This is the Pre-Published Version.

The following publication Y. Liu, S. Niu and W. Fu, "Design of an Electrical Continuously Variable Transmission Based Wind Energy Conversion System,"
in IEEE Transactions on Industrial Electronics, vol. 63, no. 11, pp. 6745-6755, Nov. 2016 is available at https://doi.org/10.1109/TIE.2016.2590383

Design of an Electrical Continuously Variable
Transmission Based Wind Energy
Conversion System

Yulong Liu, Shuangxia Niu, and Weinong Fu

Abstract—The electrical continuously variable transmis-
sion system is a very promising concept for variable-speed
constant-frequency wind power generation due to its abil-
ity of seamless speed adjustment. In this paper, a novel
wind energy conversion system based on electrical contin-
uously variable transmission is proposed. This system com-
bines the merits of two popular wind generation concepts:
It enjoys high torque density like the permanent-magnet
synchronous generator system and, also, it needs only a
partial-scale converter like a doubly fed induction generator
system. With a special doubly fed dual rotor structure, the
system realizes both speed variation and power generation
within one single machine, which makes it very compact.
Besides introducing its structure and working principle, the
design and performance analysis of the machine are pre-
sented in this paper. A prototype is made and tested for
validation.

Index Terms—Electrical continuously variable transmis-
sion (E-CVT), finite-element method (FEM), variable speed
constant frequency (VSCF), wind energy conversion.

|. INTRODUCTION

S an environmentally clean, renewable, and cost-effective
A energy source, wind power is of great significance for
addressing the rising energy consumption and environmental
problems. The increasing contribution of wind power generation
has motivated rapid development of wind turbine systems in the
past several decades.

The development of wind turbines has been well reviewed
in literature [1]-[3]. Grid-connected wind turbines are often
classified into the constant-speed constant-frequency (CSCF)
concept and the variable-speed constant-frequency (VSCF) con-
cept. Generally, the VSCF systems have higher power conver-
sion efficiencies as they allow the turbine speed to vary and
match the wind speed. For the VSCF concept, two solutions are
popular, namely the doubly fed induction generator (DFIG) sys-
tem and the direct-drive permanent-magnet (PM) synchronous
generator (PMSG) system, as shown in Fig. 1(a) and (b). The
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Fig. 1. Schematics of (a) DFIG system, (b) direct-drive PMSG system,
and (c) proposed WECS.

main merit of the DFIG system is its low cost as no PM is used
and it needs only a partial-scale converter, which is around 30%
of the generator power level [4]. However, the additional me-
chanical gearboxes reduce the reliability of the DFIG system. In
contrast, the direct-drive PMSG system has a high torque den-
sity and it does not need gearboxes or carbon brushes, which
cause mechanical problems. However, the cost of the direct-
drive PMSG system is much higher due to the use of PM
material and the full-scale converter. It has also been investi-
gated to realize the variable-speed operation using a mechanical
torque/speed converter in [5] and [6]. This type of VSCF sys-
tems cost less as no power electronic converter is needed but
they are rarely used in industry because of the issues related to
the mechanical converter.

Recently, the possibility of using electrical continuously vari-
able transmission (E-CVT) systems for wind power generation
has been investigated in [7]-[9]. In [7], an E-CVT system based
on a planetary gear and a drive motor is proposed and it is con-
nected to a generator for wind power generation. In [8], another
design is proposed by replacing the planetary gear with a mag-
netic gear. However, these designs are quite bulky due to the
multiple components. In [9], the speed variation is realized by
a double-rotor machine, but this machine needs carbon brushes
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as it has windings in a rotor and an additional synchronous
generator is needed for power generation.

