-frequency AC waveform to DC
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waveform and filter the voltage and current ripples with
capacitor or inductor-capacitor filter.

However, the use of diode rectifier in the receiving end
restricts the direction of power flow. In the conventional
design, only charging operation, i.e. charging from the
utility supply to the vehicle energy storage system (ESS),
is permitted. This would deny the benefits provided by
these grid-enable vehicles (GEVs) and sway the future
implementation and development on the EV related
features in smart-grid and micro-grid such as the vehicle-
to-buildings (V2B) and vehicle-to-grid (V2G) applications
[12]. The literature indicates that the GEVs would play a
very important role in the future utility since the intelligent
energy interface between the utility and the vehicles’ ESSs
could smooth the power pattern, support the increasing
penetration of renewable energy, and even provide
ancillary services to regulate the grid voltage and
frequency [12-15].

The feature of bidirectional power flow could be enabled
by simply substitute the diode rectifier in the receiver with
inverter (Fig. 2). There are some wireless charging system
designs [16-18] employing H-bridge as the pick-up
converter in the receiving end for providing bidirectional
power flow. However, these designs require a relative high
battery voltage since the DC link voltage supplied by the
PFC rectifier at the primary side could be up to several
hundred-volts and the DC link voltage at the pick-up side
should be in the same order of magnitude to facilitate
bidirectional power flow. For small vehicles such as
microcars having comparative low battery voltage, the
large mismatch between the battery voltage and the DC
link voltage at the charging station would increase the
design and control difficulty of the charging components.
For this reason, a bidirectional DC-DC converter or a step-
up inverter would be required in this situation.
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Fig. 1: A typical unidirectional wireless EV charging system
based on IPT
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Fig. 2: A bidirectional wireless EV charging system with a high-
frequency inverter in the receiver

Table I: The switching table for a 7-level SCMLI*

Vo Ci1a, C2a, C1n, C2p S31a, S32a, S31b, S320
0 P,P,P, P 1,0,1,0
Vie S,P,P,P 1,0,1,0
2Vie S,S,P, P 1,0,1,0
3Vie S,S,P, P 0,1,1,0
2Ve P, S, PP 0,1,1,0
Ve P,P,P,P 0,1,1,0
0 P,P,P, P 1,0,1,0
—Vae P,P,S,P 1,0,1,0
—2Vde PPS,S 1,0,1,0
—3Vic P,PS,S 1,0,0,1
—2Vde P,P,P, S 1,0,0, 1
—Ve P,P,P, P 1,0,0, 1
0 P,P,P, P 1,0,1,0

*S: Series; P: Parallel

The switched-capacitor (SC) multilevel inverter (MLI) has
received more attention in recently years. This type of
inverters offer voltage step-up capability and self-
balancing of capacitor voltage by the technique of series-
parallel conversion [19-22]. In addition, the topology
presented in [19] has demonstrated the capability of
SCMLI for driving inductive load; the topology suggested
in [22] reduces the ratings of components by eliminating
the need of H-bridge back-end. The mathematical analyses
on the voltage ripples of the switched-capacitors and the
energy efficiency in previous research have indicated that
this type of inverters are more favorable for high-
frequency applications. As the capacitor sizes are
essentially inversely proportional to the operating
frequency, the switched-capacitor inverters would be the
ideal candidates for WPT applications working at around
80kHz.

In this paper, a SCMLI offering bidirectional power flow
and voltage step-up capability, based on the principle of
series-parallel conversion, is proposed for WPT
applications. The operation principle of the topology as
well as the modulation and power flow control will be
described. The simulation of a model, based on the
applications for light-duty microcars with comparatively
low battery voltage, has been conducted and the
corresponding results will be presented.

(a) (b)

Fig. 3: Series-parallel conversion of an SC cell; (a) series
operation; (b) parallel operation
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Fig. 4: The proposed switched-capacitor multilevel inverter; (a)
one phase of SC converter with two SC cells; (b) a 7-level
SCMLI formed by two SC converters

II. OPERATION PRINCIPLE OF THE INVERTER

1. General Description

The proposed topology is derived from the series-parallel
conversion of switched-capacitor. The basic operation of
an SC cell is depicted in Fig. 3. When S; and S; are
conducted, the capacitor would be charged to the same
voltage level as the voltage source; when only S, is
conducted, the voltage level across the SC cell is doubled
by connecting the capacitor and the voltage source in-
series. One phase of SC converter, consists of two SC cells,
and the proposed 7-level SCMLI, consists of two phases
of SC converters, are illustrated in Fig. 4(a) and 4(b),
respectively. By sequentially series and parallel switching
of the SC cells, multilevel voltage waveforms could be
produced at the output terminal of an SC converter phase;
by applying time (phase angle) shift between two phases,
bipolar multilevel voltage waveforms are produced across
the terminals of different phases. As the switches for both
series and parallel operations allow current flow of both
directions at on-state, the capacitors could be charged by
both DC bus and AC bus. Therefore, the proposed SCMLI
topology is capable of handling power flow in both
directions.

In the proposed topology, bipolar output voltage
waveforms are produced by the phase angle difference
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Fig. 5: Synthesis of 7-level staircase voltage waveform based on
phase-shift and superposition

between the SC converters. In each of the SC converters,
the voltage stresses of the active switches are limited by
the operating voltage of the SC cells, which is about the
same magnitude as the DC bus. By eliminating the need of
the high voltage H-bridge, the maximum voltage ratings of
the semiconductor switches are greatly reduced comparing
to the designs suggested in [19-21]. A table of switching
states for different output voltage level for a 7-level
inverter is listed in table I. The operation of the proposed
topology is time interleaved by adopting the multiphase
structure. A much longer parallel duration for capacitor
charging is provided, therefore, a significantly higher
maximum operating frequency would be allowed,
compared to the existing SCMLIs suggested in [19-22].

2. Staircase Modulation with Phase-shift Harmonic
Elimination Technique

Considering that the switching losses of the inverter are
roughly proportional to the switching frequency, the
switching losses would be too high if high frequency
modulation method like the level-shifted or phase-shifted
PWM is employed. For the high-frequency applications
such as WPT, staircase modulation methods working at the
fundamental output frequency are preferred. As shown in
Fig. 2, the IPT system consists of compensation networks
in both primary and secondary sides. The compensation
networks could form band-pass filters with the self or
leakage inductance of the transmitting or receiving coils.
When operating near the resonant frequency, the roll-off of
the band-pass filters would be fast enough to filter most of
the high-frequency harmonic contents.

Selective harmonic elimination (SHE) [23] is one of the
most common fundamental frequency modulation
techniques for multilevel inverter. The SHE technique
computes the firing angles for a specific modulation index

and eliminating the selected harmonic contents, usually
the lowest order harmonics, by solving a system of
nonlinear equations. SHE is effective generating the
required staircase voltage waveforms which precisely
preserves the amplitude of fundamental component and
rejects the low order harmonics, yet the conventional SHE
method demands a lot of computation which is time
consuming and difficult to be implemented in real-time
[24-25]. Instead of solving a system of nonlinear equations,
a simpler phase-shift technique is employed in this study
to compute the firing angles.

Fig. 5 explains the synthesis of 7-level staircase voltage
waveform based on the phase-shift harmonic elimination
technique. v; represents the one-step voltage waveform
and v, is the phase-shifted waveform of v;. v, is the two-
step voltage waveform synthesized by superposing v; and
vy Similarly, v, is the phase-shifted waveform of v; vs is
synthesized from v, and v, . If the firing angle of v; is &,
based on Fourier analysis, the amplitudes of the
fundamental voltage as well as the harmonics would be

A, = eos(nt) M)

nrw

where n = 1, 3, 5, ..., is the harmonic order (n = I
represents the fundamental component). By phase-shifting
v; by ¢ and superposing to itself, the Fourier coefficients
of the resultant waveform v,, would be

4, = %cos(n@l )sin[%) )

nrw

N

Similarly, by phase-shifting v> by ¢; and superposing
them again, the decomposed amplitudes of v would be

164 (7m+np ). [ 7+np
A, =——cos(nd )si Lis 2 3
X ( 1) “( > jm( 2 J 3)

By means of putting the specific harmonics to zero, i.e.

sinf 2% |
2

sin(—” h (/’zj =0
2

4)

the corresponding harmonic contents could be eliminated
easily. The fundamental amplitude of the resultant
waveform, v3, could be expressed as (5).

