
Received March 8, 2020, accepted March 18, 2020, date of publication March 24, 2020, date of current version April 8, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2983076

Loss Estimation of Brushless Doubly-Fed
Generator With Hybrid Rotor Considering
Multiple Influence Factors
SIYANG YU 1, (Member, IEEE), YUE ZHANG2, CHANGZHENG CHEN3,
FENGGE ZHANG 1, (Member, IEEE), AND HENG NIAN 4, (Senior Member, IEEE)
1School of Electrical Engineering, Shenyang University of Technology, Shenyang 110870, China
2School of Electrical Engineering, Shandong University, Jinan 250061, China
3School of Mechanical Engineering, Shenyang University of Technology, Shenyang 110870, China
4College of Electrical Engineering, Zhejiang University, Hangzhou 310027, China

Corresponding authors : Siyang Yu (yusiyangnuli@163.com) and Yue Zhang (zhangy198810@163.com)

This work was supported in part by the Doctoral Start-up Foundation of Liaoning Province under Project 2019-BS-180, and in part by the
National Natural Science Foundation of China under Project 51537007 and Project 51675350.

ABSTRACT The brushless doubly fed generator (BDFG) has been a research focus ofwind power generation
due to its inherent promising features. Although it is important to consider the effect of losses on the
design and analysis of the BDFG, there are a few related comprehensive studies. Moreover, a hybrid rotor
is studied to improve the performance of BDFG, which brings greater challenges to the loss calculation.
The aim of this paper is to propose the accuracy calculation methods of core loss and copper loss for the
studied BDFG with hybrid rotor. The core loss calculation model which taken the influence of harmonics,
alternating magnetization, rotating magnetization and two-dimensional magnetic property of material into
account is proposed based on the analysis of the magnetic field characteristics. In order to calculate the
copper loss considering the skin effect, the inductive current of the assisted cage bars which is difficult
to obtain directly is calculated. The accuracy and correctness of the proposed approaches and models are
validated by experimental results from a 25kW prototype BDFG with hybrid rotor. In addition, the proposed
loss calculation method, especially the core loss calculation model, is also applicable to BDFG with other
rotor structure which is operated by the magnetic field modulation mechanism.

INDEX TERMS Brushless doubly fed generator, hybrid rotor, magnetic property, accurate losses model.

I. INTRODUCTION
Recent developments in wind power generation have revi-
talized research on wind turbine and the problem of how to
makewind power systemworkmore efficiently and stably are
increasingly prominent [1], [2]. Compared with traditional
wind power generators, the brushless doubly fed generator
(BDFG) which has the excellent performance of conven-
tional synchronous machine and wound rotor asynchronous
machine is more suitable for wind power generation [3], [4].
Moreover, BDFG shows promising features for the field of
wind power generation system due to its unique advantages
of adjustable power factor, no brush, high reliability, low
capacity level of bidirectional inverter, etc., which received
much attention of researchers [5], [6].

The associate editor coordinating the review of this manuscript and

approving it for publication was Xiaodong Liang .

Unlike conventional AC generators, there are two sets of
three-phase symmetrical double-layer windings with differ-
ent pole numbers and frequencies in the stator slots of BDFG,
as shown in Fig. 1. Moreover, one of the stator winding
is directly connected to the grid and denoted as the power
winding (PW), while the other winding is connected to the
grid via a back-to-back converter and denoted as the control
winding (CW) [7]. In theory, the direct coupling relationship
is non-existent between two sets of stator windings, and the
electromechanical energy conversion of BDFG is achieved
by the magnetic coupling effect of special rotor [8], [9].
Therefore, the rotor structure has a signification effect on the
operating performance of BDFG.

