
 

Abstract — Hybrid excited axial field flux-switching 
permanent magnet (AFFSPM) (HEAFFSPM) machine is a 
novel stator-excitation hybrid excited synchronous machine, 
which combines the advantages of AFFSPM machine and 
wound-field excitation machine. In this paper, the structure 
feature of HEAFFSPM machine is analyzed, and the 
mathematical model is established. In order to improve the 
power factor of drive system for the HEAFFSPM machine 
and make full use of the inverter capability, a kind of unity 
power factor (UPF) control method is proposed, and the 
operating performance of HEAFFSPM machine is 
investigated. The validity of the proposed control method is 
verified by the simulation and experimental research. The 
results indicate the UPF can be achieved at different speed 
and load while the constant torque region is extended by 
using the UPF control method compared with the zero d-axis 
current control. 

I. INTRODUCTION 

Recently, the hybrid excited flux-switching permanent 
magnet (FSPM) (HEFSPM) machines with locating the 
PMs and windings on stator, which combines the merits 
of both FSPM machine and wound-field excitation 
machine, are attracting increasing interest [1]-[5]. Due to 
high power/torque density, low-speed large-torque 
capability, as well as compact and robust structure, 
HEFSPM machines are excellent candidates for variable-
speed applications such as wind power generation, ship 
propulsion, aerospace, rail transportation, hybrid vehicles, 
etc. The HEFSPM machine has two excitation sources, 
that is, the PMs and field excitation, which can operate in 
the flux-enhancing or flux-weakening conditions by 
controlling the field excitation. 

A practical optimal current control method for the non-
salient HESM was presented in [6], but it is not suitable 
for a doubly-salient HESM because of lager saliency 
ration. A new flux-weakening strategy of hybrid excited 
synchronous machine (HESM) for electric/hybrid 
vehicles traction system was proposed in [7], which 
extends the speed range of machine. An optimal current 
control strategy for HESM, guarantying minimal copper 
and iron losses under satisfying speed and torque 
requirements, was investigated in [8]. A new control 
method based on the voltage error for the HEFSPM 
machine was analyzed in [9], which is independent of 
machine parameters, and provides a smooth speed 
transition between flux-enhancing and flux-weakening 
operation region. The validity of aforementioned methods 

is verified by simulation or experiment, however, the 
problem of lower power factor exists in drive system. 

The hybrid excited axial field flux-switching 
permanent magnet (HEAFFSPM) machine is a novel 
HEFSPM machine [10], as shown in Fig.1, which exhibits 
the advantages of high power/torque density, low-speed 
large-torque, and wide speed-range owing to the flux-
focusing effect, shorter axial length, double stator, and the 
hybrid excitation. In this paper, in order to improve the 
power factor of drive system, a new unity power factor 
(UPF) control strategy for the HEAFFSPM machine is 
proposed. 

This paper is organized as follows. In Section II, the 
topology of HEAFFSPM machine is analyzed. The 
mathematical model of HEAFFSPM machine is deduced 
in Section III. Afterward, a detailed analysis of the 
proposed UPF and id=0 control strategy for HEAFFSPM 
machine is presented and the control system is established. 
Then, in Section IV, the simulation and experimental 
research are carried to verify the validity of the proposed 
control strategy. Section V concludes this paper. 

 
Fig.1. Topology of HEAFFSPM machine 

II. TOPOLOGY OF HEAFFSPM MACHINE 

A three-phase 12-stator-slot/10-rotor-pole HEAFFSPM 
machine, which is composed of two same outer stators 
and one inner rotor with doubly salient structure, is 
illustrated in Fig.1. The PMs with interlaced magnetizing, 
concentrated armature and field windings are altogether 
located in the stator. There are neither PMs nor windings 
in the rotor, which improves the robustness of rotor and 
makes the heat dissipation easier. The stator contains six 
‘E’-shaped laminated segments, PMs, armature and field 
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windings. The PMs are sandwiched in the ‘E’-shaped 
laminated segments and the field windings are coiled in 
the middle teeth of ‘E’-shaped laminated segments, which 
provide physical and magnetic isolation between phase 
and phase. The opposite polarity PMs in the two stators 
are circumferentially aligned with each other. The parallel 
PM and excitation field form together the air gap field 
along axial direction, which avoids the risk of an 
irreversible demagnetization, and can regulate flexibly the 
air gap field. 