4y, = M«:os(t9l)sin(¥}in(%) Q)

T

By definition, the modulation index, m, for the 7-level
MLI is

T4,

"= ©)

dc
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Fig. 7: Schematic for the configuration of the simulation model

By putting (5) into (6), the modulation index of the 7-level
inverter could be a function of 8;, ¢; and @ i.e.

_i (T+e ). [T+,
m= 3c0s(6’1)su{—2 }m(—z j @)

As @; and @2z would be constant values for eliminating
predefined harmonics, the sine terms could be calculated
offline. Thus, the modulation index of the inverter could
be controlled by the firing angle, ;, easily.

Since v; is synthesized by superposing two two-step
voltage waveforms, the maximum number of steps would
be four. In order to limit the maximum number of steps of
vs to three, the following criteria should be fulfilled.

O+o+o,>7-6

91>7r—(p21—(pz ®

Therefore, the maximum modulation index for the 7-level
MLI, which eliminates two sets of harmonics by the
phase-shift harmonic elimination technique, would be
limited such that

m<ico PP o ZEA e 252 9
3 2 2 2

For example, if the 3%, 9% ... and 5%, 15%,... harmonics
are eliminated, the maximum attainable modulation index,
Mmax, Would be

m —icos(z)sin(z—”)sin(z)
377130 3 5 (10)

3. Power Flow Control

LC-series structure is one of the most basic compensation
configurations for IPT systems. The equivalent circuit for
a series-series compensation network is depicted in Fig. 6.
v, and vs are the output voltage of the inverters at primary
side and secondary side, respective. Cp, R,, Cs, and Ry are
the compensation capacitances and the equivalent series
resistance for the primary and secondary coils. Lj,, L and

L, are the primary leakage inductance, secondary leakage
inductance and mutual inductance of the transmission coils,
1.€. Lp = Llp + Ly and Ly=Lji+ L.

The real and reactive power from the primary side could
be evaluated by the following
P=Re(v,i*
( p.p*) (11)
Q=1Im(v,i,*

If the self-inductance of the primary and secondary coils
are compensated at the same resonant frequency and both
the primary and secondary inverters operate at the
resonant frequency;, i.e.

= B li———— (12)

The input power at the primary side could be derived as
the following [26]

VY

P= sind
2L o
vy (13)
=—2" cosd
© 2L @

‘m

where, V), and V; are the fundamental amplitudes of the
primary and secondary voltages, and 0 is the phase angle
difference. Referring to (13) the magnitudes of the real and
reactive power could be controlled by the modulation
index, while the power factor as well as the direction of
power flow could be controlled by the phase-shift. Also,
the maximum power factor and efficiency would be
attained when the phase-shift is +7/2.

Ry G Ly Lig G
ip
Yp Lm

Fig. 6: The equivalent circuit for IPT with series-series LC
compensation network

R,

Vs




Table 1I: Parameters of the simulation model

Parameter Value
Battery voltage (V) 120V
Secondary AC source 400V peak
Filter inductor (Ly) 10pH, 10mQ
Switched-capacitors 10pF, 50mQ
MOSFET Rds(on) 50mQ
Ri,R> 1.5Q
Ci, C> 20nF
L, Li2 144pH
Operating frequency 84kHz
4K
2K Pra P, -
0K
-2K
4K
40
20 13 = N
0
-20
40
08
06 \ w
04

0.02 0.04 0.06 0.08
Time (s)

Fig. 8: Simulated waveforms of the models; the battery power,
P», and power set-point, Pser; battery current, i»; modulation
index, m; current of the primary and secondary coils, i- and i

III. VERIFICATIONS

In order to verify the operation of the proposed topology, a
simulation model of an IPT system, employing the 7-level
SCMLI at one side, was implemented. The magnitude of
the real power was controlled by PI compensation; the
battery power was calculated form the instantaneous
battery voltage and current, and the calculated power was
compared with the power set-point; the error was inputted
to the PI controller which generated the required
modulation index. The direction of power flow was
determined by the phase angle, which could be either /2
or —m/2. Fig. 7 illustrates the simulation set-up; the
associated parameters are shown in table II.

In the simulation model, the battery voltage, vs, was 120V.
The voltage was stepped-up and inverted by the 7-level
SCMLI, the capacitance of each of the switched-capacitor
was 10pF. The power was transmitted through the
inductive coils with self-inductance of 180uH which were
compensated by series capacitors. In the secondary side,
an AC voltage source of 400V peak voltage was used to
simulate the inverter output at the charging pad. The
operating frequency of the simulated IPT system was
84kHz such that the compensation capacitance was

1} 1
300 | {|fr i
150 1 ! 1 | L Pt 1t [t Tt =t I

150 | Jooont [ Lo Foo} Joi} | | '
00 ‘N lm( lml [ [N [N [N [ Lol

150 [

-150
-300

120

110 ! V.

100

0.03 0.03002 0.03004 0.03006 0.03008 0.0301

Time (s)

Fig. 9: The AC waveforms and the corresponding switched-
capacitor voltage at around t = 0.03s; the output voltage, v, and
current, ir, of the 7-level SCMLI; the secondary coil current, iz,
and AC source voltage, vs; the voltage of the switched-capacitor
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Fig. 10: Fast Fourier transform (FFT) of the output voltage, v,
and current, i, of the 7-level SCMLI

resonated with the self-inductance of the coils. The
simulated waveforms are illustrated in Fig. 8. At the
beginning, the power set-point for the battery was 2000W,
then, it was doubled at # = 0.02s; and then declined to
3000W at ¢ = 0.035s. At ¢t = 0.05s, the battery was altered
to charging mode by setting the power to —2000W. As
shown in the results, the simulated battery power would
able to track the set-point value and control the power
flow with the aforementioned technique. In addition, a few
cycles of power oscillating was observed at the instant of
change in direction. It was due to the fact that the phase
change was applied during non-zero current. This issue
could be improved if the controller could apply the m-shift
at zero-current by zero-crossing detection and soft-altering.
Furthermore, the inverter output waveforms at around ¢ =
0.03s, generated by the phase-shift harmonic elimination
technique are illustrated in Fig. 9. From the corresponding
fast Fourier transform (FFT) shown in Fig. 10, it could be
observed that the 3", 9% ... and 5% 15% ..., voltage
harmonics were removed; and most of the remaining
harmonics were effectively filtered by the resonant circuit.
At P, = 4000W, the voltage ripples of the capacitors was
only about 8% of the charging voltage, this suggested that
the proposed SCMLI with the above-mentioned
parameters would be capable of WPT applications at a few
kilowatts.



IV. CONCLUSION

A high-frequency inverter for WPT applications based on
the series-parallel conversion technique is presented. The
voltage step-up feature improves the capability of
bidirectional power flow without the need of DC-DC
converter stage in small vehicles having relative low
battery voltage like microcars. The presented modulation
and control techniques are easily to implement and
effective for high-frequency applications like IPT. With
the built-in resonant tanks, the inverter could achieve
satisfactory power quality with simple harmonic
elimination technique. The topology as well as the
operation principles of the proposed inverter was verified
by simulation. Comparing to the conductive applications,
the SCMLI is capable of higher power level at small
capacitor sizes due to the substantial increase in frequency.
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A Novel Hybrid-Excited Flux-Modulated Memory Machine for
Electrical Continuously Variable Transmission System

Mao Y'!