In recent years, as shown in Fig. 2, a cage-assisted mag-
netic barrier rotor (i.e., hybrid rotor) which has better mag-
netic field modulation capacity than the commonly used
rotors has been proposed [10]–[12]. In [10], the detailed
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analytical design approaches based on the magnetic field
modulation theory are investigated. The influence of vari-
ous parameters on the rotor modulating capability was fully
considered in the design process. An inductance calculation
method based on the modified winding function is proposed
for the BDFG with hybrid rotor in [11]. The effects of
magnetic layers and cage bars on the air-gap permeance are
both considered in the proposed calculation method. In [12],
the operating principle and performance of the BDFG with
hybrid rotor are illustrated and studied in detail.

In order to accurately evaluate the performance and opti-
mize the design of BDFG, the loss calculation models have
been the focus of the BDFG research. In [13], the core and
stray load losses of brushless doubly fed induction generators
(BDFIG) are calculated and analyzed. In addition, the cal-
culation model is modified according to the magnetic field
characteristics of the BDFIG. However, the influence of har-
monic losses and rotating magnetization are not considered
in the improved core loss calculation model. In [14], an
equivalent circuit which considers the stator and rotor core
loss of the brushless doubly fed machine (BDFM) is pro-
posed, which improves the estimation of different parameter
values, especially the rotor current. In [15], a steady-state
equivalent circuit takes core loss into account of BDFM is
proposed. In addition, the steady-state torque–speed relations
in the presence of core loss are derived by applying energy
conservation. A modified equivalent circuit is put forward
which incorporates core loss effects for brushless doubly fed
reluctance machine (BDFRM) in [16]. In [17], a dynamic
model of brushless doubly fed induction machine (BDFIM)
in general reference frame in which the core loss is taken into
account is proposed. In [18], the analytical expressions for a
number of core loss components caused by the complicated
operating principle are individually derived. The steady-state
electric equivalent circuit model is developed based on the
core loss.

According to the above literature, it can be known that the
loss calculation is very important for the analysis of motors.
However, there are a few related comprehensive studies on
loss calculation methods for BDFG. Therefore, it is necessary
and important to research the loss calculation for studying the
BDFG with hybrid rotor more comprehensively.

In this paper, the core losses calculation model considering
the effect of alternating magnetization, rotating magnetiza-
tion, harmonic magnetic field, and two-dimensional magne-
tization characteristic is proposed. Meanwhile the calculation
method of inductive current in assisted cage bars is derived
to calculate the copper losses considering the skin effect.
The paper is organized as follows. In Section II, the spe-
cial structure and detailed prototype parameters of BDFG
with hybrid rotor are illustrated. In Section III, the magnetic
characteristics of BDFG with hybrid rotor are analyzed in
depth.Moreover, the core loss calculation model is presented.
In Section IV, the calculation method of cage bar inductive
current and copper losses calculation model are proposed
and analyzed. Finally, the experimental results of a 25kW

FIGURE 1. Wind turbine system based on the BDFG.

FIGURE 2. Hybrid rotor.

prototype BDFG with hybrid rotor are shown in Section V to
validate the accuracy and correctness of the proposed models
and method.

II. STRUCTURE AND OPERATING PRINCIPLE OF BDFG
The BDFG is a new type of speed-adjustable generator com-
posed of two AC feed ports and one common mechanical
port, which has two independent three-phase windings with
different pole pairs in the same stator, as shown in Fig. 1.
The rotor is a special structure couples the stator magnetic
fields together [19]. Moreover, the salient poles number of
rotor should be equal to the summation of PW and CW
pole pair numbers to provide cross-coupling between PW
and CWmagnetic field [20]. The common rotor structures of
BDFG have cage rotor [21], wound rotor [22] and reluctance
rotor [23], which all play the role of ‘‘poles number con-
verter’’. Therefore, the rotor structure basically determines
the magnetic field modulation capacity which directly affects
the performance of BDFG. In order to improve the magnetic
field modulation capability, the hybrid rotor is studied in this
paper as shown in Fig. 2.

A. STRUCTURE OF BDFG
The two-dimensional model of BDFG with hybrid rotor
and the expansion diagram of assisted cage are shown
in Fig. 3 and Fig. 4, respectively.

