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ABSTRACT Axis-flux wind generators are widely used in vertical axis wind turbines given their high gen-
erator diameter-to-length and power-to-weight ratios, flexible field and winding design, improved cooling,
and possibility of modular construction. In this paper, an asymmetric-primary axis-flux hybrid-excitation
generator (APAFHG) is proposed to provide a controllable maglev force that compensates for the ripple
of axial force fluctuation. First, the operation principle of the proposed generator is introduced. No-load
performance influenced by direct current (DC) excitation is obtained by using the 3D finite element method
(3D-FEM). Second, the load performances are analyzed under two typical operation statuses, namely,
symmetrical pure resistance load and id = 0 control strategy load. An alternating current (AC) excitation
method is then comparatively analyzed to increase the output power under the maximum armature current.
Third, based on the dq axes dynamicmathematical model, the quantitative calculations of levitation force and
torque characteristics are deprived and then tested and verified by using the finite element analysis results.
These results show that the proposed generator can be implemented for the decoupling control operation of
power and levitation forces and is suitable for vertical axis wind turbines.

INDEX TERMS Vertical axis wind turbine, axis-flux generator, hybrid-excitation, force performance,
dynamic mathematical model.

I. INTRODUCTION
Wind turbines are mainly categorized into horizontal and
vertical axis wind turbines [1]. Vertical axis wind turbines are
known for their many advantages, including their indepen-
dence with respect to wind direction, stable force, easy instal-
lation and maintenance, and low starting wind speed [2], [3].
These turbines are especially suitable for offshore floating
wind power systems [4], [5]. Direct-drive turbines without a
gearbox have been extensively studied for their high reliabil-
ity, low maintenance cost, and high efficiency [6]. Compared
with traditional radial flux rotation generators, axial flux
generators have a higher generator diameter-to-length ratio
and are suitable for direct coupled wind turbine applications,
such as vertical axis and direct-coupled wind turbines [7]–[9].
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These generators also have a large power-to-weight ratio,
highly flexible field and winding design, improved cooling,
and potential application in modular construction.

Accordingly, different axial flux generators have been
proposed for direct-drive wind power generation, such as
axial flux permanent magnet generators, axial flux doubly
fed induction generators, and axial flux flux-switching gen-
erators [9]–[13]. With their high power density, permanent
magnet synchronous generators have received widespread
attention and application in vertical axis wind turbines.

However, the direct coupling of the high-power axial
flux permanent magnet synchronous generator and wind tur-
bine may introduce problems in starting the wind turbine.
To improve the starting performance of vertical axis wind tur-
bines, maglev technology is considered to reduce the starting
resistance torque [14]. However, traditional maglev devices
with dynamic air gap adjustment have a complex structure
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and coupling output power [15], [16]. To address this prob-
lem, an asymmetric-primary axis-flux hybrid-excitation gen-
erator (APAFHG) is proposed in this paper. This proposed
generator can generate a levitation force with fixed air gap
length and is designed to realize a decoupling control of lev-
itation force and output power by using asymmetric primary
and hybrid excitation.

This paper aims to develop a new axis-flux hybrid-
excitation generator for wind turbine based on tradi-
tional permanent magnet synchronous generators. The
asymmetric-primary design generates a controllable suspen-
sion levitation force to compensate for the ripple of axial
force fluctuation. Upper and lower stators are employed to
supply different output power under varying axial maglev
forces. Two excitation current injection methods, namely,
DC excitation current injection and AC excitation current
injection, can be used. DC excitation can realize a real-time
control of suspension force and decoupling with the elec-
tromagnetic torque, whereas AC excitation can increase the
output power under themaximum armature current. However,
implementing excitation winding in the proposed generator
will change the force and torque performance. To analyze
the force performance of the proposed generator, 3D FEM
is implemented in this paper.

First, the topology and operation principle of the proposed
APAFHG are introduced. Second, two excitation character-
istics are comparatively analyzed and discussed by FEM.
Third, based on the dynamic mathematical model of the pro-
posed generator, in the dq axis frame obtained by rotor-flux
vector orientation, the quantitative calculations of levitation
force and torque are deprived. The dynamic levitation force
of the proposed generator calculated by the deprived formula
is then verified based on the simulation results obtained
by FEM. Results show that the proposed generator can be
implemented in the decoupling control operation of power
and levitation force. The proposed APAFHG is suitable for
vertical axis wind turbines.