Abstract—This paper proposed a hybrid-excited double rotor
double stator permanent magnetic machine applied in
electrical continuously variable transmission (E-CVT) system
which incorporates with the flux modulation and flux-
memorizable concept. This machine can produce relative
large torque in low speed region owing to flux modulation
effect. Besides, this E-CVT system can achieve high speed
operation in flux weakening mode which is realized by
applying a short current pulse to demagnetize aluminum-
nickel-cobalt (AINiCo) magnets in this machine. There is no
need to introduce a permanent excitation current in winding
for this machine which results in avoiding inducing
additional excitation losses. The configuration and operation
principles of the proposed hybrid-excited flux-modulated
memory (HEFMM) machine are presented. Electromagnetic
characteristics of the proposed machine are analyzed using
the time-stepping finite element method (TS-FEM).

Keywords—Electrical continuously variable transmission
system, finite element method, flux modulation, memory
machine

. INTRODUCTION

With continuous growth in the number of hybrid electric
vehicles (HEV), the request to improve its fuel economy
and energy efficiency is increasing accordingly. Electrical
continuously variable transmission (E-CVT) system is a
desired technology to fulfill these requirements which can
realize combination and separation of the power provided
by both internal combustion engine (ICE) and the energy
storage system [1]-[5].

The Toyota Prius E-CVT system which consists of a
planetary gear power slit system and two electric machines
with associated power inverters is a milestone in the
development of HEVs [6]. In this E-CVT system, there is
a planet gear connected with ICE, of which the sun gear is
connected with the electric machine and the ring gear is
connected to the other electric machine. This design
effectively provides a fully integrated power supply
system to realize acquisition, storage and conversion of
energy. However, this E-CVT system integrated with
mechanical planetary gearbox system suffers from
relatively low reliability and low efficiency. Therefore,
gearless E-CVT systems adopt permanent magnetic (PM)
gears are gradually developed to replace conventional E-
CVT systems employed mechanical gears [7]-[11].
Among these designs, permanent magnetic (PM) machines
as well as induction machines with double rotor
constructions can nicely split and combine power without
plagued by mechanical problems such as frictional loss,
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high maintenance and audible noise various. In[9] a
double stator double rotor brushless ECVT system is
proposed. The core component of this E-CVT system
includes a double-stator double-rotor flux-modulated
machine and an energy storage system combined with
several inverters . The schematic diagram of this E-CVT
system is plotted as shown in Fig.1. The two rotors in this
E-CVT system are coupled due to flux modulation effect.
Compared to other designs, this kind of E-CVT system has
many merits such as high torque density, high efficiency,
integrated structure and low mutual effect between each
winding [12-13]. But since the drive’s output voltage is
limited by its dc bus, this E-CVT system may not realize
the requirement in driving speed. Due to the fixed
magnetic field of PM excitation, it is difficult for this
machine to regulate magnetic flux so that not easy to
accommodate HEV to different drive mode. So in this
paper, a novel hybrid-excited flux-modulated memory
(HEFMM) machine for E-CVT system is proposed to
address these problems. The configuration of the core
component of the proposed E-CVT system is shown in Fig.
2. Operation principles of the proposed E-CVT system are
described in section II and performance of the HEFMM
machine based on time-stepping finite element method
(TS-FEM) are reported in section III.
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II. CONFIGURATION AND OPERATION PRINCIPLE OF THE
HYBRID-EXCITATION MACHINE

The cross section configuration of the machine part of the
E-CVT system is shown in Fig.2. This machine is



composed of two stators, two rotors and three sets of
windings. Both the inner stator and the outer stator are
housed with a set of armature winding. In addition,
another set of windings is introduced to the inner stator
which is used to bear excitation current pulse. In this
design, the aluminum-nickel-cobalt (AINiCo) magnet
segments and ferrite segments are attached to each tooth of
the inner stator one by one. The magnetization coils are
wound around the teeth behind the AINiCo pieces. By
applying a temporary current pulse to each coils, the
AINiCo magnets can be either magnetized or
demagnetized [14-15]. With this design, the level of air
gap flux density can be effectively regulated. The inner
rotor and outer rotor in this machine both adopt surface
mounted structure with the arrangement of one-PM-one-
ferrite. The rotor PM material is NdFeB which is
magnetized in radically outward direction in both two
rotors.

Magnetizing coil

Outer stator

Outer rotor

Inner rotor

Fig. 2: Configuration of the hybrid-excited flux-modulated
memory (HEFMM) machine for E-CVT system.

Armature
winding

(®)
Fig. 3: The cross section configuration of equivalent part of the
proposed HEFMM machine for E-CVT system: (a) MGM (b)
MFMMM .

The structure of the proposed HEFMM machine can be
seen as an integration of a magnetic gear machine (MGM)
and a flux-modulated mnemonic machine (FMMM). As
shown in Fig.3(a), the inner rotor, outer rotor and outer
stator compose the MGM. Fig.3 (b) exhibits the
configuration of FMMM which consists of the inner stator
with AINiCo flux modulator and the inner rotor.

The outer stator winding of the MGM in this design will
interact with both inner and outer rotor. The operation
principle of the MGM is based on the “magnetic gearing
effect” which is governed by the following equation [16]:

Pso=Nyo-N;i (1)

where; N,; and N, is the number of PM poles of the inner
rotor and outer rotor respectively. P, is the pole-pair
number of the armature winding of outer stator. In this
design, N, N, and Py, are designed as 13, 17 and 4
respectively. Assuming the rotating speed of inner rotor
and outer rotor are w,; and w,, respectively, the rotating
speed of the outer stator winding field is ws,, the rotational
speeds and pole-pair number of two rotors and outer stator
winding should satisfy the following equation:

- ria)ri+Nroa)ra+Psowsa:0 (2)

From (1) and (2) the rotating speed of armature winding
field in outer stator can be expressed as:

er wri - Nra a)ro Nri wfl - Nro a)ro (3)
a)SO = =
N, [ N, ro }):o

So the frequency of armature current of outer stator
winding is:

_N.o,-N,o, 4)

ro"ro

S 60
The FMMM part of the proposed HEFMM machine
includes the inner stator and the mnemonic magnet
modulator which can nicely interact with the inner rotor.
The pole pair number of the inner rotor N,;, the pole



pair number of the modulator N, and the pole pair
number of the armature winding field of inner stator Py
also satisfy the principle of magnetic gear effect and
governed by the equation[16]:

Psi:]vri‘Nm (5)

In order to couple with design of the MGM part, N,, and
Py; are set as 12 and 1 respectively. In the same way, the
rotating speed of armature winding field in inner stator
match the following formula:

i — rir

* N,-N, P

si

w=N.co N.o (6)

Accordingly, the frequency of inner stator armature
winding can be given as:

_N.o, 7
S 60

Only when rotating speed of inner rotor and outer rotor
match the frequency of armature winding field of inner
stator and outer stator, the machine can work well to
transmit steady torque. The specifications of the double
rotor double stator hybrid-excitation machine in E-CVT
system are listed in Table I. Due to flux modulation effect,
when the inner rotor rotates at certain speed, field
harmonics in the airgap are generated. Thus the rotors and
the stator armature winding can interact with each other
via common harmonics components. More specially, for
the proposed MFMM in this paper, the 1-pole-pair main
flux with the 13-pole-pair harmonic component exists in
the inner airgap. On the other hand, in the outer airgap,
there is the 13-pole-pair main flux with the 1-pole-pair
harmonic component. The inner stator teeth employed
with AINiCo magnet and ferromagnetic poles work as a
modulator to transform pole pairs between inner and outer
airgaps. The 13-pole-pair flux excited by NdFeB magnet
sets becomes 1-pole-pair in the inner airgap due to the
modulation effect of the AINiCo magnet or ferromagnetic
pole-pieces.

As shown in Fig.4, the NdFeB magnet pieces embedded in
inner rotor and outer rotor are all magnetized radially
outwards. Since AINiCo magnet material has intrinsically
low coercivity and high remanence, its magnetization level
can be adjusted by applying a temporary current pulse to
the magnetizing coil housed in the inner stator. On the
other hand, the coercivity of NdFeB magnet material is too
high to be changed by this small current pulse. When the
AINiCo magnet pieces are magnetized to the same
magnetization direction with the NdFeB magnet pieces,
the magnetic fluxes are enforced. When the AINiCo
magnet pieces are demagnetized to the opposite
magnetization direction, the magnetic flux with the NdFeB
magnet pieces will produce a flux leakage loop via the
AINiCo magnet pieces and not link with the inner stator
armature winding [17].