In this paper, a novel E-CVT based wind energy conversion
system (WECS) is proposed. This WECS is gearless and it only
needs a partial-scale converter as shown in Fig. 1(c). The most
outstanding feature is that the variable-speed operation and
power generation are realized within one single machine, which
greatly reduces the size and simplifies the whole system. This
machine has a doubly fed dual-rotor (DFDR) structure. By
adjusting the frequency of the primary winding, a variable inner
rotor speed is allowed, while the outer rotor speed is kept
constant. In the meanwhile, it generates power by the electro-
magnetic interaction between the secondary winding and the
outer rotor. As PM material is used for both the inner and outer
rotor, the PM-excited machine has a relatively high torque den-
sity. By virtue of the flux-modulation effect, it can be designed-
with a high pole-pair number (PPN) for direct-drive system. The
gearless and brushless structure makes the machine reliable and
maintenance free. After introducing the structure and working
principle of the WECS, the finite-element method (FEM) based
optimal design of this DFDR-PM machine is presented. The
DFDR-PM is also prototyped and experiments are carried out
to validate its performance.

Il. STRUCTURE AND WORKING PRINCIPLE
A. Machine Structure and Working Principle

As the key component of the proposed WECS, the DFDR-PM
machine is introduced first. A radial cross section of the
DFDR-PM is shown in Fig. 2. It has two sets of windings,
which are housed in one stator, and two coaxial rotors, which
are in-stalled inside the stator. The inner rotor is a consequent-
pole PM rotor in which all the PMs are magnetized in a
radially outward direction. The outer rotor comprises
interleaved PMs and steel segments. The secondary winding
interacts with the outer rotor like a conventional single-rotor
PM machine, and the primary winding interacts with both
rotors through the flux-modulation effect. The flux-modulation
effect means taking advantage of the harmonic components of
the magnetic field [10]. In the proposed DFDR-PM machine,
bidirectional flux modulation is employed.

Basically, in the airgap, the relationship between the magne-

tomotive force (MMF) drop F and the flux density B is
B =A\F (M

where A is the permeance per unit area.
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Fig. 2.

Radial cross section of the DFDR-PM.

The MMF developed by the PM can be expressed as a sum
of two components:

F = F1cos[N,; (0 — wit) + ¢1] + Focos[Nyo (6 — wat) + ¢o]
(2
where F7 and F5, are the magnitudes of the MMF components
due to the inner rotor and the outer rotor, respectively; N,; and
N, are the PPNs of the inner rotor and the outer rotor; w; and
wy are the rotation speeds of the inner rotor and the outer rotor;
and ¢, and ¢, are the initial phase angles of the two MMF
components.
Similarly, the airgap permeance can be expressed as

AR Ay + A1cos[Nyi (6 — wit) + d3] + Aacos[ Ny, (6 — wat) + ¢y

3)
where A is the average value of A; A; is the magnitude of the
alternating component due to the inner rotor; Ao is the magnitude
of the alternating component due to the outer rotor; and ¢35 and
¢4 are the initial phase angles of the two alternating components,
which are ¢35 = ¢1 + 7 and ¢4 = ¢ + , as the PMs and steel
segments are arranged alternately.

By substituting F' and A in (1) with (2) and (3), (4) can be
deduced, as shown bottom of the page.

Obviously, the airgap flux density has six rotating components
whose PPNs are N, Nyo, 2Ny, 2Ny, Nyo — Ny, and N, +
N,;, respectively. In a conventional PM machine, the N,, — Ny
component is negligible. But in the DFDR-PM, due to the
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Fig. 3. Configuration of the proposed WECS.

existence of the steel segments, the N, — IV;; component
becomes significant. By designing the PPN of the primary
winding to be

P)pw - Nro - Nri (5)
voltage will be induced in the primary winding with the
rotors rotating. From (5), the rotation speed of the V., — N;;
component is

Nyows — Nyjw
W T T A7 Ar - 6
“r N, ro N, ri ( )

Accordingly, the frequency of the induced voltage in the pri-
mary winding is

pr (Nro - Nri) Nr0w2 - Nriwl
pr frd — .

2 2

The configuration of the proposed WECS is depicted in Fig.
3. The inner rotor is fixed on the shaft, which is connected to
the turbine blades. The primary winding is linked to the power
grid through a converter and the secondary winding is linked to
the power grid directly. Reforming (7), the speed of the outer
rotor is

)

o Nriwl + 27Tfpw

. ®)

w2

When the blade speed w; varies, by adjusting the excitation
current of the primary winding, the speed of the outer rotor wy
can be kept constant. Hence, the frequency and amplitude of the
induced voltage in the secondary winding are constant, enabling
it to be directly connected to the power grid.

