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ABSTRACT: With combining the advantages of the hybrid excited machine and field modulation machine, hybrid excitation field mod-
ulation machine (HEFMM) exhibits obvious merits of controllable flux operation and independent flux distribution paths, which is one
promising candidate for direct drive application fields. As one newly branch of hybrid excitation synchronousmachine (HESM), HEFMM
control method can be executed based on the characteristics of the machine operating in different speed regions. When it operates in the
low-speed constant power region, the minimum copper loss method is used to optimize the d-axis, q-axis, and excitation current values.
When it operates in the high-speed constant power characteristic region, flux weakening fuzzy control strategy combined with particle
swarm optimization algorithm for HEFMMwas presented. The correctness and effectiveness of the proposed flux weakening fuzzy con-
trol strategy were verified by the simulation data and experimental results, which demonstrated that the this current optimization method
based on PSO algorithm can effectively reduce the total copper loss of the machine by 22.8%, the range of speed regulation with higher
efficiency are obtained.

1. INTRODUCTION

Compared with conventional permanent magnet syn-
chronous machine (PMSM) and reluctance machine for

the application of industrial fields [1–3], hybrid excitation
synchronous machine (HESM) is one promising candidate
due to the feature of wide range speed regulation operation by
adjusting the excitation current and d-axis current, especially
for wind power generation, electric vehicles (EVs), hybrid
EVs and other direct drive systems [4–7]. In recent years,
several different potential solutions of HESMs exhibiting the
field modulation topology [8–12], namely, hybrid excitation
field modulation machine (HEFMM), has been become the
key research subject since it incorporates the merits of HESM
and unique magnetic field modulation principle.
In order to increase the speed range of the machine, a hybrid

excitation field modulation machine was proposed with vari-
able magnetic flux in [13], which is based on the multi-tooth
split pole magnetic field modulation machine. The excitation
winding and armature winding are arranged between the stator
cavity gaps to achieve controllable magnetic flux. In [14], two
types of flux memory magnetic field modulation motors with
different rotor permanent magnet and stator permanent mag-
net types were proposed. This type of memory magnetic field
modulation motor utilizes the high remanence and low coerciv-
ity characteristics of aluminum nickel cobalt permanent mag-
net material to achieve online magnetization adjustment by ap-
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plying charging and demagnetizing currents, suitable for wide
speed electric vehicles and ship propulsion. One pair of se-
ries and parallel HESMs having similar topologies and PM cost
are assessed and compared to differentiate their advantages and
disadvantages based on the partitioned stator platform in [15].
And their prototypes are fabricated and tested to validate the
analyses of the flux regulation, energy conversion capability,
parasitic effects and irreversible demagnetization of the two
kinds of proposed machines. A new kind of AC-excited hybrid
HESM is studied in [16], and three different flux-weakening
control strategies are compared and investigated, respectively.
All those control methods can widen the operating region of the
machine to a certain extent, and do not depend on its parame-
ters. Three models of 40 kW HESMs are proposed for the elec-
tric vehicle application in [17], which are based on auxiliary to
main field excitation ratios. With the purpose of investigating
the effect of hybridization ratio on the machine performance, a
comparison research is implemented at rated speed, low-speed
region or maximum torque per ample region, and high-speed
region or field weakening region.
In [18], the machine flux-weakening implement is realized