The two sets of windings of BDFG stator adopt strap-
wound windings with double-layer short-pitch distribution
structure, which can weaken the fifth and seventh harmonic.
In addition, the star connection mode is adopted to eliminate
third harmonic and its multiple harmonics.Moreover, in order
to reduce the core loss of BDFG, the material of stator and
rotor all adopt the silicon sheet with low loss coefficient.

B. OPERATING PRINCIPLE
The operating principle of BDFG is also different from
the commonly used wind generators. The basic operating
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FIGURE 3. The two-dimensional model of BDFG with hybrid rotor.

FIGURE 4. Cage bar expansion diagram of novel hybrid rotor.

principle of BDFG is illustrated briefly in this section.
As shown in Fig. 1, when the three-phase symmetrical exci-
tation current with the frequency fc is supplied to the CW,
a rotating magnetic field with the number of pole pairs pc will
be generated in the core of BDFG, and the revolution speed
nc can be expressed as:

nc =
60fc
pc

(1)

Thereby, the frequency of rotating magnetic field induced
by the CW current in magnetic core of special rotor can be
expressed as:

fcr =
(nr ± nc) pc

60
(2)

where, nr denotes the rotor revolution speed. ‘‘+’’ refers to
the rotating direction of the nr is the same with the nc, while
‘‘−’’ refers to the rotating direction is opposite.
The frequencies of hybrid rotor rotating magnetic field

induced by PW and CW are the same due to they share the
same rotor, which can be expressed as:

fcr = fpr (3)

where, fpr denotes the frequency of rotating magnetic field
induced by the PW current in magnetic core of special rotor.

The speed of the rotatingmagnetic field relative to the rotor
which is generated by the PW can be written as:

npr = (nr + nc)
pc
pp
= np − nr (4)

where, pp and np denote the pole pair number of PW and
the revolution speed of PW, respectively. Therefore, the fre-
quency of the PW can be deduced through (1) ∼ (4) as:

fp =
nr
(
pp + pc

)
60

± fc (5)

FIGURE 5. The air-gap magnetic density decomposition of BDFG with
hybrid rotor (pp = 8, pc = 4).

It can be seen that fp is only determined by fc and nr when
the pole pair number of PW and CW are defined. Therefore,
the fp can be kept constant by adjusting fc under the condition
of the unstable wind speed.

III. ANALYSIS AND CALCULATION OF CORE LOSS
The core loss will directly affect the operation efficiency of
BDFG. However, the analysis and calculation of core loss is
so difficult due to the rich harmonic contents and the irregular
distribution of the magnetic field in the core. The specific air-
gap magnetic density decomposition of the proposed BDFG
(pp is 8 and pc is 4) is shown in Fig. 5. It can be seen that
although the air-gap magnetic density of the BDFG is mainly
composed of 4-pole and 8-pole flux density, there are still
many unwanted harmonics. The unwanted harmonics will
lead to relatively complex magnetic field characteristics in
the core and increase the difficulty of core loss calculation.

A. ANALYSIS OF MAGNETIC FIELD HARMONICS AND
MAGNETIZATION CHARACTERISTICS
In order to accurately analyze the magnetic field character-
istic of proposed BDFG, some special points are selected in
the stator and the rotor as shown in Fig. 6. The magnetic field
characteristics are analyzed under different operating condi-
tions (super-synchronous: 1000r/min and sub-synchronous:
400r/min).

The flux density characteristics of the selected positions
are shown in Fig. 7 ∼ Fig. 12. In these figures, B1 denotes
the stator tooth root, B2 denotes the stator tooth center, B3
denotes the stator tooth head, E1 denotes the position near to
stator tooth, E3 and G5 denote the center of their respective
magnetic layer.

