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Abstract—The brushless doubly-fed machine has 

definitely attractive features to be employed in 
highly-reliable wind turbine systems. However, the existing 
brushless doubly-fed topologies primarily work by the 
principle of modulation and suffer from low torque/power 
density, inferior efficiency, and high level of time and 
spatial harmonic distortion. This paper presents a simple 
design optimization approach for torque/power density 
optimization of a dual-stator brushless doubly-fed 
induction generator, which, unlike the modulation types, is 
inherently free of harmonic related issues. An analytical 
average torque model with a full set of geometrical, 
electromagnetic and thermal constraints is developed 
based on the power flow of generating operation. The 
optimized results exhibit comparable torque per volume 
and torque per weight to standard industrial induction 
machines with the similar size, synchronous speed and 
power loss per unit area. Mechanical considerations, 
manufacturing costs and control aspects are also 
discussed to show its high potential in superseding 
existing doubly-fed induction generators. Finite element 
analysis and experimental results of a 3.7 kW prototype are 
used to validate the effectiveness of the optimization. 
 

Index Terms—AC machines, analytical models, 
brushless machines, design optimization, generator, 
torque, wind power generation. 
 

NOMENCLATURE 
Θ Power loss per unit area 
γ, λ, η Flux density ratio, split ratio, efficiency 
δ, τ Airgap length, pole pitch 
μ0, μt, μy Permeability of vacuum, relative 

permeability in tooth, yoke 
ρr Resistivity of the conductor 
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ωo, ωi, ωr Electrical angular frequencies of outer stator 
winding (OSW) and inner stator winding 
(ISW), mechanical rotor speed 

ωn, ωs Natural synchronous speed, rotor slip 
frequency 

A, D Total slot area, diameter 
Bavg, K Specific magnetic, electric loading 
Bg, Bt, By Flux density in airgap, tooth, yoke 
bt Tooth width 
Fm Magnetizing magnetomotive force (MMF) 

per pole 
Gcu, Gfe Total weight of copper winding, iron core 
H Thickness of the mechanical rotor support 
ho, ht, hy Tooth tip height, tooth height, yoke height 
I, J Phase current, current density 
kFe, kf Lamination factor, filling factor 
kty Tooth-to-yoke flux density ratio 
kwv Winding factor of v-th order harmonic 
m, p Phase number, pole pair number 
N Turns in series per phase 
Lef, Ly, Lt Effective axial length, equivalent yoke length, 

equivalent tooth length 
Subscripts 
i, o Inner machine, outer machine 
is, ir Inner stator, inner rotor 
m, t Magnetizing component, torque component 
os, or Outer stator, outer rotor 

I. INTRODUCTION 
RUSHLESS doubly-fed machines (BDFMs), which 

feature two ac electrical ports and a brushless rotor 
physically and doubly-fed synchronous operation capability 
functionally have long been conceived as promising 
alternatives of the slip-ring doubly-fed induction generator 
(DFIG) in wind power application due to their enhanced 
reliability and reduced maintenance cost benefitting from the 
elimination of brush gears [1]. Among all the available BDFM 
topologies, the brushless doubly-fed induction generator 
(BDFIG) and the brushless doubly-fed reluctance generator 
(BDFRG) are the most popular constructions. Recent progress 
in the field of BDFI(R)G has shown that BDFI(R)G has 
comparable or even superior performance to DFIG in terms of 
reduced converter rating and cost, decoupled control of 
active-reactive power in required operation region [2], [3], 
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hardware-free low voltage ride through (LVRT) capability [4], 
etc. Nevertheless, the relatively low torque/power density and 
efficiency [5], [6], high-harmonic-content nature [7], [8] and 
complex vibration behavior [9] greatly challenge their 
practicality and potential for commercialization. 

As the origin of modern BDFMs, the cascaded doubly-fed 
induction machine (CDFIM) works by the principle of 
cascading instead of modulation to indirectly couple the power 
winding and control winding, so the flux pattern, vibration 
behavior, and manufacturing process more resemble that of the 
DFIG and may be more likely to supersede DFIG once the 
torque/power density and efficiency are effectively improved. 
The dual-stator brushless doubly-fed induction machine 
(DS-BDFIM) which can be conceptually conceived as the 
cascade of two wound rotor induction machines (WRIMs) in 
radial direction proves to be a viable solution to improve the 
torque/power per volume as well as mechanical integrity by 
making full use of the internal vacancy [10]. Yet only designs 
for wide-speed-range motoring application are considered, 
which differs the limited-speed-range generating application 
significantly in terms of system configuration and control 
strategy. The simplified comparison between DS-BDFIM and 
WRIM based on the derived general torque density equation 
shows that the DS-BDFIM potentially has higher torque per 
rotor volume as a motor. To further make clear the 
torque/power potential of DS-BDFIM as a generator, a global 
optimization considering electromagnetic and thermal 
constraints has to be conducted first. 