For the secondary winding, as it constitutes a conventional
PM machine with the outer rotor, its PPN is the same to that of
the outer rotor.

Fractional slot design is adopted to reduce the slot number for
both windings. Concentrated winding is used by the secondary
winding to reduce the copper loss. The pole—slot combination
for fractional slot concentrated winding has been investigated
in[11] and [12].

B. Energy Conversion

During stable operation, the mechanical torque from the tur-
bine is balanced by the electromagnetic torque on the inner

Fig. 4. Power flow in the WECS during (a) subsynchronous operation
and (b) supersynchronous operation.

rotor 7};. For the outer rotor, its torque 7}, comprises two elec-
tromagnetic components, namely the part due to the primary
winding T}, and the part due to the secondary winding 7:.qo.
As the outer rotor is a floating rotor, the two torque components
need to cancel each other, which means 1,, = 1,51 + T)o2 = 0.
The torque relationship between the rotors in a flux-modulated
machine has been introduced in [13], which in this machine is

Eol o CZ-‘ri
Nro B Nri‘

When the losses in the system are not considered, the input
power of the converter is

Pcon:

&)

Prated - Pwind = Trol(-UQ - ,Arriwl (10)

where P;ateq 1S the rated power output to the power grid and
Pying 1s the wind power captured by the turbine blades. Clearly,
only a partial-scale converter is needed for this WECS and its
power level depends on the designed speed range of the turbine
blades. Like that of a DFIG, a synchronous speed is defined for
the inner rotor of the DFDR-PM as

Nro _ 27Tfsw Nro
Nri 2 Pszri

where fs, and P, are the frequency and the PPN of
the secondary winding, respectively. Accordingly, the speed
below/above the synchronous speed is defined as subsyn-
chronous/supersynchronous. The system working principle is
simply introduced as follows:

1) When the inner rotor is rotating at the synchronous
speed, P.o, is 0, which means no power is flowing
through the converter and the primary winding. The
primary winding needs to be fed with dc current.

2) During subsynchronous operation, P, is positive. The
primary winding helps to drive the outer rotor and it
extracts power from the grid through the converter as
shown in Fig. 4(a).

3) During supersynchronous operation, P, is negative.
More power is supplied by the inner rotor than the rated
power needed by the outer rotor. The extra power goes
to primary winding for generation. Both the primary
wind-ing and the secondary winding inject power to the
grid. The power flow is shown in Fig. 4(b).

(1)

Wisyn =

[ll. PRELIMINARY DESIGN CONSIDERATION

In view of the fact that the DFDR-PM is essentially a com-
bination of an E-CVT and a generator, the performances of



both of them have to be considered. For convenience, the two
components are referred to as E-CVT part and generator part,
respectively.

Considering that 73,1 and 7;,2 need to cancel each other, the
E-CVT part and the generator part should have similar torque
capability. As these two parts have the same rotor diameter,
they should also have similar electrical load. As a result, in this
design, the slot room is evenly divided by the primary winding
and the secondary for the sake of heat dissipation.

Since the torques of the rotors are inversely proportional to
their PPNs, as shown in (9), only the torque of the outer rotor
needs to be considered for the design of the E-CVT part.

The cogging torque in a flux-modulated machine is decided
by the cogging torque factor, which is the greatest common
devisor between the PPNs of the two rotors [10], [14]. In the
proposed DFDR-PM machine, the cogging torque factor is 1
with the designed pole combination and its cogging torque is
expected to be relatively small.

For the design of a conventional synchronous machine, the
following famous sizing equation is usually used:

S=11K,-B-A-D*.1-n (12)

where S is the output power in W, K, is the winding factor, B
is the mean flux density in the airgap in T, A is the electrical
loading in A/m, D is the airgap diameter, / is the core length,
and n is the rotational speed [15]. For the DFDR-PM machine,
although two windings are used, they do not affect each other,
except for the saturation problem since their PPNs are differ-
ent. Therefore, (12) can still be used to decide the preliminary
geometric parameters with only the generator part considered.