According to the results, it can be concluded as: 1) There
is only radial flux density in stator tooth center, while the
stator tooth head and root contain both the radial and tangen-
tial flux density. 2) The magnetization mode is approximate
to alternating magnetization when the flux density almost
just has radial component, while the alternating and rotating
magnetization exist simultaneously when the flux density has
radial and tangential components. 3) For the flux density of
rotor magnetic layer, the radial component accounts for a
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FIGURE 6. The selected special points of BDFG with hybrid rotor.

FIGURE 7. Flux density waveform of B1 point. (a) super-synchronous
condition (b)sub-synchronous condition.

FIGURE 8. Flux density waveform of B2 point. (a) super-synchronous
condition (b)sub-synchronous condition.

FIGURE 9. Flux density waveform of B3 point. (a) super-synchronous
condition (b)sub-synchronous condition.

large proportion, while the tangential component accounts for
a small proportion. 4) There are a lot of harmonics in the flux
density, especially for the sub-synchronous operating condi-
tion. Therefore, in order to accurately calculate the core loss
of the BDFG with hybrid rotor, it is necessary to consider the
influence of harmonics, alternating magnetization, rotational
magnetization and two-dimensional magnetic property of the
material together.

B. CORE LOSS CALCULATION MODEL
Among the commonly used mathematical models, the clas-
sical core loss separation model only considers alternating

FIGURE 10. Flux density waveform and magnetization locus of E1 point.
(a) supper-synchronous condition. (b) sub-synchronous condition.

FIGURE 11. Flux density waveform and magnetization locus of E3 point.
(a) supper-synchronous condition. (b) sub-synchronous condition.

magnetization, while the elliptic rotation and orthogonal
decomposition models can consider alternating and rotating
magnetization [24]. However, the magnetic field intensity
H is not parallel to the magnetic flux density B in actual
core material under the magnetic field of the arbitrary ori-
entation magnetization mode, which is described as the two-
dimensional magnetic property. The E&S vector hysteresis
model is a mathematical model which can accurately express
the relationship between H and B [25]–[27]. However, the
traditional E&S vector hysteresis model only can consider
the effect of 1st and 3rd harmonics, which does not apply
to the condition of BDFG with complex harmonic compo-
nents. Therefore, in order to further increase the accuracy
of core losses calculation, an improved E&S vector hystere-
sis model which can take more harmonics into account is
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FIGURE 12. Harmonic analysis of radial flux density for G5 point.
(a) super-synchronous condition (b) sub-synchronous condition.

proposed. In the proposed improved E&Smodel, the relation-
ship between B and H can be expressed as:

Hxh = νxrhBxh + νxih
∂Bxh
∂τ

Hyh = νyrhByh + νyih
∂Byh
∂τ

(6)

where, the subscript h denotes the order of flux density har-
monic. τ denotes the period of one cycle. Subscript x and y
denote the coordinate axis direction. In addition, the reluc-
tancy coefficient vkrh and the hysteresis coefficient vkih can
be expressed as:

νkrh =
4

B2khT

∫ T

0

[∫ Bkh(t)

0
Hkh (t) · dBkh

]
dt

νkih =
2

B2khω
2
hT

∫ T

0
Hkh (t) ·

dBkh
dt

dt
(7)

where, the subscript k denotes x and y, T denotes the period
of magnetic density waveform, and ωh denotes the angle
velocity of the harmonics.

According to the proposed improved E&S model, the total
core loss of BDFG considering alternating magnetiza-
tion, rotating magnetization, harmonics and two-dimensional
magnetic property can be directly calculated by the funda-
mental terms of obtained Bx , By, Hx and Hy without other
fitting data, which can increase the correctness in contrast
with the commonly used core loss models. The total core loss
can be calculated as:

pFe =
1
ρT

m∑
z=1

n∑
h=1

Mz

∫ T

0

(
Hxzh

dBxzh
dt
+ Hyzh

dByzh
dt

)
dt

(8)

where, m denotes the total number of stator and rotor core
elements. n denotes total number of flux density harmonics.
ρ denotes the density of silicon steel sheet material. Mz
denotes the mass of each element. Subscript z denotes the
order of core elements.