by imposing on the stator armature winding and rotor excitation
winding currents, which means stator armature current control
with a proper linearization voltage loop and rotor excitation
current control with the purpose of enlarging operation speed
by feed-forward method are designed, respectively. In [19], a
local minimum function control method for the instantaneous
value of reverse energy based on the dynamic characteristics
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of the HESM at twice the nominal speed is presented. This
method does not need to modify the controller parameters ev-
ery time, and its validation is obtained in four different struc-
tures of HESMs. Similar novel HESM drive control methods
with id = 0 and flux-weakening strategy, are proposed in [20]
and [21], respectively. With the purpose of improving the con-
trol system robustness capacity, proportional-integral (PI) con-
troller parameters are optimized by particle swarm optimiza-
tion (PSO) algorithm. Prototype test results indicate that the
PSO-PI controller is effective to reduce the torque ripple. In
addition, one novel hybrid excitation field modulation machine
is presented and analyzed in [22], which contains DC-biased
sinusoidal phase current, and its optimal current control con-
figurations are studied systematically. These research achieve-
ments have positive reference for revealing the electromagnetic
characteristics of HEFMM. However, as a newly branch of
HESM, HEFMM has been proven to be a multivariable non-
linear high-order system with strong coupling, and its electro-
magnetic torque is jointly related to d-axis, q-axis and excita-
tion currents. However, the influence of power supply volt-
age was not taken into account in the weak magnetic control
process, which means that the weak magnetic field of the d-
axis current was not utilized. For HEFMM, due to the nonlin-
ear characteristics between torque and current, different com-
binations of armature and excitation current may produce the
same torque value, which means that the corresponding losses
and rated voltage depend on the relevant current, respectively.
Therefore, within the entire working range of low speed con-
stant torque and high speed constant power, how to reduce to-
tal loss by allocating reasonable current to achieve the goal of
improving the efficiency of HEFMM drive system.
This paper is organized as follows. The topology and its

mathematical model of the proposed HEFMM are demon-
strated in Section 2. Then, the proposed HEFMM flux weak-
ening control strategy is described and derived in Section 3,
which includes two parts of minimum copper loss (MCL) con-
trol in low speed operating area and weakening flux fuzzy con-
trol combining with PSO algorithm for high speed operating
area, respectively. The control system simulation model for
the proposed HEFMM is established, simulated and analyzed
in Section 4. Several experimental verifications under differ-
ent motion conditions for the HEFMM are given in Section 5,
respectively.

2. TOPOLOGYANDMATHEMATICMODELOFHEFMM
Figure 1 shows the proposed three-phase HEFMM. The stator
part of themachine forms a circumferential distribution of small
teeth by adding the traditional permanent magnet motor tooth
boots to deeper auxiliary grooves in the tooth boot parts. These
teeth act as the magnetic rings in the magnetic gears, that is,
the flux modulation poles. The three-phase centralized arma-
ture windings are nested on the inner stator teeth, and the DC
excitation windings are evenly distributed between the adjacent
flux modulation poles (FMPS) and stator teeth. The air gap flux
distribution of HEFMM is composed of two components, one is
constant flux created by PM, and the other is variable flux gen-
erated by field winding. The magnetic field generated by the

excitation current are mostly entered into the air gap through
the core because the magnetic resistance of PM is much larger
than that of the core. Hence, when the machine works in flux-
weakening, the permanent demagnetization for rotor PM can be
avoided. Meanwhile, a satisfactory magnetic flux adjusting ca-
pacity can be obtained by regulating the currents of excitation
and the d-axis due to the small reluctance of the whole magnetic
circuit. For the proposed HEFMM, there are nine stator teeth
and eighteen FPMs are evenly distributed upon the entire ma-
chine, respectively, and each stator tooth contains two FMPs.
According to the principle of magnetic gear effect, the trans-
mission ratio for the proposed HEFMM is 4.5. This means that
the magnetic field of the inner stator armature winding changes
at a rate 4.5 times the outer rotor rotation rate, allowing the in-
ner stator armature magnetic field to rotate at a rate of increase
that is a multiple of the HEFMM’s transmission ratio. For ev-
ery one-degree change in the rotation of the outer rotor, the
magnetic field of the inner stator changes by 4.5 degrees, which
means that a very small change in the position of the outer ro-
tor will bring about a large change in the magnetic field of the
stator, thus realizing the magnetic field modulation effect.
It can also be found that the magnetic field component gener-

ated by the DC excitation current is coupled with that of stator
armature current and PMs from Fig. 1(b). The air gap mag-
netic field distribution of the proposed HEFMM is the result of
the combined effect of the PMs, DC excitation windings, and
the linear superposition of the stator armature windings. There-
fore, the motor air gap magnetic field adjustment can be accom-
plished by changing the direction and size of the DC excitation
current and the machine d-axis current to realize the purpose of
widening the motor speed regulation range. HEFMM equiva-
lent circuit model is shown in Fig. 2.
According to the d-q coordinate system of HEFMM, voltage,

flux linkage and electromagnetic torque equations for HEFMM
can be derived as follows:
Voltage equation can be expressed as: uf
ud
uq