Generally, the design optimization of electrical machine 
includes two substantial aspects, namely, optimization model 
and optimization method [11]. Various direct physical models, 
such as the torque/power equation (average-value model) 
expressed in terms of specific electromagnetic loadings [12-14], 
electrical equivalent circuit (EEC) model [15], [16], magnetic 
equivalent circuit (MEC) model [17], [18], finite element (FE) 
model [19], and a number of emerging indirect models termed 
as surrogate models [11] can be effectively employed in design 
practice. Once the optimization model is developed, suitable 
optimization method, which can be single- or multi-objective, 
classical or modern intelligent optimization algorithms, can 
further be determined according to the types of the problem and 
optimization variables. 

Though theoretically the design optimization of dual-stator 
brushless doubly-fed induction generator (DS-BDFIG) can be 
performed by EEC, MEC, FE or surrogate models in 
conjugation with various modern intelligent optimization 
methods, the torque/power density equation based analytical 
optimization with clear physical meanings still retains the 
advantage of providing insightful and straightforward internal 
relationships between key design parameters and the 
performance, which is more general and useful to guide the 
practical design. In fact, for the DS-BDFIG, analytical 
approaches is more practical than the straightforward FE-based 
optimization methods because undesirable long-lasting 
transient will appear before the steady state is achieved in 
transient FE simulations due to the self-closed short-circuited 
windings and associated large time constants. 

Torque/power density equations are usually used in 
optimization of permanent magnet synchronous machines 
(PMSM) whose torque can be concisely formulated as a 
function of flux density ratio (corresponding to the specific 
magnetic loading), split ratio (corresponding to the specific 
electric loading) and pole pairs once the size and total copper 
loss are fixed [13]. The torque density optimization with a fixed 
copper loss is essentially optimizing the efficiency and no 
thermal aspect is incorporated in the optimization. Hence 
special care has to be taken to check the temperature rise in the 
final stage to guarantee the effectiveness of the optimization 
results. The analytical torque equation based optimization has 
been later extended to the electrically-excited SM (EESM) for 
torque density comparison [14].  

This paper explores the analytical design optimization of the 
DS-BDFIG to achieve the optimal torque/power per 
volume/weight under given geometrical, electromagnetic and 
thermal constraints. The generating operation of DS-BDFIG is 
firstly introduced in Section II. The average-value torque model 
with a full set of constraints based on the machine geometry and 
power flow of generating operation are derived in Section III. 
Section IV deals with the detailed optimization design process, 
including the determination of pole pair combination, the 
formulation of the optimizing problem and its solving, and the 
determination of slot combination. The optimization results are 
reported in Section V and practical considerations discussed in 
Section VI. Experimental results are presented in Section VII 
for verification. 

II. GENERATING OPERATION OF DS-BDFIG 
The DS-BDFIG with two stator windings separately 

accommodated in the slotted outer and inner stators can be used 
in either stand-alone or grid-connected wind power 
applications where the voltage or current vector of the inner 
stator winding (ISW) is manipulated to regulate the output 
active-reactive power of the outer stator winding (OSW). 
Among all the available operation modes, doubly-fed 
synchronous operation is the most desirable, where the 
mechanical rotor speed ωr and frequencies of OSW ωo and ISW 
ωi satisfy 

( ) ( ) ( )r o i o i o i eqp p pω ω ω ω ω= + + = +             (1) 
where po and pi are pole pairs of OSW and ISW respectively, 
and peq is the equivalent pole pair. Specially, when ISW is fed 
by dc currents, the corresponding mechanical rotor speed is 
termed as natural synchronous speed ωn, and 

( )n o o ip pω ω= +                                (2) 
For wind power application, the DS-BDFIG is usually 

operated in a narrow speed range centered to the natural 
synchronous speed (±30% ωn) to minimize the converter rating 
and rated at the top speed to maximize the electrical power 
output. The wind turbine system based on DS-BDFIG is shown 
in Fig. 1. The active power flow at top speed is also given, 
where Pmecp(c) is the mechanical power input to outer (inner) 
airgap and Psp(c) is the electrical power delivered by OSW 
(ISW). Pcp is the electrical power transferred between outer 
rotor winding (ORW) and inner rotor winding (IRW). 
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Fig. 1  Schematic of the DS-BDFIG based wind turbine system 

The power factor of OSW can be controlled leading (the 
reactive power current of OSW and magnetizing currents of 
both outer machine and inner machine are supplied through 
ISW), unit (no reactive power current in OSW and both 
magnetizing currents of outer machine and inner machine are 
supplied through ISW), or lagging (the magnetizing currents of 
outer machine and inner machine are supplied through OSW 
and ISW together), as shown by the simplified EEC in Fig. 2, 
where Ios, Ior, Iir, and Iis are steady-state current phasors of 
OSW, ORW, IRW and ISW, respectively. Subscripts m and t 
denote magnetizing and torque components respectively. 