IV. ANALYSIS AND CALCULATION OF COPPER LOSS
The copper losses of BDFGwith hybrid rotor are mainly con-
centrated in two sets of windings of stator and the cage bars
of hybrid rotor. However, the proposed hybrid rotor cages
are non-uniformly distributed and the connection modes are

FIGURE 13. The equivalent circuits of stator windings. (a) PW (b) CW.

inconsistent, which increases the difficulty of the copper
loss calculation. In this section, the copper loss calculation
model considering the effect of skin effect is established,
the inductive current of the cages which cannot be directly
measured are calculated by flux linkage, inductance, current
and electromotive force (MMF).

A. STATOR WINDING
The PW and CW of BDFG with hybrid rotor are made of
random coils with a small wire diameter which can neglect
skin effect. Moreover, the coupling circuit of the PW and the
CW are established as shown in Fig. 13 to further consider
the effect of leakage inductance on the stator windings.

In Fig. 13, the subscript A, B, C, a, b, c denote phase wind-
ing, up, Rep, Lep and uc, Rec, Lec denote the voltage, resistance
and leakage inductance of the PW and CW overhang, respec-
tively. ep, ip and ec, ic denote the inductive electromotive force
(EMF) and phase currents of PW and CW, respectively.

B. ROTOR CAGE BAR
The copper loss of hybrid rotor is mainly produced by the
assisted cage bars. The cage bars of rotor adopt single turn
pancake copper bar and the frequency of inductive current is
high. Therefore, the variation of cage bar resistance and the
skin effect cannot be ignored, as shown in Fig. 14. Where, h
denotes the height of cage bars.

The skin effect has a significant effect on the AC resistance
of rotor cage bars. The increase factor of cage bar resistance
caused by skin effect can be expressed as:

Knk = ξnk
sh2ξnk + sin 2ξnk
ch2ξnk − cos 2ξnk

(9)

where, the subscript n denotes the order of cage bars. In
addition, the cage bar penetration depth can be expressed as:

ξnk = hn

√
πµfk
ρ

(10)

where, fk denotes the k th harmonic frequency of cage bar
current. µ and ρ denote the magnetic conductivity and the
specific resistance of cage bars, respectively.

The mathematical equivalent for the resistance increase
factor of each cage bar considering the influence of various
harmonics is treated as:

Kneq = Kn0 + a2n1Kn1 + · · · + a
2
nkKnk (11)
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FIGURE 14. Skin effect of rotor cage bars. (a) distribution of cage bar
currents density. (b) cage bar penetration depth.

where, Kn0 and Knk denote AC resistance increase factor
under the condition of fundamental current and each har-
monic current, respectively. ank denotes the ratio of each
harmonic current to the fundamental current. In addition,
subscript k denotes the order of harmonics.

In order to obtain the ank and Kreq, the inductive current of
cage bars should be calculated and analyzed. The inductive
current of cage bar can be calculated by the relationship
between the MMF and inductance as:

e = −
dψ
dt

= −
d
dt
(LAriA + LBriB + LCriC + Laria + Lbrib + Lcric)

= −

(
iA
dLAr
dt
+ LAr

diA
dt
+· · ·+ic

dLcr
dt
+ Lcr

dic
dt

)
= −

(
iA
dLAr
dθr

dθr
dt
+ LAr

diA
dt
+· · ·+ic

dLcr
dθr

dθr
dt
+Lcr

dic
dt

)
= −

(
iAωr

dθr
dt
+ LAr

diA
dt
+ · · · + icωr

dθr
dt
+ Lcr

dic
dt

)
(12)

where, L denotes the mutual inductance between the two sets
of windings and hybrid rotor cage bars. θr denotesmechanical
position angle. Subscript r denotes rotor. Furthermore, L can
be expressed as [11]:

Lsirj (θr ) = µ0rl
∫ c2

c1
g−1 (θr , ϕ)Nsi (θr , ϕ)Nrj (θr , ϕ) dϕ

(13)

where, the subscript i and j denote stator windings and rotor
cage bar, respectively. r and l denote stator inner diameter
and core length, respectively. µ0 denotes vacuum magnetic
conductivity. g−1(θr , ϕ) denotes the calculated air gap func-
tion of hybrid rotor. Nsi(θr , ϕ) and Nrj(θr , ϕ) denote winding
function of stator windings and rotor cage bars, respectively.