Fig. 4: Schematic diagram of the magnetization direction under
(a) magnetization level (b) demagnetization level of the HEFMM
machine.

Table 1: Specifications of the Double Rotor Double Stator
Hybrid-excitation Machine In ECVT System

Symbol Description Unit Value
D Outer diameter mm 240
/ Stack length mm 65
hyi thickness of inner rotor mm 6
Nro thickness of outer rotor mm 7
thickness of AINiCo

hm . mm 6
pieces

P, pole pair number pf outer N/A 4
stator armature winding

P, pole pair number pf outer N/A 1
stator armature winding

N, pole pair number of outer N/A 17
rotor

N pole pair number of inner N/A 13
rotor

o rotating speed of outer rpm _150
rotor

o rotating speed of inner pm 300
rotor

a air gap length mm 1
coil turns of outer stator

NI s N/A 50
winding

A2 cqll turns of inner stator N/A 50
winding

Y4 phase number N/A 3

III. APPLICATION APPROACH AND PERFORMANCE ANALYSIS

In contrast to fuel vehicles and battery electric vehicles
(BEVs), HEVs should adapt to different drive mode by
means of E-CVT systems [18]. In this design the inner



MFMMM serve as the primary motor with its rotor
connected to the drive line while the outer DVPM
machine serve as an auxiliary motor that connected to
the internal combustion engine (ICE). When the HEV
needs more power in climbing or starting up mode, the
ICE will run and drive the auxiliary motor. On the other
hand, when the HEV is driven at regenerative braking,
idling time or downbhills, the redundant energy provided
by the wheels can be transformed into electrical energy
and stored in the battery or ultracapacitor. By
controlling the DC current pulse in the magnetization
winding, the back emf can be reduced which allows
more extensive speed range of the drive line. In a word,
this E-CVT system can keep the HEV driven in a
smooth and wide range speed under different drive
mode.

The electromagnetic characteristics of the proposed
machine are analyzed using TS-FEM. Compared with
ac vector control in a traditional PM machine, the flux
control of the proposed MFMMM is much simple. Only
the direction of the DC current pulse in magnetization
coils need to be controlled to demagnetize or magnetize
AINiCo magnet. Fig. 5 expresses the no-load magnetic
field distribution of the proposed HEFMM machine
under different magnetization level. It can be seen that
magnetic field intensity of the proposed machine in
magnetization level are much higher than that in
demagnetization level. Corresponding back emf
waveforms of inner stator winding and outer stator
winding are shown in Fig.6. It clearly demonstrates that
the amplitude of back emf of inner stator winding
decreases from 50V to 30V after demagnetization.
While, the outer stator winding’s emf waveforms stay
unchanged after magnetize and demagnetize process of
AINiCo magnet modulator. The torque waveforms of
inner rotor and outer rotor are shown in Fig.7. The
report shows that inner rotor torque can be regulated.
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Fig. 6: No-load back emf waveforms of inner stator and outer
stator of the proposed double rotor double stator machine under
(a) magnetization level (b) demagnetization level.
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IV. CONCLUSION

In a HEV, the E-CVT system is the core technology that
converts the kinetic energy to the electric energy, and vise
versa. A gearless E-CVT system which offer higher torque
density, better stability and lower friction loss usually
includes a PM machine, some inverters and a battery or
ultracapacitor. But due to the drive’s output voltage is
limited by its dc bus, the E-CVT system may not realize
the requirement in driving speed. To solve these problems,
this paper proposed a novel double rotor double stator
hybrid-excitation machine employing flux-modulated
mnemonic design. Analysis based on TS-FEM has been
conducted and the results are reported The simulation
results validate the effectiveness of the proposed HEFMM
machine.
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Conceptual Design and Simulation for A Double-Rotor Switched
Reluctance Motor Using Parallel Series Windings

Li S.Y' ChengK. W.E'!

Abstract-In this paper, an interchangeable parallel-series
winding approach is used to realize a compact machine-
housing proposed for the double-rotor motor, based on
switched reluctance principle. First, theoretical analyses are
elaborated for the concept of the design, combining with the
magnetic circuit analysis and given a demonstration by using
this approach. Second, the basic mathematical model for the
motor is introduced and by using finite element method
(FEM), the magnetic field distribution of the motor is
acquired and collect torque data, followed by the coupling
effects analysis that shows the decoupled magnetic circuits
for the two rotors. Finally, to simulate the real working
condition, the multi-physical domain simulation is carried
out, and high and low speeding operations are obtained. It
suggested that the motor is capable of realizing high and low
speeds for continuously variable transmission and is expected
to be employed by electric vehicles (EVs) and Electric Vessel
in the future.
Keywords—Parallel-series-winding,  double-rotor
switched reluctance, FEM, EVs.

motor,

1. INTRODUCTION

Electrical vehicles (EVs) have become a popular candidate
for public transportation and many researchers have been
investigating and developing, increasingly, under the
background of green energy exploring and application. In
order to realize a continuously variable transmission
(CVT), some traditional EVs adopt intermediate parts such
as mechanic and magnetic gears, hydraulic convertors and
transferring belts, etc. for speed regulation. To eradicate
these intermediate parts and enhance the efficiency for
EVs, double-rotor motors have been investigated for EVs.
Similar, Electric Vessel also requires the same
requirement of transmission. The double-rotor motors
have advantages of high traction torque-speed, compact
volume and low cost, and most importantly, simultaneous
high and low speeds operation [1]. Until now, there are
mainly four types of double-rotor motors: direct current
(DC) motor, double induction-rotor motor, double
switching-flux rotors and double switched-reluctance-rotor
motor [2-4]. The difference between the last two motors is
that the last one does not own permanent magnets (PMs)
[5]. However, all of them are simply designed by
integrating two motors into a motor housing, therefore
creating two rotors or stators on their corresponding
windings. They are usually comprised by two electrical
terminals that are roughly equivalent to two motors
combining together. For example, ZiXuan’s paper [6], has
proposed a brushless permanent magnets double-rotors
motor for a HEV, and there are two layers of windings
with two electric ports for the stator. The same approach
for a brushless direct current motor (BLDC) proposed by
Durmus Uygun in [3] also simply integrates two DC
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motors together. In order to avoid the demagnetized
influence of permanent magnets, switched reluctance
double-rotor motors have been proposed in [7], [8] and
this simple approach is employed again. On the other hand,
the use of synchronous motor has been applied in vessel
but the application to switched-reluctance motor for vessel
is not yet reported. It is hard to realize a compact
structure if we adopt the simple idea which integrates two
identical or different type motors into one machine
housing, for these motors are difficult for mass production
due to their complex winding slots, and complex flux
barriers that should also be taken into account.

Actually, it is essential and necessary by employing or
designing simple structures not only for rotors but also for
stators and windings as well to effectively realize a
compact volume for double-rotor motors of EVs. In this
paper, a double-rotor motor based on switched reluctance
principle has been proposed. This motor, adopting only
one layer of windings fixed on a stator, governs both outer
rotor and inner rotor respectively. Put it in another way,
both of the two rotors share the same windings to generate
torques together. Therefore, the volume of the double-
rotor motor can be significantly reduced and
simultaneously, low speed and high-speed operations for
this motor can be realized readily. Since this motor is a
pure switched reluctance motor (SRM) without permanent
magnets, it owns all merits that traditional SRMs possess.
The paper includes the following contents. First and
foremost, the concept of the design has been proposed and
then, theoretical analyses are given by using magnetic
circuit method so that they verify the effectiveness of the
concept. Next, electromagnetic field of the motor are
analyzed and calculated by finite element method (FEM),
and magnetic coupling analysis is also carried out. Last
but not least, a multi-physical field simulation is
completed to emulate the real working condition for the
motor, which shows the good performance of the motor. It
testifies the effectiveness and feasibility of the proposed
concept of the motor.