jIis_mjIor_mjIos_m

Ios_t=Ior_t=Iir_t=Iis_t

jIir_m

IisIos Ior Iir

 
Fig. 2  Simplified per-phase EEC of DS-BDFIG 

III. ANALYTICAL TORQUE MODEL 

A. Average Torque Equation 
The total active power of DS-BDFIG is contributed by OSW 

and ISW together, that is, 
22
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where Dor and Dir are outer and inner diameters of rotor. Lef is 
the effective axial length. ωo and ωi are electrical angular 
frequency of OSW and ISW, respectively. po and pi are pole 
pairs of OSW and ISW. Bavgo and Bavgi are specific magnetic 
loadings of outer and inner airgaps. The specific electric 
loadings of OSW (ISW) Ko(i)s_t for torque production is 

( )
( ) ( )( ) ( )
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(4) 
where m is the phase number. N is turns in series per phase and 
kw1 the fundamental winding factor. Subscripts os, or, is and ir 
denote outer stator, outer rotor, inner stator and inner rotor, 
respectively.  

Considering that ORW and IRW share the same current, the 
relationship between the two specific electric loadings can be 

readily obtained as 

_ 1_

_ 1_
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                  (5) 

where nr is the effective turn ratio between ORW and IRW, 
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Equation (5) indicates that the ratio of specific electric 
loadings of OSW to that of ISW for torque production is 
constant once the geometry and effective turn ratio is given. 
Since the induced electromotive forces (EMF) by ORW Eor and 
IRW Eir balance each other at the rated working point, the 
specific magnetic loadings of outer machine and inner machine 
are related to each other by 
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where ωs is the slip frequency of rotor. 
Substituting (6) into (7) yields 

avgi or i i tis
r

avgo ir o o tos

B D p B
n

B D p B
γ
γ

= =                      (8) 

where γo and γi are flux density ratios of outer and inner airgaps. 
Btis and Btos are flux densities of inner stator tooth and outer 
stator tooth, respectively.  

The total slot area of outer stator can be derived from the 
geometry shown in Fig. 3 as 
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where Dos is the outer diameter of outer stator. λos is the split 
ratio of outer stator. βos is the ratio of the slot mouth depth hoos 
to the outer radius of outer stator Dos/2. kty is the ratio of tooth 
flux density to yoke flux density and kFe is the stacking factor. 
The rotor diameter and stator diameter of outer or inner 
machine are supposed to be identical considering the fact that 
the airgap is small enough compared to the diameters. 

Substituting (5), (8) and (9) into (3) and eliminating the 
mechanical rotor speed yields 
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      (10) 

where Jos is the current density of OSW and Btos is the tooth flux 
density. kf is the filling factor. 

As indicated by (10), the torque of DS-BDFIG can be 
concisely expressed as a high-order power function of γo, λos, 
and pole pair combination once the overall size, current density 
and maximum flux densities in tooth and yoke are given. 
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However, it is worth noting that, γo, λos, and the pole pair 
combination are not independent like the case in PMSM, but 
linked to each other by a set of constraints, as will be discussed 
below. The definitions of key parameters are tabulated in 
TABLE I. 

hyos

hyorhtor

hoor

hoos

btos

btor

Dos/2

Dor/2

Dolayer/2

Dilayer/2

htos

btir
btis

Dilayer/2

Dir/2

htishyisDis/2
htir

hyir

hois

hoir

 
Fig. 3  DS-BDFIG geometry. 

B. Constraints 
1) Geometrical constraints 

All slot areas should be no less than zero, that is 
, , , 0os or ir isA A A A >                               (11) 

And the inner diameter of inner stator should be no smaller than 
a minimum Dis_min so as to accommodate the shaft, 

( ) _ min2os os or ir is isD H Dλ λ λ λ− ≥                    (12) 
where H is the thickness of the mechanical rotor support. 

TABLE I 
DEFINITIONS OF KEY PARAMETERS 

Split ratios λos=Dor/Dos, λor=Dolayer/Dor, λir=Dir/Dilayer, λis=Dis/Dir 
Flux density 

ratios γo=Bavgo/Btos, γi=Bavgi/Btis 

 
2) Electromagnetic Constraints 

For unit OSW power factor operation, the per pole 
magnetomotive force (MMF) established by magnetizing 
current components of OSW and ORW are balanced by the 
MMF drops over the outer airgap, teeth and yokes as 

( )_ _ _ _
2 2
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Similarly, the per pole MMF established by magnetizing 
current components of ISW and IRW are balanced by the MMF 
drops over the inner airgap, teeth and yokes as 
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where 
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is m i yis yir tis tir
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The per pole MMF phasor diagram is shown in Fig. 4(a), and 
the lengths for calculation of MMF drops in teeth and yokes are 
shown in Fig. 4(b). 