In order to calculate MMF, the equivalent circuit of rotor
cage bars is established, as shown in Fig. 15. It should be
noted that the produced MMF will also affect the magnetic
density characteristics of the air gap.

According to Fig. 15, the circuit equation of two concentric
cage of hybrid rotor can be expressed as:

eij − e′ij = e = 2Rcjiij + 2Lcj
diij
dt

(14)

FIGURE 15. Equivalent circuit of hybrid rotor cage bars.

where, subscript i and j denote rotor slot number and the
circuit number in the same concentric cage. eij, e

′

ij and iij
denote the voltage drop and current of concentric cage bars
on both sides. Rcj and Lcj denote the end resistance and the
end leakage of concentric cage bars.

Similarly, the circuit voltage equation of common cage of
hybrid rotor can be expressed as:

ei3 − ei+1,3 = e = 2Rc3ic,i+1 + 2Lc3
dic,i+1
dt

ePr ,3 − e1,3 = e = 2Rc3ic1 + 2Lc3
dic1
dt

i = 1, . . . , pr − 1 (15)

where,

ic,i+1 = ici − ii+1,3 (16)

In which, ei3 and ei+1,3 denote the voltage drop of common
cage bars on both sides, respectively. Rc3 and Lc3 denote the
end resistance and the end leakage of common cage bars,
respectively. pr = pp + pc denotes the pole number of rotor.

C. COPPER LOSS CALCULATION MODEL
Based on the previous description and analysis, the copper
loss of BDFG with hybrid rotor can be expressed as:

pCu = psCu + prCu (17)

where, the stator copper loss psCu considering the effect of
harmonics and rotor cooper loss prCu considering the effect
of skin effect and harmonics, which can be expressed as:

psCu = 3
N∑
k=1

(
I2pmkRp + I

2
cmkRc

)
(18)

prCu = Kneq
N∑
k=1

pr∑
i=1

 m∑
j=1

I2ij,kRj + I
2
i3,kRg + 2I2ci,kRc3


(19)

where, N and k denote the number and order of harmonics,
respectively. Ipm and Icm denote the root mean square (RMS)
current value of PW and CW, respectively. Rp and Rc denote
the resistance of PW and CW, respectively. m denotes the
number of concentric cage. Iij,k and Ii3,k denote k th current
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TABLE 1. Main parameters of prototype BDFG.

FIGURE 16. Experimental platform of the prototype BDFG.

FIGURE 17. Core loss calculation results.

harmonic RMS value of concentric cages and common cage
linear parts, respectively. Ici,k denotes k th current harmonic
RMS value of common cage end. Rg and Rc3 denote the
resistance of common cage linear and end parts.

The resistance of concentric cages Rj can be expressed as:

Rj = 2Rcj + 2Rgj (20)

where, Rcj and Rgj denote the resistance of concentric cage
end and linear parts, respectively.

V. ANALYSIS OF RESULTS
In order to validate the accuracy of core and copper losses
calculation models, a 25kW prototype BDFG is tested. More-
over, the specifications of the prototype are listed in Table 1,
and the experimental setup is shown in Fig. 16. In the exper-
imental process, the induction motor is used as prime mover
and driven by normal converter.

A. RESULTS ANALYSIS OF LOSSES
Fig. 17 shows the core loss results of stator yoke, stator
tooth and hybrid rotor calculated by the proposed improved

TABLE 2. Units for magnetic properties.

FIGURE 18. Copper losses. (a) different load power at constant speed
of 1000r/min. (b) different rotating speed at constant load power of 6kW.