II. THEORETICAL ANALYSIS

1. Magnetic structure of the motor

This motor has two rotors including rotor 1 and rotor 2
shown in Fig.1. Rotor 1 owns a series of teeth that are
distributed evenly around within the rotor. Rotorl, stator
and rotor2 are comprised by stacked silicon steels. The
stator has two poles with small teeth that are identical to
that of rotor 1. A pair of coils is wrapped on the two poles
for each stator and totally, there are six stators for the
motor. Two opposite stators comprise a phase for the
motor, which are similar to pure SRM. And all phases are
allocated around the rotor 1 with nearly 60 mechanically
interval degrees between two adjacent ones. More
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importantly, as shown in this figure, phase B is aligned
with both rotorl and rotor 2 at the moment. Rotor 2 has
two poles and, in the middle part of each pole, there is also
a pole with a minimum thickness so that this rotor can
realize two step alignments with different lengths of gaps.
All rotors and stators are fixed on a shaft by using bearings
that are not given in this figure

Fig. 1: The structure of the magnetic paths.

2. Theoretical concept

According to the minimum magnetic reluctance principle,
the two rotors can be driven by the same stator with
current carried windings. Both short flux and long flux
paths exist in this motor and when rotor 1 is excited.
Under the condition, flux lines would pass through stator
to rotor 1 only, crossing the air gaps between them, as
shown by the red closed line 1 in Fig.1. When phase AA’,
CC’ and BB’ are excited in sequence, the rotor 1 will
rotate along anti-clockwise direction. The rotor 2 is driven
by the same stators under the long-path flux lines that are
shown in Fig.1 highlighted by red line 2. Coincidently,
rotor 2 can also rotate in anti-clockwise when phase AA’
CC’ and BB’ are excited in order. The key difference to
drive the two rotors is the electric connecting way of the
two coils (coil 1 and coil2).

The magnetic paths shown in Fig.l1 can be simplified by
Fig.2, taking phase BB’ as an example. If the two coils of
phase B are connected in a serial way and the magnetic
circuit for the flux generated by the two coils are shown in
the corner of Fig.2. There will be short flux lines passing
along the rotor 1 and the stator only. These flux lines
cannot influence the status of the rotor 2 because there are
no flux lines along the rotor 2. The flux can be expressed
as

_ F1+F;
R1+2(Rs+Rg1)+Ry

(1 1

When the two coils of phase B are connected in parallel
and then connected with that of phase B’ in series, the
magnetic circuit for the flux can be shown in Fig.2 and

this long flux can be calculated by
Fy+Fs
¢ = @

- R
R "+Rs+Rg1+2Rga)+=2

Since the air gaps between the stator and rotor 1 are much
smaller than that between the stator and the rotor 2, the
flux lines are mainly influenced by the variations of the air
gaps Rg2. More markedly, there are two different gaps
between the stator and the rotor 2, for it has a pair of Y-
shaped poles. Therefore, either phase A or phase C excited
will drive the rotor to coincide with the central line of the
poles, thus driving the rotor 2 rotating in anti-clockwise or
clockwise respectively. Torque profiles for rotor 1 and
rotor 2 will be discussed in the following part.

Fig. 2: The equivalent magnetic circuit of the motor.

3. Structure of the electrical driver

How to realize the electrical driver for parallel-series-
windings is also a key point for this switched reluctance
based drive. Taking one connection of coil 1 and coil 2 as
an example, a simple structure for the electrical driver is
given in Fig.3.The half bridge topology that is similar to
conventional drivers for SRMs is employed, involving two
control switches (S1, S2) that are usually high frequent
MOSFETs for low power rate motors and two diodes (D1,
D2) for freewheeling of the coils (here are coil 1 and coil
2). Particularly, switch 3 (S3), as shown in Fig.3, is used
to realize the parallel-series connection for the motor. For
there is no need to act for S3 in a super high frequency, a
solid-state relay can be employed to realize the driver. As
shown in Fig.3 (b), when S3 turns to the upper points and
S1, S2 turn on, the current will pass through coil 1 and coil
2 and the two coils are connected in series. After turning
off S2 and S3, diodes D1 and D2 will be activated and
then the driver enters a freewheeling mode. Similarly,
when S3 turns to the lower points, parallel connection for
the two coils can be realized as shown in Fig.3 (c). When
S1 and S2 turn on, the two coils will be connected in
parallel and currents will pass through the two coils
separately. After the two switches turn off, the driver will
enter into a freewheeling mode and the two coils share two
diodes. More importantly, the current directions from the
two coils are different. The positive terminal and the

13



negative terminal for the coil 2 should be reversed if we
manufacture or connect the coils for the motor. Likewise,
this parallel-series connection method can be used for
windings as well.
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Fig.3: (a) Structure of the driver to realize the parallel-series
connection and (b) the two coils connected in series and (c) in
parallel.

4. Mathematical model

The motor obeys the principle of maximum reluctance rule
that the poles of the rotor 2 and the teeth of the rotor 1
would coincide with that of the stator. The dynamic

equation can be expressed as
a%e; do;

— ) 4Y) —

T =)mj— +B; o +T, =

dt
T;

J is electromagnetic force related to phase

aw i(i,0;) .
2D ;=12

a0 3)
where, torque
currents and angles of the two rotors,]mi, Bfand Tyare 10ad

coefficient

0

respectively. W;(@.6)) is co-energy of the motor and “J is
the angles of the two rotors [10], and j represent the
number of rotors.

force, mass of mover and damping

W (0.6,) = [y 2G5, 0)di; = JL(1;,6) )

’1("1" 91’) is flux linkage of the motor and §jis the phase
current. The value of inductance is a function with phase
current and angle of the rotors. According to (3) and (4),
we can obtain:

aL(ij,Gj)

1.,
Tm = El]

It can be seen that the inductance of the rotor is
determined by both the current and angle of the rotor and,
the torque output is not linearly related with the current as
the nonlinear characteristic of the inductance caused by
the phase current and angle of the rotor. The electrical
terminal for the motor can be expressed as

i daA(i;@;
dij

(6)

where- Rj, u; , and Lj represent phase resistance, terminal
voltage and current of phase, respectively.

III. FEM ANALYSIS

1. Electromagnetic field

The magnetic field distributions at aligned angle and
unaligned angle for the rotor 1 and the rotor 2 are given in
Figure 4. It can be seen from Figure 4 (a) and (b) that the
flux is concentrated along the stator and the rotor 1 only.
Small poles are designed for the rotor 1 to work at low
speeds. When the rotor 1 rotates from un-aligned position
to aligned position, flux changes obviously in the yoke of
the rotorl and its teeth. By contrast, the flux distributions
of other places roughly keep constant. There is little flux
crossing the rotor 2. When the windings are connected in
parallel way, long flux path dominant the whole area of
the motor as shown in Figure 4 (c) and (d). The flux is
distributed along the stator, rotor 1 and rotor 2, and the
density of the flux is mainly influenced by the angle of the
rotor 2. We can see that the flux in both the stator and the
rotor 1 and the rotor 2 changes dramatically at different
angles of the rotor 2. With the change of the angles of the
rotorl and rotor 2, the inductance changes will play a main
role to generate torque. To realize high speed operation by
the rotor 2, its pole width is larger than that of the rotor 1
because of high switching frequent. By doing so, the
switching frequent can be reduced due to large electric
angle between adjacent phases. Hence, the drive of the
motor can be achieved easily.
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Fig. 4. Flux density distribution of the motor including (a) short
flux path at unaligned angle, (b) short flux path at aligned angle,
(c) long flux path at unaligned angle and (d) long flux path at

Inductances and torque outputs with respect to angles are
also calculated by FEM as shown in Fig.5. It can be seen
from the figure that the values of inductance change
dramatically and obviously when the angle of the rotor 1
varies. By contrast, the values experience tiny change
when the rotor 2 rotates. Immediately, the latter value is
approximately 10 mH less that the former. The average
torque output from the rotor 1 is nearly quadrupled than
that from the rotor 2. From Fig.5 (d), the torque outputs
experience a significant overshoot because of the existence
of two lengths of air gaps between the stator and the rotor
2. These torque outputs increase in spite of differing
degrees at the beginning with the first air gap increasing
from zero to 36 degrees, followed by a sharp drop and
then increasing gradually by the degree around 70.
Therefore, the second torque outputs are generated from
60 degrees to the end in the whole electrical period of the
rotor 2. Rotor 1 can be operated in low speed scope and
rotor 2 is suited to realize high speed work.
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Fig. 5: Magnetization as a function of applied field.