Fos=Fos_t

jFos_m

jFis_m

Fis
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Fir
Equivalent tooth length
Equivalent yoke length

          Air gap length

 
                       (a)                                                     (b) 
Fig. 4  MMF phasor diagram and simplified flux paths. (a) The phasor 
diagram of per pole MMFs, (a) Flux paths. 
3) Thermal constraints 

Limits must be imposed on specific electromagnetic loadings 
to avoid overheating. The conventional expression describing 
loss from the point of view of optimization is the power loss per 
unit area [20]. Study on steady-state generating operation of 
DS-BDFIG shows that the copper loss accounts for the majority 
of the overall power losses and thus the copper loss per unit 
area should be no larger than given values to guarantee 
allowable steady-state temperature rise, that is, 

( ) ( ) ( )( ) ( )( ) ( )_ _ _ _ maxefo i cu o i s slot cu o i r slot o i r o iP P D LπΘ = + ≤ Θ   (17) 

where Θo and Θi are copper losses per unit area of outer and 
inner airgaps. Θomax and Θimax are corresponding maximums. 
Pcu_slot is the copper loss of slot conductors. 

IV. OPTIMIZATION OF DS-BDFIG 
The detailed optimization flowchart is shown in Fig. 5, 

which consists of several key steps, as detailed below: 
Step 1: Design specifications, such as rated voltages, rated 
torque, outer diameter, thickness of non-magnetic layer, etc., 
are given as the input of the optimization flow.  
Step 2: Electromagnetic and thermal parameters, such as tooth 
and yoke magnetic flux densities, winding current densities and 
power loss per unit area at the desired working point are 
initialized by referring to the recommended values for standard 
industrial induction machines (IMs) of the similar power level. 
Step 3: The optimal combination of specific electromagnetic 
loadings and key dimensions like airgap diameters and stack 
length are determined by maximizing the torque per volume 
(T/V) or torque per weight (T/W) with GlobalSearch method.  
Step 4: The slot combinations are determined by minimizing 
SHII. The electromagnetic design is hereto finished. 
Step 5: Winding layout and then circuit parameters like 
resistances and end winding leakage inductances are calculated. 
The geometry model for 2-D transient magnetic field analysis 
and loss study is created, with resistances and end winding 
inductances entered. 
Step 6: 3-D steady-state thermal analysis is conducted to obtain 
the accurate temperature distribution. If the temperature rise is 
within the required limits, the optimization process terminates. 
Otherwise, the current densities and power loss per unit area are 
modified accordingly. 

Key parameters defined in TABLE I are chosen as the 
optimizing variables. The main constant parameters are 
tabulated in TABLE II. The working points of the iron 
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laminations are set 1.4 T for tooth and 1.6 T for yoke. These 
values can be adjusted according to the material property and 
the desired working point. The current densities of OSW and 
ISW are set to a relatively high value 6.5 A/mm2 and a low 
value 4.0 A/mm2 respectively considering the heat dissipation 
capability, so are the power losses per unit area. Conventional 
method based on empirical formulas in [20] is used for 
calculation of resistances and overhang leakage inductances. 

A. Determination of Pole Pairs 
The rotor speed is limited within the range of ±25% ωn for 

optimization. The popular pole pair combinations (pole pair of 
power winding/control winding) for existing BDFI(R)G are 4/2, 
2/4 and 3/1. Therefore, the maximum rotor speed is only 750 
r/min (50 Hz). In contrast, the pole pairs of commercial DFIG 
products are 2 and 3, such as Gamesa G97-2.0 MW and Suzlon 
S97. Since the power density increases linearly with the 
increase of rotor speed, smaller equivalent pole pair is more 
preferable for volume and weight reduction. Owing to the 
spatial separation of magnetic fields with po and pi pole pairs, 
the smallest equivalent pole pair number of DS-BDFIG can be 
2, which means it can achieve the same speed range with a 
4-pole DFIG. More available choices for the pole pair 
combination is another advantage of DS-BDFIG over 
BDFI(R)G. For ease of comparison with other BDFMs, the 
maximum equivalent pole pair is chosen 6, the popular one for 
BDFI(R)G in medium-speed range application. All the 
available pole pair combinations for DS-BDFIG are tabulated 
in TABLE III. 

 

Initializing
Electromagnetic and thermal parameters: 

Bt (μt), By (μy), J, Θ, etc.