E&S model. Moreover, it can be seen that the core loss of
stator yoke, stator tooth and hybrid rotor under the supper-
synchronous condition (1000r/min) are always higher than
that under the sub-synchronous condition (400r/min). This is
because the frequency of excitation current which is one of
the main frequencies is smaller under the sub-synchronous
condition. For the total core loss, the stator core loss accounts
for the majority which is about twice as much as that of the
rotor core loss. In addition, the core loss of stator tooth is
smaller than that of stator yoke.

Based on the proposed copper loss calculation model,
Fig. 18 shows the variation condition of stator windings under
different load and different operating speed, and Table 2 gives
the copper loss values of hybrid rotor cage bars under two
operating modes.

According to the results, it can be obtained the following
conclusions as:

(1) The copper loss of PW and CW increase significantly
with the increasing of load power under the same speed.

(2) In any case, the copper loss of CW is much larger than
that of PW.

(3) Under different speed, the copper loss of PW basically
remains unchanged due to the constant frequency, while the
copper loss of CW increases first and then decreases with the
increasing of speed.

(4) The skin effect of the current has a signification effect
on the copper loss of the cage bar.

(5) The calculated value of cage bar copper loss is about
10% higher than the simulated value, which mainly also
because the influence of skin effect is not considered in the
simulation.

B. EXPERIMENTAL VERIFICATION
Due to the limited conditions, the induced current value of
the assisted cage bars in the hybrid rotor cannot be directly
measured through experiments. In addition, the magnetic
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FIGURE 19. Experimental efficiency. (a) sub-synchronous operating
(400r/min). (b) supper-synchronous operating (1000r/min). (c) different
rotating speeds with the same load power of 10kW.

TABLE 3. Comparison of experimental and calculation efficiencies.

field of BDFG is very complicated and includes many har-
monics, so it is difficult to directly separate core loss through
experiment. Therefore, the efficiency is used to indirectly ver-
ify the correctness of the proposed core and copper loss cal-
culation models. Furthermore, the different operating modes
have different efficiency calculation methods [14]. In sub-
synchronous condition, the power of CW is regarded as input
power. While in super-synchronous condition, the power of
CW is regarded as output power.

Fig. 19 shows the experimental efficiencies under the dif-
ferent operating modes. It can be seen that the efficiency of
supper-synchronous operating condition is higher than that
of sub-synchronous operating condition. Therefore, in order
to improve the efficiency of wind power generation system
with BDFG, it is better to make the BDFG operate in super-
synchronous condition.

The comparison results of the measured efficiency by
experiment and the calculated efficiency by the proposed loss
calculation models are shown in Table 3. For the comparison,
the output power of PW both are 10kW. In addition, for the
calculated efficiency values, the mechanical loss and stray
loss are considered and calculated by the commonly used
approximate formulas.

According to the results of Table 3, it can be known that
the error between the experimental values and the calculated
values is small, which fully demonstrates the correctness and
feasibility of the calculation methods of core loss and copper
loss proposed in this paper.

VI. CONCLUSION
In this paper, the core loss and copper loss of the hybrid rotor
BDFG with superior performance are analyzed in detail. The
magnetic field characteristics of stator yoke, stator tooth and
hybrid rotor are investigated deeply. An improved E&S core
loss calculationmodel which can take the effect of harmonics,
alternating magnetization, rotating magnetization and two-
dimensional magnetic property into account is proposed. The
inductive current of assisted cage bars is calculated based
on the law of electromagnetic induction. The copper loss
calculation model considering the influence of skin effect is
presented. In order to verify the effectiveness and correctness
of the proposed losses calculation models, the calculated effi-
ciency based on the losses calculation models has been com-
pared with experimental results of a prototype BDFG with
hybrid rotor. The results indicate that the proposed models
can accurately estimate the core and copper losses of BDFG
with hybrid rotor. Furthermore, the characteristics core losses
and copper losses are summarized by the simulation and
experimental results.
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