 =

 sMsf 0 Rf + sLf
Rs + sLd −ωeLq sMsf

ωeLd Rs + sLq ωeMsf

 if
id
iq



+

 0
0

ωeψpm

 (1)

where uf , ud, and uq are the excitation voltage, d- and q-axis
armature voltage components, respectively; Rs and Rf are the
stator armature and excitation winding resistance, respectively;
Msf is the mutual inductance between the stator armature and
the excitation windings; Ld, Lq and Lf are the d-axis, q-axis
and excitation inductance components, respectively; ωe is the
HEFMM electrical angular velocity; if , id and iq are excitation
current, d- and q-axis current components, respectively; ψpm is
the PM flux linkage.
HEFMM flux linkage equation can be expressed as

[
ψd
ψq

]
=

[
Ld 0 Msf

0 Lq 0

] id
iq
if

+

[
ψpm
0

]
(2)
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(a) (b)

FIGURE 1. Proposed HEFMM. (a) Machine topology. (b) Exploded view.

FIGURE 2. Equivalent circuits of HEFMM. FIGURE 3. The block diagram of incremental fuzzy control combining
with PSO algorithm.

where ψd and ψq are the HEFMM d- and q-axis flux link-
ages, respectively; where Te is the electromagnetic torque of
HEFMM; p is the number of pole pairs of the HEFMM.
The d-axis flux linkage of HEFMM generates by stator ar-

mature magnetic field current, PM and d-axis current together,
as shown in (2). It is worth noting that the value of the flux
linkage for PMs can be considered constant. Hence, holding
d-axis flux linkage invariant, the relationship between the field
current and d-axis current variations can be obtained by

∆if = −∆idLd
Msf

(3)

HEFMM electromagnetic torque equation can be expressed
as

Te = Jm
dω

dt
+ TL + λω

=
3

2
piq [ψpm + id(Ld − Lq) +Msf if ] (4)

The total HEFMM copper loss can be expressed as

Pcu =
3

2
Rs

(
i2d + i2q

)
+Rf i

2
f (5)

It can be found that the HEFMM efficiency can be enhanced
by reducing the total copper loss Pcu. More specifically, id, iq ,
and if are replaced by the estimated values of idest in the d-axis,
iqest in the q-axis, and ifest in the field currents, respectively,
and the actual torque Te is replaced by the estimated torque
Teest, which is optimized based on the Lagrangian optimization
theory with Lagrange multiplier, and the Lagrangian functional
equation is expressed as follows

L(idest, iqest, ifest, λ) =
3

2
Rs

(
i2dest + i2qest

)
+Rf i

2
fest

+λ

{
3

2
piqest [ψpm + idest(Ld−Lq)+Msf ifest]−Teest

}
(6)

Performing a partial derivation of Eq. (6), the expressions for
idest and iqest can be expressed as

idest=
2Rf (Ld−Lq)

3MsfRs
ifest

iqest=±
√

2Rf

3Rs

[
1+

2Rf (Ld−Lq)2

3M2
sfRs

]
i2fest+

2Rfψpm

3RsMsf
ifest

(7)

where the sign of iqest is determined by the Teest direction, which
means that consistent direction is positive, and inconsistent di-
rection is negative.

3 www.jpier.org



Luo et al.

FIGURE 4. The membership functions of∆EB and∆Ω. FIGURE 5. Flowchart of the proposed PSO algorithm for flux weakening
fuzzy control.

The above expression can be solved by using Newton’s iter-
ative method, on the basis of which the estimated current val-
ues for idest, iqest and ifest can be obtained. The above analy-
sis is based on the analysis of HEFMM low-speed region con-
trol strategy with minimum copper consumption. When the
HEFMM operates at high-speed region than the benchmark
speed nbase, weak magnetic control needs to be considered to
extend the machine operating range, which will be presented in
the next section.