II. OPERATION PRINCIPLE
A typical vertical axis wind turbine is composed of a wind
turbine and a generator. Axis-flux generators are suitable for
those vertical axis wind turbines with short axial length and
easily module a combination of multiple generators accord-
ing different power requirements. Fig. 1 shows the structure
of the proposed APAFHG with a vertical axis wind turbine.

The proposed generator has an upper and lower stator and
one rotor, which in turn comprises permanent magnets, rotor
teeth, and yoke back iron. The rotor teeth are made of a
steel sheet, whereas the yoke is made of a whole piece of
steel. To measure the levitation force acting on the rotor, two
stators with different diameters are used. However, to keep
the terminal voltage of two stators consistent, the winding
turns of upper and lower stators should be different. The
cross-section of the proposed generator is shown in Fig. 2.
Stator teeth are made of steel sheets, whereas the stator yoke
is made of a whole piece of steel. The armature windings

FIGURE 1. Structure of the proposed APAFHG.

FIGURE 2. Circumferential cross section of the proposed generator.

are wound around on the stator yoke slots, and the excitation
windings are wound around the stator teeth. Compared with
the rotor excitation generator, this design facilitates thermal
management due to the easy heat dissipation in its stator [17].
Instead of both winding armature and excitation on the sta-
tor teeth, an improved insulation between the armature and
excitation windings can be achieved for a limited contact
area. Two stators have a half slot pitch shift to reduce the
cogging torque. The current direction of excitation and the
magnetization direction of the permanent magnet are shown
in Fig. 2.

The relationship among the stator tooth number, rotor pole
pair, and stator pole pair is given as

pr = |pn ± ps| (1)

where pr and ps are the pole pair numbers of the rotor and
stator armature, whereas the tooth number of the stator is pn.

This design creates a magnetic field modulation effect,
which can increase the magnetic field change rate under low
direct drive speed and increase the output voltage.

The basic parameters of the proposed APAFHG are listed
in Table.1. The magnetic-field distributions under 2D and 3D
models obtained by commercial FEM software are shown
in Fig. 3, whereas the distribution of magnetic lines under
different excitation currents is shown in Fig. 4.

Fig. 3 and Fig. 4 show that the upper and lower stators have
an independent parallel magnetic circuit injecting different
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TABLE 1. Basic dimension parameters of the proposed generator.

FIGURE 3. Magnetic-field distributions under 2D and 3D models. (a) 2D
magnetic-field distributions; and (b) 3D magnetic-field distributions.

DC excitation currents, which facilitates the decoupling of
the output power of both upper and lower stators. Instead
of around the tooth, the winding wound is around the yokes
given that the magnetic field intensity of yokes in one phase
winding is complementary, such as that of yokes in phase
A. The flux linkage in one phase is not changed with DC
excitation current and contains a small harmonic component.
However, the electromotive force of tooth winding is gen-
erally rich in low-order harmonics, which will cause torque
ripple and harm the generator.

The cogging torque is caused by the slot effect among
the upper stator, lower stator, and rotor. The cogging force

FIGURE 4. Distribution of magnetic lines under different excitation
currents. (a) without DC excitation; and (b) with DC excitation.

FIGURE 5. Cogging torque of the proposed generator. (a) Cogging force
between two stators and rotor without a half slot pitch shift; and (b) total
cogging force with and without a half slot pitch shift.

between one stator and mover is affected by the polar arc
coefficient and pole slot ratio. However, adjusting the polar
arc coefficient and pole slot ratio inevitably reduces the volt-
age and flux in the armature. By using the half slot pitch
shift, the cogging force between two states and the rotor can
compensate each other, and the voltage amplitude of the two
stators remains unchanged. The cogging force between two
stators and the rotor and the total cogging force with and
without a half slot pitch shift are obtained by using transition
3D FEM as shown in Fig. 5.

As shown above, the cogging torque can be reduced with
a half slot pitch shift.

The upper and lower stators are two independent gener-
ators with only levitation force generating a superposition
effect. Therefore, a single-side stator generator is used to
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FIGURE 6. No-load performance of the proposed generator. (a) Flux
linkage without DC excitation; (b) flux linkage with -5A DC excitation;
(c) flux linkage with 10A DC excitation; (d) fingle-side levitation force;
and (e) single-side cogging torque under different DC excitations.

study the proposed generator and to simplify the 3D simu-
lation model.