Determination of 
Optimal solution vector x=(λos, λor, γo, λir, λis, γi)

with GlobalSearch method (MTPV/MTPW)

Key dimensions and specific electromagnetic loadings

Determination of slot combinations by minimizing SHII

Calculation of resistances and overhang leakage inductances

Final design

Slot geometries and winding design

Temperature rise satisfied?

Specifications: rated voltages, rated torque, Dso, H, 
Dis_min, etc.

Y

N

3-D steady-state thermal analysis

Loss study based on 2-D transient magnetic field analysis

J, Θ

End of electromagnetic design

 
Fig. 5  Flowchart of design optimization of the DS-BDFIG 

TABLE II 
MAIN CONSTANT PARAMETERS 

Outer diameter Dos (mm) 325 
Effective axial length Lef (mm) 155 

Outer and inner air gap lengths δo, δi (mm) 0.5 
Thickness of non-magnetic layer H (mm) 10.0 

Tooth tip heights of outer stator, outer rotor, inner rotor 
and inner stator hoos, hoor, hoir, hois (mm) 2.4 

Resistivity of the conductor ρr (Ω.m) at 75 ℃ 2.17e-8 
The minimum inner diameter of inner stator Dis_min (mm) 60 
Filling factor of outer stator (rotor), inner stator (rotor) kf 0.45 

Permeability in the air μ0 4πe-7 

Relative permeability in the tooth and yoke μtos, μyos 
492 (1.6 T), 
2470 (1.4 T) 

Density of copper and silicon steel DW470 (kg/m3) 8900, 7600 
Power loss per unit area of outer, inner airgap Θomax,Θimax 

(W/m2) 
6×106×50000ρr, 
6×106×40000ρr 

Current density in OSW, ORW, IRW and ISW Jos, Jor, 
Jir, Jis (A/m2) 

6.5×106, 5×106, 
5×106, 4×106 

Insulation class F 

B. Maximum T/V and Maximum T/W 
When optimized for maximum torque per volume (MTPV), 

the optimization problem is a typical nonlinear programming 
with constraints and can be expressed as 

min: 
( ) ( )2TPV , , , , ,

4
em

os or o ir is i
os ef

T
f

D L
λ λ γ λ λ γ

π
−

− = =    (18) 

For weight-sensitive applications, the maximum torque per 
weight (MTPW) is preferred. And the optimization problem 
becomes 

min: ( )TPW , , , , ,em
os or o ir is i

cu fe

T
g

G G
λ λ γ λ λ γ

−
− = =

+∑ ∑
 (19) 

Both (18) and (19) are subject to (11), (12), (13), (15) and 
(17). 

TABLE III 
AVAILABLE POLE PAIR COMBINATIONS FOR DS-BDFIG 

 Pole pair of ISW pi 
1 2 3 4 5 

Pole pair 
of OSW 

po 

1 √ √ √ √ √ 
2 √ √ √ √ × 
3 √ √ √ × × 
4 √ √ × × × 

C. GlobalSearch Algorithm 
GlobalSearch algorithm is used to solve the established 

nonlinear programming problem. The GlobalSearch starts a 
local solver from multiple start points which are generated by a 
scatter-search mechanism, then analyzes all start points and 
rejects those that are unlikely to improve the best local 
minimum found so far, showing the highest efficiency in 
finding a single global minimum for smooth constrained 
nonlinear programmings. The detailed flowchart is shown in 
Fig. 6. 

 
Run Local Solver from x0

Generate trial points using scatter search algorithm
(potential start points)

Stage 1:
Run best start point among the Stage 1 trial point set

Stage 2:
Loop through remaining trial points, run 

Local Solver to find better points

Create global optimal 
solution vector x  

Fig. 6  Flowchart of GlobalSearch 
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D. Determination of Slot Combinations 

The slot combination has a dominating influence on torque 
ripple, radial force and additional losses in IMs. A modified 
space harmonic interaction index (MSHII) is thus defined to 
characterize the torque ripple of different slot combinations 
with a high convergence rate, as presented by (20). It can be 
easily observed that the MSHII only depends on the stator and 
rotor winding layouts. As shown in Fig. 7, the MSHII 
converges much faster than the original SHII used in [10], 
which means the low-order harmonics dominate the interaction 
and fewer harmonics can be considered to obtain a sufficiently 
accurate result. For example, at least the first 5000 and 3000 
harmonics should be used for calculation of original SHII of the 
combinations 48/36 and 48/57 respectively, but only the first 
100 harmonics are enough for the MSHII. 