2. Simulation for parallel-series connection

According to the design of the driver for the motor shown
in Fig.3, corresponding simulation modules are built in Fig.
6 (a) to observe the current waveforms when changing the
connection status between the two connections. The period
of the PWM module is 0.001 s and the period of the pulse
is 1 Hz which is used to control the status of the coils
connection. It can be seen from Fig. 6 (b), when the series
connected coils change to parallel connection, the
variations of the two currents of the coils are significant,
with the values nearly doubled, experiencing a transient
process shown in the circle. The currents can be regulated
by the duty of the PWM signal.
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Fig.6: (a) Parallel-series connection simulation modules and (b)
currents of the two coils.

3. Coupling analysis

From the magnetic field distribution of Figure 4, the short
path flux fails to pass the rotor 2. Hence, when the rotor 1
works, the flux generated by the windings of the stator
could not influence the rotor 2 and they are nearly
magnetically decoupled. Figure 7 (a) shows the torque
outputs under the same current level 5 A, when the rotor 1

Current=10A

is at unaligned angle and aligned angle respectively. The
torque outputs are approximately equal, which suggests
that the angles of the rotor 1 has little impact on the torque
output contributed by the rotor 2. Similarly, Figure 7 (b)
shows the torque outputs of rotor 1 when the rotor 2 is at
unaligned and aligned angles, respectively, with the
current excitation 2 A. According the calculation results,
there is little coupled influence between the rotor 1 and the
rotor 2 so that the magnetic coupled effect can be
neglected for the control of the motor.
Table 1: Main Specifications of The Motor

Symbol Conversion from Gaussian
and CGS EMU to SI
Rated power 42W
Rated phase current 10 A
Diameter of the rotor 1 140 mm
Diameter of the rotor 2 60 mm
Number of turns of 200
each coil
A average Inductance 75 mH
Stack length 100 mm
Speed range 1-10000 rpm

Torque (N.m)
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Fig. 7: (a) Torque output of rotor 2 from aligned angle to
unaligned angle when the rotor 1 is at the unaligned and aligned
angles and (b)Torque output of rotor 1 form aligned angle to
unaligned angle when the rotor 2 is at the unaligned and aligned
angles.

IV. MULTI-PHYSICAL DOMAIN SIMULATION

This section describes the contribution of the paper so that
even if readers have not read the body of your paper, they
still understand the main idea of the paper. You should not
insert any discussion statements in this section because
they can be fitted in the previous sections. Even if the
author only designed and tested a system, he can also state
the achievement in this section. The following statement is
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an example: The theory has been implemented in an
electronic circuit. The circuit has been prototyped and
tested. The experimental results agreed very well with the
theoretical prediction and verified the theory proposed.

In order to simulate the real working condition for the
motor, the multi-physical domain simulation platform is
built and it mainly includes four parts that are electrical
part, mechanical part, FEM module and control part, as
shown in Fig.8. The electrical part consists of a power
supplier, a capacitor and a three-phase asymmetric half
bridge topology, comprising the drive for the motor. The
mechanical part involves damping and mass elements to
set the physical parameters for the motor. The control part
is built by using C language module to calculate the
current for each phase, according to the feedbacks of angle
and angular speed, thus obtaining the turn-on and turn-off
angles for the motor in the end. The FEM module is
established by using finite element analysis and the basic
specifications of the motor are listed in the Table L.
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Fig. 8: Multi physical simulation platform for the motor

The speed control block can be simply expressed by Fig.9.
It mainly includes three parts that are the controller, the
driver and the motor. The controller outputs current
reference to the driver after regulating the error of
reference angular speed and the real angular speed of the
motor. Importantly, for the current regulation part, we
select different current regulation methods for high speed
and low speed operations of the motor. In high speed, two
specific angles are chosen to turn on and turn off the
switches during an entire electrical period for each phase.
By contrast, the current pulse width modulation (PWM) is

! I
@ er |
) — W
|
! I
Speed feedback L _ _ _ _ _ _ _ _ _ _ __J

Fig. 9; The speed control block of the motor.

When the motor works in high speed, the torque outputs
and speeds are given in Fig.10. From the simulation
results, it can be seen that its torque output will decrease
with the rise of the speed. From Fig.10 (b), with the speed
increases, the load toque experiences high loading torques
that exceed 15 Nm, followed by a sharp decline and reach
a steady load at average 1 Nm. The speed experiences an
acceleration and increases from zero to 10000 rpm,
entering a steady status by the end. The results verify that
the motor is capable of operation in high speed.

[0
Motor |——>

|y

Current {A)

(©)
Fig. 10: (a) the speed curve of the motor with average torque
load (b) and currents of three phases (c).

When the motor operates in low speed, the phase currents
should be controlled by the method of pulse width
modulation (PWM) to curb their maximum values. As
shown in Fig.11 (a), the speed waveform and three phase
currents indicate the capability of the motor starting with
load of 2.5 Nm. By PWM control, currents are regulated at
around 6 A, and we can see the accelerating process of the
motor, with speed gradually increases from zero to
approximate 13.5 rpm within 5 minutes. Fig.11 (b) shows
the torque output of the motor under a low speed
condition. It can be seen that there is some torque ripple
under a low speed working condition for this motor.
Although there is some torque ripple in low speed,
advanced control algorithms could be developed to
mitigate or avoid the ripple. In short, the motor can work
in both high speed with angle-position control and low
speed with current PWM control.
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Fig. 11; (a) the speed and three phase currents with PWM
control under load and (b) corresponding torque output.

V. CONCLUSION

Connecting windings by interchanging parallel and serial
circuits is an effective way to integrate double-rotor
motors based on switched reluctance principle. Both the
theoretical analysis and simulations suggest that by using
this approach, the integrated motor with a compact
structure is able to realize high and low speeding
operations simultaneously, thus achieving a variable
transmission for EVs. Meanwhile, finite element analyses
confirm that the coupling effect for the motor can be
ignored. A forthcoming study on this motor will be carried
out, including information on parameter optimizations and
manufacturing and controller designs for the motor, etc.
The proposed design concept lays a new path for the
double-rotor switched reluctance motor that is expected to
be employed in EVs, HEVs and Electric Vessels in the
future due to its performance in speed and torque.
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Investigation on Advanced Control of A Linear

Switched Reluctance Motor

Zou Y

Abstract—-Advanced control systems are increasingly
employed for intelligent factories. Fuzzy logic control (FLC)
and backward propagation neural network (BPNN) control
are investigated in this paper to realize position control for a
linear switched reluctance motor (LSRM) against its
nonlinear characteristics. Principles for FLC and BPNN
control are introduced elaborately. Simulation results via
BPNN show that dynamic position errors for the LSRM can
be limited to 0.1 mm. Experimental results on FLC suggest
that point-to-point position tracking for the motor can
achieve 0.01 mm, constraining dynamic position error in 0.1
mm. By experiments, FLC for the LSRM performs better
than traditional proportional-integral-derivative (PID)
control, proving the effectiveness of the alleviation of the
nonlinearity for the LSRM.

Keywords—Fuzzy logic control, backward propagation neural
network, LSRM, position tracking.