3. HEFMM FLUX WEAKENING CONTROL BASED ON
FUZZY PSO ALGORITHM
Existing studies have demonstrated that the HEFMM is a com-
plex coupled system with multivariable and strongly nonlinear
features. Therefore, due to the variation ofMsf , Ld andLq , the
existing control methods do not achieve satisfactory control ef-
fect when the HEFMM operates in flux-weakening state.
Fuzzy control algorithm is an intelligent control method with

strong logicality and robustness, which is based on fuzzy logic
or fuzzy inference system. The obvious merits of this algo-
rithm exist in that the constrained parameter changes easily in
linear or nonlinear way without a precise mathematical control
model. When HEFMM is operating in the transition state, the
incremental fuzzy control method is used to regulate the exci-
tation current and the d-axis current, so that the HEFMM speed
enters the stable operation state and improves the dynamic per-
formance of the machine. In order to improve the efficiency of
the machine, a particle swarm optimization algorithm is used to
further regulate the ratio of the d-axis current and the excitation
current after entering the steady state, so as to minimize the ma-
chine’s copper consumption and to achieve the improvement of
the machine efficiency. The estimated q-axis current herein can
be calculated from the speed controller. To take full advantage
of the terminal voltage and to keep the stability of HEFMM,

one current control method that keeps the back electromotive
force (back-EMF) almost constant is proposed, that is

Eqest = ωe (ψpm + Ldidest +Msf ifest) = Ebase (8)

Ebase = pωbaseψpm (9)
whereEbase andEqest are the base back-EMF and the estimated
q-axis back-EMF, respectively.
The principle of the particle swarm algorithm system based

on fuzzy theory designed in this paper is shown in Fig. 3, which
mainly consists of five parts, i.e., fuzzification, fuzzy rules,
fuzzy inference machine, de-fuzzification, and particle swarm
optimization controller function module. During the process of
flux-weakening speed regulation, in order to ensure the full uti-
lization of the motor to the bus voltage and the stability of the
machine operation, the method of keeping the motor counter
potential basically unchanged is adopted to regulate the speed.
Taking the difference between the estimated counter potential
and the base value of counter potential and the speed difference
as the input variables of the fuzzy controller, the ∆Eb and ∆n
expressions can be written as{

∆Eb = Ebase − Eqest
∆n = nref − nr

(10)

As shown in Fig. 3, according to the characteristic parame-
ters of the HEFMM prototype, the calibration factors of ∆Eb,
∆n, ∆idref, ∆ifref are set as K∆Eb

= 0.1, K∆n = 0.02,
Kid = 0.002, Kif = 0.0015, and the input variables are cali-
brated to obtain the corresponding fuzzy variables∆EB ,∆N ,
and the output variables ∆ID and ∆IF , which are the pre-
cise values of increments of the output variables. According
to the fuzzy rules, after fuzzy reasoning, the fuzzy output vari-
ables ∆ID, ∆IF are obtained, and after calibration, the ex-
act values of the output variable increments ∆i′dref and ∆i′fref
are obtained. The domains of fuzzy input and output variables
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FIGURE 6. Schematic of HEFMM drive system.

are {NB,NM,NS,ZO,PS, PM,PB}, and the correspond-
ing values are {−4,−2,−1, 0, 1, 2, 4}. To simplify the calcu-
lation, the affiliation functions of∆EB and∆N are distributed
in a triangular fashion, as shown in Fig. 4.
With considering the electromagnetic performances of

HEFMM, the following four control regulations can be ob-
tained for the setting of fuzzy inference rules, as shown in
Table 1.

TABLE 1. Fuzzy rules.

Items ∆Eb ∆n ifest and idest iqest

Fuzzy R1 < 0 < 0 ↓ ↓
Fuzzy R2 < 0 > 0 ↓ ↑
Fuzzy R3 > 0 < 0 ↑ ↓
Fuzzy R4 > 0 > 0 ↑ ↑

1) When ∆Eb < 0, ∆n > 0, ifest and idest should be re-
duced appropriately, meanwhile, the control amount of iqest is
increased automatically by speed controller.
2) When ∆Eb < 0, ∆n < 0, ifest and idest should be de-

creased appropriately, meanwhile, the control amount of iqest.
3) When ∆Eb > 0, ∆n > 0, ifest and idest should be in-

creased appropriately, at the same time, the control amount of
iqest is increased automatically by the speed controller.
4) When ∆Eb > 0, ∆n < 0, ifest and idest should be

increeased appropriately, and at the same time, the control
amount of iqest should be decreased automatically by the speed
controller.
In order to realize the good dynamic speed regulation advan-

tage of HEFMM, fuzzy control method is used to regulate the
machine speed during its transient process for wide range oper-
ation. However, the currents given by the fuzzy control are not
the optimal solutions in most of the cases in terms of operating
efficiency, and there is a need to find an improved algorithm
that skills to optimize the HEFMM current and also keep the
machine running stably. For the proposed HEFMM, the PSO
algorithm is used to regulate both the d-axis current and the

field current according to Eq. (4). The control flowchart of the
HEFMM based on the PSO algorithm is shown in Fig. 5.