( ) ( )2 2

_ _ _ _
1,

MSHII wv s wv r wp s wp r
v v p

k k v k k p
∞

= ≠

= ∑       (20) 

E. 2-D Transient Magnetic Field Model 
Since ISW is directly interfaced with the machine side 

inverter without any filter, a 2-D transient magnetic field model 
has to be integrated into each iteration to accurately calculate 
the core loss distribution considering the influence of switching 
harmonics. The DS-BDFIG has a long-lasting transient 
(usually tens of periods) before reaching the final steady state 
due to the large time constants of OSW and self-closed rotor 
winding, so the transient magnetic field analysis is only 
conducted when the analytical optimization is finished to 
reduce the overall time consumption of the optimization. 
Transient magnetic field analysis with sinusoidal voltage 
source supply is carried out first to verify the effectiveness of 
the analytical model for its short calculation time by 
introducing the steady-sate approximate transient analysis 
technique. Then PWM voltages whose fundamental amplitude 
is the same as the sinusoidal voltage source is produced to act as 
the input of the 2-D transient magnetic field model to further 
calculate the loss distribution. 
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Fig. 7  The convergence rate of the original SHII and MSHII. 

F. 3-D Thermal Model 
For machines with dual-stator/rotor structure, the heat 

dissipation of the inner machine is widely recognized as a 
challenge, therefore, the thermal impacts are incorporated into 
the aforementioned design optimization process by limiting the 
current densities and the power loss per unit area of the inner 
machine. In addition, ventilation holes are set on each end cap 
to strengthen the ventilation cooling in prototyping. To validate 

the effectiveness of the optimization and cooling measures, the 
maximum temperature rise is checked in every iteration step by 
3-D thermal model.  

To simplify the thermal model, only 1/48 of the outer stator, 
1/57 of the outer rotor, 1/36 of the inner rotor and 1/33 of the 
inner stator are modeled with FEMMTA by modifying the 
stiffness matrix of any triangular boundary element [21], as 
shown in Fig. 8.  

1

2

3

4

5

6
 

Fig. 8 Geometry model of the DS-BDFIG for thermal analysis. 1: slot 
winding, 2: iron core, 3: end winding, 4: slot wedge, 5: non-magnetic 
layer, 6: shaft. 

Since large ventilation holes are created on all the end caps, 
the inner stator and inner rotor can be treated as exposed to the 
ambient air. Contacts between two solid surfaces of different 
components in DS-BDFIG, such as the housing and the outer 
stator core, the windings and the slots or slot wedges, the slot 
wedges and the iron cores, the inner stator core and the shaft, 
the rotor cores and the non-magnetic support, are modeled as 
thermal contact resistances, whose equivalent interface gaps are 
listed in TABLE IV [22]. Anisotropic heat conduction in the 
windings and iron cores are taken into consideration by 
modeling the winding and laminated core as homogeneous 
materials with anisotropic thermal conductivity. Each airgap is 
assumed to have a uniform temperature distribution and is 
therefore represented by a single node.  

TABLE IV 
EQUIVALENT INTERFACE GAPS 

Contact type Gap (mm) 
Housing and outer stator core 0.074 

Slot winding and iron core 0.354 
Slot winding and slot wedge 0.354 

Slot wedge and iron core 0.074 
Rotor core and non-magnetic support 0.074 

Inner stator core and shaft 0.074 

V. OPTIMIZATION RESULTS 
The optimal T/V and corresponding P/V at 1.25 times natural 

synchronous speed optimized by MTPV are shown in Fig. 9(a) 
and Fig. 9(b), respectively. It can be seen that, the maximum 
T/V is 7.9 kNm/m3 and the maximum P/V is 782 kW/m3, 
achieved by the pole pair combination (po=4, pi=1) and 
(po=pi=1), respectively. Increasing the pole pair of OSW or 
decreasing the pole pair of ISW will significantly increase the 
T/V of DS-BDFIG. Nevertheless, the optimization of P/V 
prefers close-ratio combinations and smaller equivalent pole 
pairs. 

The relationships between optimizing variables (4 split ratios 
and 2 flux density ratios) and pole pair combinations are shown 
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in Fig. 10. If the pole pair of ISW is fixed, increasing the pole 
pair of OSW will significantly increase the optimal outer airgap 
flux density ratio, namely, the specific magnetic loading, and 
further the torque contributed by the outer machine. The 
increase of OSW pole pair tends to reduce the yoke height of 
the outer machine, whereas the increase of the specific 
magnetic loading of the outer machine prefers larger yoke 
height. As a compromise, the split ratio of outer stator remains 
nearly unchanged. But for the outer rotor, more magnetizing 
current is required to increase the specific magnetic loading of 
the outer machine, so the split ratio of outer rotor decreases 
significantly. The specific electromagnetic loadings of inner 
machine is nearly constant, as indicated by the nearly constant 
inner stator split ratio, inner rotor split ratio and inner airgap 
flux density regardless of the pole pairs of OSW.  