[. INTRODUCTION

Intelligent control algorithms are introduced to improve the
performance of linear motors for precisely positioning
trackers with high stability, because of uncertainties on the
motors caused by their nonlinear characteristics and
interferences from circumstance [1]. A liner switched
reluctance motor (LSRM) as one of the linear motors is the
control plant in this paper. The nonlinearity of the motor
exists due to saturated magnetic cores, nonlinear thrust
outputs and variety between static fraction coefficients and
moving fraction coefficients [2]. Meanwhile, interference
caused by varied loads, coupled flux lines and drifted
parameters may significantly deteriorate the performance
of the motor. Employing traditional PID controller is
unable to fulfill the requirements of good performance
under these uncertainties. Therefore, advance control
approaches are increasingly investigated to address those
problems mentioned. To solve the deteriorated
performance stemmed from nonlinearity and altered
operation conditions of the motor, fuzzy logic control
(FLC), neural network control (NNC), adaptive control and
sliding mode control (SMC) are used to control the position
of the motor [3-6]. These control methods can imitate
expert’s experience, compute and exert adjusted control
commands for the motor to get a satisfactory performance.
After using these advanced controllers, not only will the
overall hardware cost on the motion system reduce, but also
the motor performance becomes better. Among them, FLC
can transform linguistic control rules from experts’
knowledge to regulate behaviors of mechanical devices,
regardless of their accurate mathematic models [3].
Consequently, the controller would become simple and
easy to design and implement. For industry control, most
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processes are suited to use linguistic rules, especially for
those complex systems that their dynamic models are
difficult to obtain or precisely predict. After imitating what
the experts’ programed, the controller would become
intelligent. BP NNC is a popular intelligent control method.
This method is capable of addressing nonlinear issues for
the whole system because of its multiple layer mapping
transformations with nonlinear characteristics [4]. Also,
self-teaching and self-adaptation can optimize the weights
of nodes, thus improving the performance of the motor and
enhancing the stability of the system [5]. Except for these
merits, BP NNC has high fault-tolerant capability so that
the whole system would become more robust. Adaptive
control is an effective approach to avoid the influences of
altered environment or parameters. The designed zeros or
poles for the motor will be regulated after identifying the
parameters of the controlled subject. For the motor, in this
paper, the position of the motor can be controlled and
regulated after identifying the dynamic parameters of the
operated motor [5]. Accordingly, the controlled position
will be modified with more accuracy even though the
parameters of the motor vary with the time. Sliding mode
control (SMC) is another advanced control to address the
nonlinear behavior of the control plant [6]. The core to
design the SMC is to find a suitable sliding mode surface
for the motion system.

In this paper, fuzzy logic control and BP neural network
control approached mentioned are designed for the motor.
Simulation and experimental results are obtained. After
comparing the controlled results, advantages from each
advanced controller are yielded, with elaborated analysis
for the obtained results.

II. INTRODUCTION FOR THE LSRM

A. Configuration of LSRM

The basic mechanical structure of the LSRM is shown in
Fig.1. This motor consists of three phase windings and each
winding possesses a coil wrapped around a steel stacked
core. Three cores fixed on an aluminum plate constitute the
mover of the motor. Their section views are shown in Fig.1.
The mover connected with four slippery wheels that belong
to the components of two linear guides. The linear guides as
well as the stator that is also comprised of stacked steel
plates are fixed on a basement, which is the stator base. A
1-um-resolution linear optical encoder is integrated into the
LSRM system to observe the motion profile of the moving
platform and provide the feedback position information.
The main electrical and mechanical parameters of the
LSRM are listed in Table 1.
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Fig. 1: The sections views of the motor.

Table 1: Specifications of the LSRM

Parameters value
Rated current 4A
Mass of moving platform 1.5kg
Mass of stator 2kg
Pole width 6mm
Pole pitch 12mm
Phase division 10mm
Phase resistance 2ohm
Air gap length 0.3mm
Number of turns 160
Stack length 25mm
Encoder resolution Ipm
Rated current 4A
Mass of moving platform 1.5kg

B. Dynamic model of LSRM

The electrical terminal for any one phase can be
characterized as the voltage balancing equation as follows:

dA(i,x)
dt

u=RLi+ €))

where R, u and i represent phase resistance, terminal
voltage and current, respectively. x is displacement and

A (l’x) denotes flux-linkage. From the mechanical side

2 .
F:MQ+B@+fL:lB2 LX) Q)
d’  dt 2 fx

where F is electromagnetic force, f L, M and B are load
force, mass of moving platform and friction coefficient,
respectively.

C. Nonlinearity of the LSRM

As the saturation phenomenon of the magnetic steel
materials exists and nonlinearity for the motor will occur.
All motors cannot avoid the nonlinearity. The LSRM, as
one of the motors, has a highly nonlinear characteristic.
According to equation (2), if the input command is a force
reference, this force command can be transformed as a
current reference for drivers of the motor. Also, to improve
the performance of the motor, force distribution function
(FDF) is an effective way to alleviate the nonlinear force
outputs excited by phase currents [5]. The overall FDF
scheme is shown in Fig.2. Force ripples and acoustic noise
generated by the motor can also be mitigated via a
reasonable FDF that is designed to match the
electromagnetic behavior of the motor. Apart from this
approach, the advanced control method introduced as the
following can also address the nonlinear problem. However,
advanced control algorithms are usually employed for the
motor to get a better performance against the nonlinearity.

L - i
- o (i)
Force 7
N Distribution Lh o .
= Function L S (i) -
(FDF)
L . ;
> L  —
. o (x0)
X T

Fig. 2: The structure of the FDF.
III. ADVANCED CONTROL FOR THE LSRM

A.  Configuration of control

This motor is suitable for a fuzzy PD controller. This
controller can adjust control parameters according to the
status of the motor via fuzzy logic approach. The fuzzy
logic mainly consists of fuzzification, rule bases, fuzzy
reasoning and defuzzifier. K, and K4 are the proportional
gain and the differential gain of the PD controller,
respectively. The control diagram is shown in Fig. 3.

z Fuzzy
logic

€c

AKp| AKd|

v(t)
PD | I [ srMm

"0 L derir

controller

Fig. 3: FLC diagram for the LSRM.
The proposed fuzzy PD controller takes the position error

and its change as the inputs and outputs the values of K,
and K. The two coefficients can be formulated as

K, =K, +AK, 3)
K, =K, +AK, “)

where K,y and Kg are the initial values ,AK, and AKj are
the increases of K, and K.
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By using the feedback signal from a position sensor,
position error E and its change rate Ec can be obtained.
The fuzzy logic controller will employ the two values. In
this paper, the regions of the fuzzy sets for the two
parameters are {-6 -4 -2 0 2 4 6}. After fuzzification, the
fuzzy set values will be {NB NM NS ZO PS PM PB} and
the corresponding linguistic variable fuzzy set is [negative
large, negative middle, negative small zero, positive small,
positive middle, positive big], as shown in Fig.4. Similarly,
the discussion region for K, and K, are given in Fig.5. The
rule bases for K, and Ky are listed in Table II and III.

In this paper, we choose the triangle membership function
for E, Ec, K, and K4, Mamdani inference method for fuzzy
reasoning, and the center of gravity method for
defuzzification.

NB NM NS Z0 PS PM PB

=

-6 —4 -2 0 2 4 6
Fig.4: Membership functions of £ and Ec.

NB  NM NS Z0 PS PM PB
—4 -2 0 2 4 6

- -6

Fig.5: Membership functions of K, and Ku.

The basic control rule for the fuzzy logic controller mainly
includes:

(1) When |E]| is large, to achieve a stronger dynamic
response performance, we can set larger K, and smaller
Ka.

(2) When |E| is medium size, in order to obtain a smaller
overshoot of the system response, K, can be set smaller.
At this time, K, can be set larger.

(3) When |E]| is small, to make the system stable, the value
of K, should be set smaller. To avoid the system
oscillation near the set value, the value of K, should refer
to the value of |Ec|. When the value of |Ec| is small, the
value of Ky can be larger. In contrast, when the value of
|Ec| is larger, the value of K, can be small.