The ratio of PM width to steel width in the rotor has been
investigated in [16]. To achieve the best flux-modulation effect,
this ratio should be 0.5-0.6. In the proposed DFDR-PM, the
rotor PM and steel segments have the same width.

To have a general idea of the effect of the geometrical param-
eters on the torque performance of the DFDR-PM, a parametric
analysis is first done before optimization. The analyzed variables
are as follows:

1) H,i, radial length of the PM in the inner rotor;

2) H,,, radial length of the outer rotor;

3) R, inner radius of the stator;

4) H,, radial length of the stator yoke;

5) Wy, width of the stator teeth.

For each variable, the effect on 7,1 and 7T;,9 is analyzed
separately using a static two-dimensional FEM. The excitation
current is fixed at the maximum torque point during the
analysis. The analysis results, as shown in Fig. 5, are as follows:

1) As is analyzed in Section II, the inner rotor only inter-
acts with the primary winding and the change of Hy;
does not have significant influence on 7;,2. For the E-
CVT part, the change of H,; affects its MMF and the
flux-modulation effect. T,,; is maximized at a certain
H.;value.

2) To increase 102, H;o 18 required to be large enough,
which is similar to the situation in a conventional PM
machine. However, for the E-CVT part, which is basi-
cally a flux-modulated machine, the increase of H,, not
only increases the MMEF, but also decreases the radius of

Fig. 5.
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the inner airgap and affects the flux-modulation effect.
Therefore, a compromise is needed for the design of H,,.
The effects of R on 1,,; and 1,,o are similar. The in-
crease of Ry increases the airgap radius, which is a pos-
itive element for improving the torque. However, it also
compresses the slot area, which decreases the electrical
load considering a constant current density.
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4) The effects of H,and W are similar. An increase in H,
or W; compresses the slot area, but lowers the flux
density in the stator core. To improve the torque
performance, they need to be designed with a compromise,
considering the electrical load and the saturation
problem.

IV. OPTIMAL DESIGN

An optimization of the DFDR-PM is conducted based on a
genetic algorithm (GA) and the FEM. The aim is to maximize
the torque capability of the system with both the E-CVT part
and the generator part considered. As the torque components
due to two windings need to balance each other on the outer
rotor, both of them are important and their maximum values

TABLE |

SPECIFICATIONS OF THE DFDR-PM

Fig. 8.

Quantity Value
Outer radius of stator 108.0 mm
Inner radius of stator 74.7 mm
Inner airgap length 1.0 mm
Radial length of outer rotor 6.1 mm
PM length of inner rotor 15.8 mm
PM pole-pair number in outer rotor 28
DFDR-PM PM pole-pair number in inner rotor 17
Number of stator slots 48
Stack length 65 mm
Stator and rotor core material M19_24G
Magnetic remanence 12T
Rated efficiency at synchronous speed 70%
Power density 7.0 x 102 kW/ m®
Pole-pair number of the primarywinding 11
E-CVT part Rated inner rotor torque 27 Nm
Rated current of the primary winding 11.5A
Rated efficiency 76%
Pole-pair number of secondarywinding 28
Generator part ~ Rated frequency 50 Hz
Rated outer rotor torque 44.5 Nm
Rated output phase voltage 13.5 V(rms)
Rated output phase current 10.4 A(rms)
Rated efficiency 86%

should be similar. The fitness function is

(a) The inner rotor; (b) the outer rotor; (c) the stator; (d) the
whole prototype of the DFDR-PM.

F(HriaHroa R57Hy7Wt) = Trol . iTro2~ (13)

The following constraints are used for the optimization:
1) The outer geometry is fixed. The outer diameter of the
stator is 216 mm and the stack length is 65 mm.
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Fig. 10. (a) PM flux density in the inner airgap and (b) corresponding
spectra.

2) The lengths of the outer airgap and the inner airgap are
both fixed at 1 mm.