III. CONTROL STRATEGY 

A. Mathematical Model 

Neglecting the influence of the temperature, magnetic 
saturation, and the hysteresis loss, the HEAFFSPM 
machine can be described in a d-q reference frame, as 
shown in Fig.2. 
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Fig.2. Model of HEAFFSPM machine in d-q reference frame 

Based on the proposed model, the flux-linkage 
equations of HEAFFSPM machine can be obtained as 
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where ψd, ψq, ψf, and ψm are the d-axis, q-axis, excitation, 
and the PM flux linkages, respectively; id, iq and if are the 
d-axis, q-axis and excitation currents, respectively; Ld, Lq 
are the d- and q-axis inductance, respectively; Lf is the 
excitation windings self-inductance; Mf is the mutual 
inductance between the armature and excitation windings;. 

The voltage equations can be described as 
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where ud, uq and uf are the d-axis, q-axis and excitation 
voltages, respectively; Rs, Rf are the armature and 
excitation windings resistance, respectively; ωe is the 
electrical angular frequency. 

The electromagnetic torque equation can be written as 

e q m d q d f f

3
= [ ( ) + ]

2
T pi L L i M iψ + −                (3) 

where Te is the electromagnetic torque; p is the number of 
pole pairs. 

B. Proposed control strategy 

Ignoring the stator resistance voltage drop, the phase 
diagram of HEAFFSPM machine is illustrated in Fig.3. ϕ 
is the power factor angle; φ is the internal power factor 
angle; δ is the power angle. 
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Fig.3. Phase diagram of HEAFFSPM machine 

Based on this, the stator d- and q-axis current can be 
expressed as 
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where is is the stator armature current. 
When the zero d-axis current (id = 0) control is used for 

the HEAFFSPM machine, the eq. (3) can be rewritten as 

e q m f f

3
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2
T pi M iψ                        (5) 

Under low load running, the excitation current if = 0, 
and the reference current can be obtained as 
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At overload or starting, the reference current can be got 
as 
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where idref, iqref, and ifref are the d-, q-axis and excitation 
reference current, respectively; Teref is the electromagnetic 
torque reference value; TL is the load torque; iqN is the q-
axis rated current. 

As shown in Fig.3, when the id = 0 control is employed, 
 φ = 0, ϕ = δ, iq = is, the flux-linkage eq. (1) can be re-
expressed as 
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where ψexc is the total excitation flux linkage. 
Thus, the power factor of HEAFFSPM machine can be 

described as 

d

2 2
q s 2d q

m f f

1
cos cos

1 ( )
+

L i

M i

ψϕ δ
ψ ψ

ψ

= = =
+ +

    (9) 

When the machine is running at the light load or rated 



 

load, considering the eq. (6) and (9), the power factor can 
be rewritten as 
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As seen in eq. (10), the power factor will become 
lower gradually with the increasing load. 

When the machine is running at the starting or heavy 
load, based on the eq. (7) and (9), the power factor can be 
expressed as 
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From (11), when the q-axis current increases to the 
rating current, the power factor reaches to minimum. 
Then, the power factor can improve with the increasing 
excitation current. However, when the excitation current 
achieves the rating value, the power factor is still lower. 

Based on the above analysis, when the id = 0 control is 
used for the machine, there exists the problem of lower 
power factor in the drive system. To improve the power 
factor of the drive system, a kind of UPF control strategy 
is proposed in this paper. 

The UPF control strategy is implemented by holding 
the voltage and current vectors have same phase. 
According to the Fig.3, ϕ = 0°, φ = δ, the following 
formula can be obtained as 
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When the load torque is less than or equal to the rated 
torque, the excitation current is zero, combining the eq. (3) 
and (12), the d-axis, q-axis and excitation reference 
current can be described as 
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When the load torque is greater than the rated torque, 
the excitation current is maintained to the rated value and 
the machine operates in the flux-enhancing conditions. 
The unity power factor is achieved through coordination 
control id and iq. According to the eq. (3) and (12), the d-
axis, q-axis and excitation reference current can be 
expressed as 
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(14) 
Based on this control strategy, the schematic diagram 

of vector control system for the HEAFFSPM machine is 
established, as shown in Fig.4. 
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Fig.4. Schematic diagram of drive system for HEAFFSPM machine 

IV. SIMULATION AND EXPERIMENT 

In order to investigate the operating performance of the 
HEAFFSPM and demonstrate the validity of the proposed 
strategy, the simulations and experiments are constructed 
based on MATLAB and dSPACE1103, respectively. The 
experiment platform is shown in Fig.5. 