Under a constant rotational speed condition, the no-load
performance, which includes flux linkage, levitation force,
and cogging torque under different DC excitation currents,
is recorded by using transition 3D FEM as shown in Fig. 6.

Fig. 6(a) shows the flux linkage in the armature and excita-
tion windings. The flux linkage in the excitation windings is

almost zero, which is caused by permanent magnets, thereby
we suggest the absence of any interaction between perma-
nent magnet flux linkage and excitation winding. Meanwhile,
Fig. 6(b) and 6(c) show the flux linkage in the armature and
excitation windings under different DC excitation currents.
Fig. 6(a) to 6(c) shows that the flux linkages in the armature
are consistent and only decided by the permanent magnet flux
linkage and does not change along with the DC excitation
current. Therefore, DC excitation current has no effect on
armature flux linkage.

Fig. 6(e) and 6(d) show the single-side levitation force and
cogging torque with DC excitation current. The levitation
force changes along with the DC excitation current, whereas
the cogging force does not change because the air gap mag-
netic density increases along with the DC excitation current
and the composite vector of the cogging force caused by the
DC excitation current is zero.

Therefore, the load torque is independent of the DC exci-
tation current given that the flux linkage in the armature and
cogging force is not affected by the DC excitation current.
However, the levitation force changes along with the DC
excitation current. In sum, the output power is decided by
both torque and rotation speed, whereas levitation fore is
decided by DC excitation.

III. EXCITATION CHARACTERISTICS
A. DC EXCITATION CHARACTERISTICS
Two typical operation statuses of the generator are used in
conventional wind power generation systems, namely, off-
and on-grid as shown in Fig. 7. One is a pure resistance load
operation where three phases of symmetrical pure resistance
load are implemented, whereas the other is a maximum wind
energy capturing operation. The rotor-flux vector orientation
is always used in generator-side converter controller. The dq
axis current is always controlled to capture maximum wind
energy in the rotor rotating along the dq axis frame.

FIGURE 7. Two typical operation statuses. (a) Resistance load condition
with off grid; and (b) maximum wind energy operation on grid.

Under the constant pure resistance load condition, the lev-
itation force and flux linkage of the proposed generator
with DC excitation current are obtained by FEM and shown
in Fig. 8.
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FIGURE 8. Load performance under pure resistance load. (a) Levitation
force; and (b) flux linkage.

When the resistance load is constant, the flux linkage of
the armature is constant with or without the DC excitation
current. The levitation force changes along with the DC
excitation current when the magnetic field of the stator core
is not saturated. Therefore, under the pure resistance load
condition, the output power is decided by the resistance load.
However, the levitation force can be controlled by the DC
excitation current, which is completely decoupled from the
output power.

Under the pure resistance load condition, achieving max-
imum energy capture becomes difficult. Therefore, the dq
axes current is controlled to capture maximum wind energy
by using a controlled rectifier in the machine-side control
system. A typical control is the id = 0 control strategy, which
reference value of d axis current is set to zero, whereas the q
axis current is controlled to change along with wind energy
according to the wind energy utilization factor. Under the
id = 0 control strategy, the levitation force and flux linkage
of the proposed generator are shown in Fig. 9.

Flux linkage is decided by the armature current and PM,
which is similar to the traditional generator. Under constant
q-axis current, the DC excitation current only changes the
levitation force. However, the levitation force changes also
along with the q-axis current. Therefore, the output power can
be controlled by the armature current similar to traditional
generators. Based on the levitation force generated by the
q-axis current that corresponds to controlled power, levitation
force decoupling control can be realized by the DC excitation
current. Therefore, maximum wind energy capture and levi-
tation force can be decoupled through both armature and DC
excitation currents.