4. IMPLEMENTATION AND SIMULATION OF HEFMM
DRIVE SYSTEM

Figure 6 shows the HEFMMdrive control systemmodel. Com-
pared with the typical PMSM and HESM vector control sys-
tems, the HEFMM drive control system has three more func-
tional modules, which are the excitation current control sig-
nal If driver PWM, excitation drive If and current allocation
module, respectively. For the HEFMM drive control system,
the most critical part is the current distribution module, which
adopts different current algorithms to coordinate the distribu-
tion of armature current and excitation current according to the
speed partition, and adopts the conventional copper consump-
tion minimum control in the low-speed region, and adopts the
fuzzy weak magnetism control method based on PSO in the
high-speed region, in order to realize the stable, reliable, and
high-efficiency operation of the machine.
The current distributor is a key module for HEFMM drive

control system, as shown in Fig. 7, which is used to regulate
field current, d-axis and q-axis currents. The whole speed re-
gion is divided into two sub-regions, namely low speed and
high speed regions, the conventional MCL control is adopted

FIGURE 7. HEFMM current distributor.
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(a) (b)

(c) (d)

(e) (f)

FIGURE 8. The simulation results of HEFMM control system. (a) Startup process speed curve of the HEFMM. (b) Back-EMF waveform. (c) Total
copper losses changing waveform. (d) Increments of field current and d-axis current waveforms. (e) Field current, d-axis current, q-axis current
waveforms. (f) Torque waveform.

in low speed region and the high speed region is controlled by
fuzzy control method combined with PSO algorithm.
In order to verify the effectiveness of the proposed control

principles and control model aforementioned, simulations have
been carried out for a HEFMMdrive system by Simulink. Main
parameters of HEFMM are given in Table 2.
Figure 8(a) shows the curve of speed increase during the

startup process, and the speed increase has gone through four
stages: Part I low-speed zone copper consumption minimiza-
tion control stage, at this time, the goal is to keep the total
copper consumption of the motor at a minimum; Part II fuzzy
weak magnetism control stage, this stage relies on the fuzzy
rules of the weak magnetism control of the motor; Part III
fuzzy control combined with the optimization of PSO algo-
rithm stage, this stage needs to be the combination of fuzzy
rules with the optimization of PSO algorithm control param-
eters; Part IV steady state operation stage after optimization;
Part IV optimization is completed; Part IV steady state oper-
ation stage after optimization. Fig. 8(b) shows the waveform
of the reverse potential, which is basically kept constant in the

steady state weak magnetism operation stage, with small fluc-
tuations in the implementation of the PSO optimization stage
due to the different inductances of the armature winding and
the excitation winding. Fig. 8(c) shows the total copper con-
sumption change waveform of the HESM, the total copper con-
sumption is 32W when the machine reaches steady state at
the end of the startup process, and after three consecutive ro-
tational speed detections with an error of less than 3 rpm, then
PSO optimization will be implemented, and during the opti-
mization process, the total copper consumption will fluctuate,
and the current value corresponding to the minimum value will
be recorded, and after 1.79 seconds, the PSO optimization will
be completed using this set of currents as a reference value su-
perimposed to the fuzzy controller output current, at which time
the total copper consumption is reduced to 25W, i.e., 22.8% re-
duction. Fig. 8(d) shows the waveforms of d-axis current and
excitation current component changes obtained using the PSO
algorithm, the PSO controller output current is 0 during the mo-
tor startup phase, and the PSO optimization is implemented af-
ter reaching the steady state, and the optimization process is
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Items (symbol) Value Unit
Rated power PN 1000 W
Rated torque TN 47.6 Nm
PM material NdFeB -

Br 1.1 T
Udc 300 V
Rf 47.1 Ω
Rs 3.86 Ω
Lq 38.6 mH
Ld 54.3 mH
Msf 108.5 mH
IfN 1.0 A
IN 5 A
Ψpm 0.35 Wb
Lf 0.57 H

TABLE 2. Main parameters of HEFMM.