3) The current density in the conductor is limited within
5.5 A/mm?. The slot fill factor, which is the ratio of the
cross-section area of conductors to the slot area, is 55%.

For each element, 77,1 and 75,2 are computed using transient
FEM analysis, respectively. Unlike the parametric analysis in
which the windings are excited separately, to have the satura-
tion issue considered, both windings are excited in the opti-
mization. For the calculation of 7T;,1, the locked-rotor torque
angle curve is first computed with the primary winding ex-
cited with ac current and the secondary winding excited with
dc current. By averaging the maximum value and the mini-
mum value in the torque angle curve, the torque component
due to the secondary winding can be removed and 7}, is cal-
culated. The torque 77,2 can be calculated in a similar way

(b)

Fig. 11. (a) Flux density map and (b) flux line plot at the rated load.

by exciting the primary winding with dc current and the sec-
ondary winding with ac current. A flowchart of the
optimization process is shown in Fig. 6.

The optimization is conducted with the following consider-
ations: a population of 30 elements, the maximum generation
number of 20, crossover probability of 0.8, and mutation prob-
ability of 0.1.

To improve the GA convergence performance, for each
gener-ation, if the best element is worse than the best element
of its pre-vious generation, its worst element will be replaced
by the pre-vious best element. The fitness variation during the
optimization process is shown in Fig. 7. Although the average
fitness of the population goes up and down, the best fitness
keeps increasing. The optimized variables are H,; = 15.8 mm,
H,, = 6.1 mm, Ry =73.3 mm, Hy =4.1 mm, and W, = 3.9
mm. Through the optimization, the slot area is designed to be
relatively large. This is due to the arrangement of placing both
windings in one stator. The other specifications of the DFDR-
PM are listed in Table 1.

V. PERFORMANCE VALIDATION

To validate the performance of the proposed machine, besides
FEM simulation, a prototype is also made and tested as shown in
Figs. 8 and 9. The inner rotor of the prototype is connected to a
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Fig. 12. (a) Back EMF during subsynchronous operation in the primary
winding and (b) corresponding harmonic spectra.

servo motor through a torque transducer. The primary winding
is connected to the controller and the secondary winding is
connected to resistive load.

A. Field and Back EMF

Using FEM, the PM field is computed. The airgap flux den-
sity and the corresponding spectra are depicted in Fig. 10. Be-
sides the largest fundamental components N,;; and N, , four
harmonic components 2N,; , 2Ny, , Ny — Ny, and Ny + Ny
are also significant. These FEM results agree well with the the-
oretical analysis given in Section II. Under the rated load, the
magnetic flux density and the flux lines are plotted in Fig. 11.
The maximum flux density is about 2 T, which is acceptable for
the silicon steel used.

The back EMFs in two sets of windings during subsyn-
chronous and synchronous operation and the corresponding har-
monic spectra are shown in Figs. 12-15. For subsynchronous
operation, the speed of the inner rotor is set at 120 r/min.

For subsynchronous operation, the frequency of the back
EMF in the primary winding is around 16 Hz, which corre-
sponds with the theoretical analysis (7). The ripples in the back
EMF of the primary winding by FEM are mainly due to the slot
effect. As the back EMF of the primary winding has a small
amplitude in this analysis, its waveform is easier to be affected
than that of the secondary winding.

1) The experimental and FEM results are generally in agree-
ment, especially for the secondary winding back EMF. In
Fig. 12(a), the experiment result has larger distortion than
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Fig. 138. (a) Back EMF during subsynchronous operation in the
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the FEM result. The possible reasons are the small rip-
ples in the inner rotor speed during the test. Also, the
back EMF of the primary winding is easier to be affected
since its magnitude is small.

2) During synchronous operation, the back EMF in the pri-
mary winding is close to zero. The reason is that the speed
of the effective harmonic component is zero according
to (6).