Table II: Rule base of the K,

E EC[ NB NM NS 20 PS PM PB
NB PB PB PM PM PS 20 20
NM PB PB PM PS PS 20 NS
NS PM PM PM PS 20 NS NS
20 PM PM PS 20 NS M NM
PS PS PS 70 NS NS M NM
PM PS 20 NS NM M M NB
PB 70 70 NM NM NM NB NB

B. Artificial neural network

Neuron here is the basic processing unit for the artificial
neural network. Generally, it consists of multi inputs and a
single output, processing nonlinear signals. A neuron
includes a connector with a weight value, a sum unit and

Table III: Rule base of the K

E EC| NB NM NS 20 PS PM PB
NB PS NS NB NB NB M pPS
M PS NS NB M M NS 70
NS 70 NS NM M NS NS 70
20 20 NS NS NS NS NS 20
PS 70 70 70 70 70 70 70
PM PB NS PS PS PS PS PB
PB PB PM PM PM PS PS PB

Xi

input x;
X2

activated function

() >

outpur)u

threshold

Fig.6: Model of an artificial neuron.

an activated function. A neuron with a series of inputs X, ,
X, ,..., X, of connectors with weightsw, , W, ,..., W, is
shown in Fig.6. y, is the output of the neuron i. After
summing, a linear integrity output u,is yielded through
these ¥, . ¥, =@()) is the activated function with a

threshold @, to constrain the output scope of the

designed neuron. The mathematic model for the neuron
can be expressed as

U= W, ©)
J=l

net, =u,—0, » (6)

¥, = (net;). @)

where net; denotes a computing method to combine these
inputs.
a) Backward Propagation neural network

Back propagation (BP) neural network is one kind of
neural network and it can be also named as a backward
propagation network or a multi-level forward network.

BP algorithm is an optimal method based on gradient
downward approach, adjusting the weight to minimize the
overall error of the network. It comprises forward network
computation and error inverse propagation. These weights
for neurons will be optimized after backward transferring
errors to minimize the overall error of the controlled
system. BP network usually involves an input layer, a
hiding layer and an output layer. A BP network is shown
in Fig. 7, with the numbers of the inputs, the outputs and
the implicit node m, n and ¢, respectively.
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output layer

input layer hidden layer

Fig.7: The structure of the BP neural network.

b) BP forward network design

The outputs of the input layer of the BP network can be
expressed as

0, =x,.(j=12,...m) (8)

The inputs and outputs of the implicit layer are

net’ =Y w0 -0,(i=12...9) (9
Jj=1

O; = p(net?) (10)

Inputs and outputs of the output layer can be formulated as

q
net) = w0 =0,,(k=12,.,n) (D)
i=1

O’ = p(net’) (12)

where O} ,O},0, are outputs of the input layer > and

? s nel‘i3 are inputs of the complicit layer and the

net,
output layer. Wij2 and wf are connecting weights between
the input layer, the implicit layer and the output layer. &, ,
6, are thresholds of the implicit layer and the output layer.

¥, =@() is the activated function expressed by

1

P(x)=—— (13)
1+e
1_ —-X

P(x) = —— (14)
1+e

¢) Regulation of PB neural network via error

The output error of the system is

1 n
J==>(-») (15)
2T

where r is the reference of the system and y is the output.

d) Weight regulation of output layer

Weights, as weighting factors of the output layer, will
adjust according to the negative value of the gradient to
function J

Aw? = —p oJ _ oJ .ﬁnet,f, 16)
Y Tow,  oner, ow)
where 77 is a learning rate, 7} >0.
And
3
an—ei’“‘zOf (17)
W,
aJ o 8o,

- =—(r.—y,) ¢ (net’ 18

assuming that

S, :(rk_yk)'qoy(net:?) (19)

Aw,f,. =n(, —»)" (0' (netf) . Ol.2 = 775,{0,2 (20)
it can be rewritten as
wi (k+1)=w; (k) +Aw,, =w; (k) +1n5,07  (21)

to improve the convergent rate of the computing results,
the weights can be modified as

Wy (k4D =w, () +76,0; o
+05(sz (k) - wlfi (k -1)

where « is an inertia coefficient and 0 < <1.

e) Weight regulation of implicit layer

According to the gradient of J, the weights for the implicit
layer can be calculated as

oJ aJ Onet;

Awg =—n—5=-1 (23)
¢ ow? onet’  ow?
where 77 is a learning rate, 77 >0.
And
Onet;,
—£ =0 (24)
W,
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aJ] o] oo o,
= . =—(rn—y.) @ (net, 25

the output of the implicit layer will put an impact on all
units connected with the unit from the layer

oJ _i oJ ﬁnet,f
80,(2 k=1 anet; 80](2

. (26)
= - . W3. ==Y 0
kzzl: onet; " kZ:‘ *
given that
8, == (5, - W)@ (net) @7
k=1
then

AW, =n) (S, W) @ (net})-0l =150 (28)
k=1

it can be rewritten as
wi (k +1) =wi.(k) + Aw;. = wi. (k) +15,0] (29

likewise, to improve the convergent rate of the computing
results, the weights can be modified as

wi(k+1)=w..(k)+7r5,0!

(30)
+or(w, (k) —w (k1))

where & an inertia coefficient and 0 <o <1.

f) BP neural network PID control

BP network is capable of self-learning and nonlinear
adaption. BP network PID control is to seek the optimal
control parameters for the PID controller by self-learning
of the BP network. The whole control block can be plotted
as in Fig. 3. r is the reference and y is the output. e is the

error of the system. u is the output of the system controller.

Kp, Ki and Kd are the control parameters for the PID
controller, obtained from the BP network. These
parameters for the PID controller and the BP network are
the two key parts for the whole control of the system.
According to the status of the system, BP network can
enter a self-learning to adjust the parameters for the PID
controller so that the adaptive and nonlinear control will
be realized.

control plant |

driver |—>

LSRM AN

Fig.8: PID control scheme with neural network for the LSRM.

IV. VERIFICATION OF THE ADVANCED CONTROL

To verify the effectiveness of the mentioned advanced
control algorithms, simulation software
MATLAB/Simulink is introduced to build the controllers
including fuzzy logic control and BP neural network
control. After building the simulation block via Simulink,
simulation results are obtained for neural network PID
controller, as shown in Fig. 9. Fig. 9 (a), (b) and (c) show
the values of the coefficients K, K; and Ky, respectively.
Fig.9 (d) and (e) illuminate the position tracking and its
errors. Position tracking errors corresponding to a
sinusoidal reference can be limited less than 0.1 mm under
the steady status of the motor. Meanwhile, by programing
the Simulink control blocks of fuzzy logic control into
dSPACE card, a hardware controller for the fuzzy logic
control of the linear motor is established. Experimental
results are shown in Fig. 10. Position tracking errors are
constrained in 0.1 mm for sinusoidal reference and 0.01
mm for square wave reference, respectively. Both
sinusoidal and square wave references validate the
effectiveness of the designed fuzzy logic controller.
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o
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(a) Values of K, for BPNN (b) Values of K: for BPNN
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(c) Values of K4 for BPNN (d) Position response controller
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0 1 2 3 4 5
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(e) position error of the BPNNC control system
Fig. 9: Coefficients (a), (b), (c) and (d) position response and
errors (e) for the designed BPNN control.

The comparison of PID controller and fuzzy logic PID
controller are shown in Fig.10. From the experimental
results especially under a sinusoidal reference, position
errors from the fuzzy logic controller are less than that
from a PID controller, which obviously shows that
advanced control can improve the performance of the
LSRM, particular under a varied reference. Although the
performance of the LSRM under the reference could be
worse as different operation status with nonlinear factors,
advanced control motion system outweigh traditional
equipment and can perform better in industry applications.
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Fig. 10: Position response for sinusoidal and the square wave
reference (a) and the sinusoidal wave, under PID and fuzzy logic
PD controllers.

IV. CONCLUSION

Fuzzy logic PD control and BP neural network PID
control are advanced control algorithms to better
performance of complex equipment and nonlinear
machines. They inherit the advantages of PID controller,
regulating behaviors of control subjects without accurate
mathematic modes. Apart from this merit, these advanced
control systems can adjust their control parameter
according to the variations of the status of the entire
control system, overcoming shortcomings of traditional
PID control that fails to conquer the influences from
varied references and interferences of the environment.
Advanced control systems could dominate industrial
equipment for intelligence factories and smart mobility.
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