(a) (b)

(c)

FIGURE 9. Experimental platform for HEFMM. (a) Prototype stator lami-
nation, (b) prototype stator with armature winding, (c) prototype test plat-
form and control system.

FIGURE 10. Test waveforms of starting current. FIGURE 11. HEFMM steady-state current waveforms during flux weak-
ening operation.

maintained at 40ms for the action time of each group of cur-
rent values (corresponding to each particle), and each current
is applied in turn. Figs. 8(e) and (f) show the measured values
of excitation current, d-axis current, q-axis current and electro-
magnetic torque.

5. EXPERIMENTAL SYSTEM TESTS
One HEFMM prototype is manufactured, as shown in Fig. 9(a)
and Fig. 9(b). And its whole test platform is established to ver-
ify the correctness of simulation results, which contains five
parts, as shown in Fig. 9. HEFMM prototype rated DC bus
voltage is 300V. Fig. 10 shows the HEFMM starting current
characteristics. The steady state output torque of the motor
is 47.6Nm, and according to the definition of torque density,

the torque density of the HEFMM motor can be obtained as
16.2 kNm/m3, which is much higher than the torque density of
the conventional PMSM with the radial PM arrangement.
In order to enhance the starting torque capacity of the pro-

posed HEFMM, considering the large inductance value of the
excitation winding of the HEFMM, in order to improve the
starting torque capability of the proposed HEFMM, a positive
rated excitation current is applied to the machine for half a sec-
ond before starting the armature current. As this current value
increases, the HEFMM speed decreases gradually accordingly.
When HEFMM speed exceeds the base speed, the speed gov-
erning weak magnetic control is started.
Figure 11 indicates the HEFMM steady-state current wave-

form, which demonstrates a high sinusoidal degree, implying a
low harmonic component.
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6. CONCLUSION
Based on adding hybrid excitation principle into the magnetic
field modulation machine, a new type of HEFMM is proposed
and designed in this paper. In order to improve the dynamic re-
sponse of the proposed machine and reduce the impact of ma-
chine parameter changes on its control performance, an intel-
ligent control strategy combining fuzzy control and PSO opti-
mization algorithm is designed and implemented. According
to the magnetic field adjusting property, the whole operation
region is divided into two speed regions, and MCL control and
fluxweakening fuzzy control with PSO algorithm are employed
for the two regions for the HEFMM, respectively. Both simula-
tion and experimental results verify the validity of the proposed
machine performance, and the following conclusions could be
drawn:
(1) The proposed control system is a partitioned control sys-

tem based on rotor magnetic field orientation, and different
control strategies are applied to different speed ranges accord-
ing to the electrical characteristics of HEFMM. The experiment
shows that the HEFMMcontrol system can stably and smoothly
switch between different speed ranges.
(2) During the low-speed and high-speed areas, a magnetic

regulation method combining excitation current and d-axis cur-
rent is adopted. Compared with the existing HEFMM control
system that only uses excitation current magnetic regulation for
speed regulation, it has significant low-speed, high torque, and
wide speed regulation characteristics.
(3) During the process of weak magnetic speed regulation in

high-speed areas, the decoupling control of d-axis current and
excitation current is effectively achieved by keeping the back
electromotive force unchanged and adjusting them in zones,
simplifying the control algorithm of HEFMM. The simulation
results show that this current optimization method can effec-
tively reduce the total copper loss of the machine by 22.8%,
achieving the efficiency optimization of this type of machine
control.
(4) AHEFMMprototype with one kilowatt rated power is de-

signed and the corresponding characteristics are tested. The ex-
perimental results show that the proposedmachine has good dy-
namic field weakening speed regulation capacity, which has a
good application prospect in the field of low-speed direct drive
for EVs. Both simulation and experimental results verify that
the total copper losses are decreased significantly and the op-
eration range of speed regulation is broadened with higher ef-
ficiency by using PSO algorithm.
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