3) When the speed of the inner rotor changes from subsyn-
chronous to synchronous, the back EMF in the secondary
winding is constant while the back EMF in the primary
winding changes accordingly. In the WECS, when the
current frequency of the primary winding is intention-
ally controlled to vary with the speed of the inner rotor,
the outer rotor speed can be kept constant and hence the
output voltage can be kept constant, which realizes the
VSCEF operation.
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When the rotors are fixed and a current of 50 Hz is applied to
the secondary winding, the induced voltages in both windings
are shown in Fig. 16. It can be seen that, compared with the
self-inductances of the secondary winding, the mutual induc-
tances between the primary and secondary windings are nearly
negligible.

B. Operation Under Load Conditions

At first, the performances of the E-CVT part and the generator
part are tested separately. For the test of the E-CVT part, the
outer rotor is locked and the inner rotor is driven by the primary
winding. At different inner rotor speeds and torque loads, the
losses and efficiency are shown in Fig. 17. The copper loss is
calculated simply by Joule’s first law and it increases with the
winding current. The sum of coreloss and the mechanical loss
are measured by reducing the copper loss from the total loss.
This part of losses increases with both the load torque and the
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rotor speed. For the generator part test, the outer rotor is driven
by a servo motor and the secondary winding is connected to a
resistive load. The losses and efficiency of the generator part
are shown in Fig. 18.

When both the primary winding and secondary winding are
used to drive the outer rotor, the outer rotor torque with respect
to different winding currents is analyzed using FEM and shown
in Fig. 19. It can be seen that the outer rotor torque is decided
by the currents of both the primary and the secondary windings.
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Fig. 20. (a) Coreloss and mechanical loss, (b) copper loss, and (c)
efficiency of the DFDR-PM at different inner rotor speeds and torque.

For the test of the DFDR-PM, the secondary winding is con-
nected to a resistive load. The inner rotor is driven by a servo
motor at different speeds, while the outer rotor speed is kept
constant, namely 107 r/min, by the primary winding. Assuming
the efficiency of the converter to be 1, the losses and efficiency
of the DFDR-PM under different input speeds and torques
from the servo motor are shown in Fig. 20. The efficiency is
calculated by

3UI
Tmecw2 + 3Uc0n[concos¢

n= (14)
where U and ] are the output voltage and current of the secondary
winding; 7}, .. is the output torque of the servo motor; Uoy, Lcon s
and ¢ are the output voltage, current, and phase angle difference
of the controller.
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Fig. 21. Electromagnetic torque of two rotors.
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Fig. 22. System dynamics when the inner rotor speed changes.

When the inner rotor is at 120 r/min and the outer rotor is at
107 r/min stably under the rated load, the torque on the inner
rotor is measured in comparison with FEM analysis results, as
shown in Fig. 21.

1) As we have considered the cogging torque factor for the
design of the pole number combination, the torque ripple
is generally acceptable.

2) For the outer rotor, the torque due to the primary winding
and the torque due to the secondary winding are canceling
each other, which makes it a floating rotor.

3) The electromagnetic torque of the inner rotor is to be
cancelled out by the mechanical torque from the wind
blades in the WECS. In this experiment, it is balanced by
the servo motor instead.

A simple test for the dynamics of the system in VSCF oper-
ation is also conducted, as shown in Fig. 22. Obviously, when
the inner rotor speed increases, the frequency of the controlled
current in the primary winding decreases so that the speed of
the outer rotor is kept constant.

VI. CONCLUSION

A novel WECS concept based on E-CVT was proposed for
VSCF wind power generation. The basic idea is to realize
variable-speed operation by compensating the power from the
wind turbine. Utilizing the flux-modulation effect among the

windings and rotors, the frequency of the output voltage is de-
coupled from the wind turbine speed. By artfully integrating a
flux-modulation machine with a conventional PM machine, this
system realizes the speed matching and power generation within
one single machine. Compared with previous WECS concepts,
this system has the advantages of being gearless and brushless
and it needs only a partial-scale converter, which means to incor-
porate the merits of the popular DFIG system and direct-drive
PMSG system. The working principle and design of the core
DFDR-PM were introduced. The performance of the DFDR-
PM was validated by both FEM simulation and experimental
results.
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