If the pole pair of OSW is fixed, increasing the pole pair of 
ISW will significantly reduce the specific magnetic loading and 
further, torque of the outer machine. The split ratios of the outer 
stator and outer rotor are increased accordingly to reduce the 
yoke heights. The specific magnetic loading of the inner 
machine is nearly constant. With the increase of the pole pair of 
ISW, smaller yoke height is enough to maintain the required 
specific magnetic loading, so the split ratios of the inner stator 
and inner rotor increase accordingly.  

The optimal T/W and corresponding P/W at 1.25 times 
natural synchronous speed are shown in Fig. 11(a) and Fig. 
11(b), respectively. The maximum T/W is 0.96 N.m/kg and the 
maximum P/W is 0.075 kW/kg, achieved by the pole pair 
combination (po=4, pi=2) and (po=2, pi=1), respectively.  

The relationships between optimizing variables and pole pair 
combinations are similar to those obtained from MTPV, as 
shown in Fig. 12.  
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Fig. 9  Optimization results of MTPV. (a) Maximum T/V versus pole pair 
combination, (b) Maximum P/V versus pole pair combination. 
 

0.8

0.85

0.9

0.95

1

0 1 2 3 4 5

λ o
s

p

pc=1 pc=2 pc=3 pc=4 pc=5

λ o
s

po

pi=1 pi=2 pi=3 pi=4 pi=5

0.8

0.85

0.9

0.95

1

0 1 2 3 4 5

λ o
r

p

pc=1 pc=2 pc=3 pc=4 pc=5

λ o
r

po

pi=1 pi=2 pi=3 pi=4 pi=5

0

0.05

0.1

0.15

0.2

0 1 2 3 4 5

γ o

p

pc=1 pc=2 pc=3 pc=4 pc=5

γ
o

po

pi=1 pi=2 pi=3 pi=4 pi=5

 
                   (a)                                 (b)                                 (c) 

0.7

0.75

0.8

0.85

0.9

0 1 2 3 4 5

λ ir

p

pc=1 pc=2 pc=3 pc=4 pc=5

λ i
r

po

pi=1 pi=2 pi=3 pi=4 pi=5

0.3

0.35

0.4

0.45

0.5

0 1 2 3 4 5

λ ir

p

pc=1 pc=2 pc=3 pc=4 pc=5

λ i
s

po

pi=1 pi=2 pi=3 pi=4 pi=5

0

0.05

0.1

0.15

0.2

0 1 2 3 4 5

γ i

p

pc=1 pc=2 pc=3 pc=4 pc=5

γ
i

po

pi=1 pi=2 pi=3 pi=4 pi=5

 
                   (d)                                 (e)                                 (f) 
Fig. 10  Optimal parameters versus pole pair combination with MTPV. (a) 
Outer stator split ratio, (b) Outer rotor split ratio, (c) Outer airgap flux 
density ratio, (d) Inner rotor split ratio, (e) Inner stator split ratio, (f) Inner 
airgap flux density ratio. 
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Fig. 11  Optimization results of MTPW. (a) Maximum T/W versus pole 
pair combination, (b) Maximum P/W versus pole pair combination. 
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Fig. 12  Optimal parameters versus pole pair combination with MTPW. 
(a) Outer stator split ratio, (b) Outer rotor split ratio, (c) Outer airgap flux 
density ratio, (d) Inner rotor split ratio, (e) Inner stator split ratio, (f) Inner 
airgap flux density ratio. 

The cross sections of the prototype and optimized designs are 
visualized in Fig. 13. It can be observed that, the optimized 
constructions tend to reduce the volume of the outer machine to 
make room for the inner machine, which is responsible for 
providing all the magnetizing current components when the 
power factor of OSW is kept unit and manipulates larger 
specific electromagnetic loadings than the outer machine. In 
addition, larger pole pairs are more preferred for both outer and 
inner machines since smaller yoke height can be used. 

 
                (a)                                 (b)                                  (c) 

Fig. 13 The cross sections of DS-BDFIGs. (a) 4/2 prototype, (b) 2/1 
optimized result of MTPW, (c) 4/2 optimized result of MTPW. 