B. AC EXCITATION CHARACTERISTICS
DC excitation can be implemented to control the levitation
force. The output power is decoupled with levitation force
by using DC excitation. However, the output power does

FIGURE 9. Load performance under the id = 0 control strategy.
(a) Levitation force; and (b) flux linkage.

not increase if the armature current reaches the upper limit.
To increase the output power under the maximum armature
current, an AC excitation method is proposed. AC excita-
tion currents are initially injected into excitation windings to
increase the flux linkage in armature windings. The phase
angle of the AC excitation currents is related to the mover
position. The flux linkage in the excitation winding caused by
AC excitation current is implemented to realize the magneti-
zation or demagnetization of the armature flux linkage, which
is in the same or opposite direction as the PM flux linkage.
Therefore, the output power range can be increased. The AC
excitation windings are shown in Fig. 10.

FIGURE 10. AC excitation winding.

Fig. 11 shows the flux linkage, voltage, and levitation force
of the proposed generator as obtained by FEM.

As we can see from the performance under AC excitation,
the flux linkage and voltage can be effectively changed,
and then the output power of the generator subsequently
increases. However, the levitation force changes along with
the AC excitation current. A coupling is observed between
levitation force and output power. Therefore, decoupling may
be used to control the levitation force and output power.

IV. FORCE AND TORQUE CHARACTERISTIC ANALYSIS
The levitation force and torque characteristics can be quan-
titatively obtained by using a dynamic mathematical model
under the dq axis frame. Therefore, the levitation force and
torque under DC and AC excitations are derived based on
dynamic mathematical formulas under the rotor field orien-
tation dq axis frame.
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FIGURE 11. Performance under AC excitation. (a) Flux linkage; (b) phase
voltage; and (c) levitation force.

Under the id = 0 control strategy, the on-load performance
of the torque and levitation force of the proposed generator is
derived.

The voltage equation under the dq axis frame is

ud =
dψd
dt
− ψq

dθ
dt
+ Rid

uq =
dψq
dt
+ ψd

dθ
dt
+ Riq (2)

where ψd , ψq represent the d and q axis flux, θ represent the
rotor position angle, R represents the d or q axis armature
resistance, and id , iq represent the d and q axis current.
The d and q axis flux linkage are expressed respectively as

ψd = Ld id + ψpm

ψq = Lqiq (3)

where Ld , Lq represent the d and q axis inductance, whereas
ψpm represents the permanent magnet flux linkage that can
be defined as ψpm = Lf if . Lf represents the equivalent
excitation inductance of PM.

Therefore, the torque can be calculated as

Te =
pe
ω
=
pe1 + pe2

ω
(4)

where pe1 and pe2 represent the instantaneous powers in the
armature winding caused respectively by PM and excitation
winding, and ω represent the angular velocity.

According to the virtual work method, the active power in
normal direction caused by normal force can be expressed as
three parts by

Py = Py1 + Py2 + Py3 (5)

wherePy1,Py2,Py3 represent the virtual active powers caused
by armature winding, excitation winding, and PMs. And
there are

Py1 =
(
id1

dψd1
dh
+ iq1

dψq1
dh

)
∂h
∂t

Py3 =

(
if
∂ψ ′f

∂h

)
∂h
∂t

(6)

where h represents the air gap length, id1 and iq1 are d-axis
and q-axis component of the armature current, ψd1 and ψq1
are d-axis and q-axis component of armature flux linkage.

When we inject DC excitation current into the armature
windings, Py2 can be written by

Py2dc =
(
idc
∂ψdc

∂h

)
∂h
∂t

(7)

where idc represents the DC excitation current,ψdc represents
the excitation winding flux linkage.

When we inject AC excitation current into the armature
windings, Py2 can be written by

Py2ac =
(
id2

dψd2
dh
+ iq2

dψq2
dh

)
∂h
∂t

(8)

where id2 and iq2 represent the d-axis and q-axis component
of AC exciting current, ψd2 and ψq2 represent the d-axis and
q-axis component of excitation winding flux linkage.