TABLE I 
PARMETERS OF HEAFFSPM MACHINE 

parameters value parameters value 
Udc (V) 200 ψm (Wb) 0.1 

nN (r/min) 750 Rs (Ω) 3.4 
TN (N⋅m) 6.5 Rf (Ω) 7.8 

IN (A) 3.8 Ld (mH) 10.43 
Uf (V) 300 Lq (mH) 13.87 
IfN (A) 3 Lf (mH) 20 

p  10 Mf (mH) 8.4 

 

 
Fig.5 Experiment platform 

A. Simulation Analysis 

A speed command of n=600 r /min with load torque of 
5 N⋅m is given. Before t = 1 s, the machine operates in the 
id = 0 control mode. When t = 1 s, the UPF control is 
activated. The id = 0 control is chose again at t = 2 s. The 
load is increased to 11 N⋅m at t = 3 s. When t = 4 s, the 
UPF control is adopted again. The simulation results are 
shown in Fig. 6. 
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Fig. 6 Simulation results 

The q-axis current iq and excitation current if quickly 

reach the rated values of 5.7 A and 3 A to reduce the 
starting time when startup. After steady-state operation, 
the d-axis current id is about 0 A because of the id = 0 
control, and the power factor angle is about 24.5°. The 
UPF control is employed at t =1 s, the id, iq and if are -2.3 
A, 3.8 A and 0 A respectively, and the power factor angle 
is 0°. The id = 0 control is chose again at t = 2 s, and the 
power factor angle returns to 24.5°. At t = 3 s, the load is 
increased to 11 N⋅m, and the iq reaches the rated value. 
The flux-enhancing control is activated, the if is about 2.1 
A, and the power factor angle is 26.2°. It’s obvious that 
the power factor angle increases with the increasing load. 
The UPF control is employed again at t = 4, and the if 
reaches the rated value of 3 A. The id and iq are about – 
2.6 A and 4.8 A respectively, and the power factor angle 
is 0°. The above-mentioned results are consistent with 
theoretical analysis, and the validity of proposed UPF 
control strategy for the HEAFFSPM machine is verified. 

B. Experimental Research 

A speed command of 500 r/min with no-load is given. 
The id = 0 control is employed when startup. The load of 7 
N⋅m is increased at t = 7 s, and the UPF control is adopted 
at t = 10 s. When t = 13 s, the id = 0 control is chose again, 
and the load of 7 N⋅m is decreased at t = 16 s. 
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Fig. 7 Experimental results 
The experimental results are shown in Fig. 7. When 

starting, the iq and if increase quickly for reducing the run-
up time. At steady-state operating, the id and if are also 0 
A, and the iq is about 1.4 A due to the cogging torque and 
friction. At t = 7 s, the load of 7 N⋅m is increased, and the 
iq reaches the rated value of 5.7 A. The armature current 
cannot meet load requirement, and the if of 1.2 A is used 
to flux-enhancing. The UPF control is employed at t =10 s, 
the id, iq and if are -2.2 A, 4.2 A and 3 A, respectively. 
The id = 0 control is chose again at t = 13 s, and the id, iq 
and if go back to 0 A, 5.7 A and 1.2 A, respectively. 
When t =16 s, the load of 7 N⋅m is decreased. As the 
stepped load increases or decreases, the speed decreases 
or increases and returns quickly to a given value after 
adjusting. The validity of the UPF control strategy is 
verified according to the experimental results. 

V. CONCLUSION 

In this paper, the mathematical model and drive system 
of HEAFFSPM machine is established, and the operating 
performance is investigated. The influence of the id = 0 
control on the power factor of drive system is analyzed. A 
kind of UPF control strategy for the HEAFFSPM 
machine is presented, and compared with the id = 0 
control strategy. The simulation and experimental results 
demonstrate the unity power factor can be achieved at 
different speed and load, meanwhile, the constant torque 
region is extended by using the UPF control compared 
with the id =0 control. Moreover, the utilization of the 
inverter capability is improved. The proposed UPF 
control strategy is also suitable for the other types of 
HESM. 
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