Thus, the normal forces caused by armature current, exci-
tation winding, and PMs, can be expressed respectively as

Fn1 = id1
dψd1
dh
+ iq1

dψq1
dh

=

(
i2d1 + if id1

) ∂Ld1
∂h
+ i2q1

∂Lq1
∂h

(9)

Fn2ac = id2
dψd2
dh
+ iq2

dψq2
dh

Fn2dc = idc
∂ψdc

∂h
(10)

Fn3 = if
∂ψ ′f

∂h
= if

∂
(
ψf + ψdf

)
∂h

= if
∂
(
Lf if + id1Maf

)
∂h

=

(
i2f + if id1

) ∂Ld1
∂h

(11)

where Ld1, Lq1 represent the d-axis and q-axis inductance
of armature, Maf represent the equivalent mutual inductance
between armature and PM, and there isMaf = Ld1.
When the excitation windings are injected into DC current,

armature flux does not interlink with the excitation winding,
thus pe2 is zero. Therefore, the torque is

Tedc =
pe1
ω
=

3pn
2

(
ψpmiq1 +

(
Ld1 − Lq1

)
id1iq1

)
(12)
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where pn represents the number of pole pair. And the normal
force caused by armature and PMs is

Fn13 =
(
i2d1 + i

2
f + 2if id1

) ∂Ld1
∂h
+ i2q1

∂Lq1
∂h

(13)

Normal force caused by the excitation current idc is

Fn2dc = idc
∂ψdc

∂h
= idc

∂Ldcidc
∂h

= i2dc
∂Ldc
∂h

(14)

where Ldc represents the self-inductance of the excitation
windings. The total normal force can be calculated by

F ′n =
(
id1 + if

)2 ∂Ld1
∂h
+ i2q1

∂Lq1
∂h
+ i2dc

∂Ldc
∂h

(15)

When the excitation windings are injected into AC cur-
rent, the magnetic field caused by AC excitation rotates syn-
chronously with PMmagnetic field, which leads to a zero iq2,
but pe2 is not zero because the armature flux interlinks with
the excitation winding. Therefore, we can obtain the torque
under AC excitation by

Teac =
pe1 + pe2

ω

=
3pn
2

(
(ψpm + id2Ld2)iq1 + (Ld1 − Lq1)id1iq1

)
(16)

The total normal force can be calculated as

F ′′n =
(
id1 + if + id2

)2 ∂Ld1
∂h
+ i2q1

∂Lq1
∂h

(17)

To verify the levitation force formula, the levitation force
under different id and iq currents are obtained by using 3D
transient FEM. The levitation forces under different id cur-
rents are shown in Fig. 12(a) when iq = 0. Fig. 12(b) shows
the levitation forces under different iq currents when id = 0.
Fig. 12(c) shows the average levitation force calculated
by (15) and FEM to contrast.

First, the results obtained by the derived formula are con-
sistent with the simulation results obtained under a low arma-
ture current. However, a small difference can be observed
between the calculated values and simulation results, which
can be ascribed to the increasing flux leakage caused by the
local saturation of the stator teeth.

In addition, the levitation force caused by the d-axis current
is much greater than that caused by the q-axis current, and is
proportional to the d-axis current. It is because of the smaller
changing rate of the q-axis inductance with the air gap.
Fig. 13 shows the torques under different q-axis currents

with constant speed. The torque are proportional to the d-axis
current. The output power is decided by the q-axis current.
Therefore, under the id = 0 control strategy, the output power
can be controlled by the q-axis current, whereas the levitation
force can be controlled by the DC current. The levitation
force generated by the q-axis current can be regarded as a
disturbance. If the d-axis current is changed, then the levita-
tion force reference should be calculated in real time, and a
DC current reference should be given to control the levitation
force.

FIGURE 12. Dynamic levitation force. (a) Levitation forces under different
id currents; (b) levitation forces under different iq currents; and
(c) levitation force calculation comparison.

FIGURE 13. Torque under different loads. (a) Torque under iq = 4A; and
(b) torque under iq current.

V. CONCLUSION
This paper proposed APAFHG and analyzed its 3D electro-
magnetic field and no-load performances. By using a half
slot pitch shift, the cogging torque is reduced effectively.
Both the flux linkage and cogging torque remain unchanged
alongwith changing DC excitation current. Under two typical
operation statuses, the on-load performance with the DC
and AC excitation injecting method is comparatively studied.
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DC excitation can be implemented to decouple-control the
levitation force, whereas AC excitation can be implemented
to change the output power under the same armature cur-
rent and subsequently expand the power range. Quantitative
calculations of the levitation force and torque are obtained
by using the dynamic mathematical model under the dq axis
frame. Levitation force and torque are analyzed under differ-
ent id and iq currents to verify the accuracy of the derived
formula. Results show that the proposed generator is suitable
for vertical axis wind turbines with its easily decoupling of
the power and levitation force
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