The optimal design for maximum power per weight is 
conducted under three critical operation conditions, that is, the 
lowest speed point with rated load, the highest speed point with 
rated load, and the highest speed point with 1.6 times overload. 
Both the highest and lowest speed points are checked based on 
the fact that, under doubly-fed synchronous generating 
operation, the DS-BDFIG suffers from reduced 
electromagnetic torque and increased copper and core losses at 
the lower band of the speed range, whist tends to be heavily 
saturated at the top speed. The analytical and FEA results are 
tabulated in TABLE V. It can be seen that, the specific 
electromagnetic loadings and torque predicted by the analytical 
model are in good agreement with the FEA result. Compared 
with the existing 4/2 prototype, the power factor of ISW is 
improved, which implies a larger referred mutual reactance. In 
fact, the mutual reactances of 4/2 prototype and 2/1 design 
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referred to OSW are 7.42 Ω and 77.15 Ω respectively. The 
overall efficiency is substantially improved due to the adoption 
of pole pair combination of po>pi, and the voltage regulation 
(VR) is suppressed to some extent. The total harmonic 
distortion (THD) of output voltage and torque ripple (TR) are 
significantly reduced due to the appropriate slot combination 
selected by (20). The overload capability, which is mainly 
limited by the inner machine saturation, is also enhanced. The 
4/2 prototype nearly has no overload capability because of the 
high specific magnetic loading level (0.465 T) at the rated 
working point, while the 2/1 optimized design allows the 
average airgap flux density to vary linearly in the full working 
speed range, and a 1.6 times overload can be achieved with 
acceptable iron saturation. The corresponding flux density 
distributions are shown in Fig. 14, which reveals that, in 
DS-BDFIG, the active-reactive power of OSW is regulated 
indirectly by adjusting the specific magnetic loading of ISW. 
The specific electric loadings of the optimized design under 
rated operation are relatively low compared to standard IMs 
with a synchronous speed of 1000 r/min (usually the specific 
electric loading of stator winding is 24000~28000 A/m for 
typical totally enclosed, fan cooled NEMA design) due to the 
conservative tooth and yoke flux density initializations, as 
given in TABLE II. 

The specific electric loadings under 1.6 times overload 
operation fall into the normal interval and the T/W and P/W are 
boosted to 1.73 N⋅m/kg and 135 W/kg (this value will be 
slightly reduced taking the housing weight into consideration), 
respectively, on a par with standard industrial IMs with the 
similar size, synchronous speed and cooling condition. Power 
densities of several standard industrial IM products on the 
market are shown in TABLE VI. The corresponding specific 
electric loadings and current densities are in the range of 24-27 
kA/m and 3.7-5 A/mm2 respectively [20]. The steady-state 
temperature distributions are shown in Fig. 15.  

TABLE V 
ANALYTICAL AND FEA RESULTS 

Items 

4/2 Prototype 
design 

2/1 Optimized design 

FEA Anal. FEA 
0.75ωn 1.25ωn 1.25ωn 0.75ωn 1.25ωn overload 

Kos (A/m) 5340.4 4895.3 10497 9748.9 9434.4 13837 
Kis (A/m) 29620 44959 19782 19795 19795 31106 
Kor (A/m) 9357.8 9680.5 10773 12329 11922 17446 
Kir (A/m) 22244 23011 13102 18307 17702 25905 
Bavgo (T) 0.31 0.30 0.18 0.16 0.16 0.16 
Bavgi (T) 0.37 0.465 0.25 0.24 0.30 0.37 
Tem(N.m) 61.4 65.7 69.9 57.6 65.3 104.0 

λc 
0.580 
(lag.) 

0.050 
(lea.) 

- 
0.678 
(lag.) 

0.616 
(lea.) 

0.518 
(lea.) 

η 42.1% 55.4% - 65.0% 82.6% 77.5% 
VR 20.0% 40.7% - 16.4% 22.9% 27.3% 

THD 1.44% 2.45% - 1.24% 1.15% 1.61% 
TR 88.6% 38.1% - 15.8% 12.1% 14.4% 

Note: lag. = lagging, lea. = leading. 
It can be observed that generally the rotor is hotter than the 

stators and the highest temperature occurs in ORW and IRW. 
Though the maximum temperature rise of DS-BDFIG under 1.6 
time overload operation is much higher than the rated operation, 
which results from the excessive copper losses of ORW and 

IRW, it is effectively limited within 80 K considering the 
ambient of 40 ℃, which c       
IEEE standard for an industrial IM with insulation class F, 
temperature rise class B. 

  
                  (a)                            (b)                             (c) 
Fig. 14  Flux density distributions. (a) 750 r/min (0.75ω n with rated load), 
(b) 1250 r/min (1.25ω n with rated load), (c) 1250 r/min (1.25ω n with 1.6 
times overload). 

 
                             (a)                                                    (b) 

 
                                                    (c) 
Fig. 15  Temperature distributions. (a) 750 r/min (0.75ωn with rated load), 
(b) 1250 r/min (1.25ωn with rated load), (c) 1250 r/min (1.25ωn with 1.6 
times overload). 
 

TABLE VI 
POWER DENSITIES OF SEVERAL STANDARD INDUSTRIAL IM PRODUCTS 

INCLUDING HOUSING (CLASS F INSULATION, CLASS B TEMPERATURE 
RISE) 

Product type P/W (W/kg) 
ABB cast iron motor  

IE2 15 kW 
1468 r/min 120 
971 r/min 89.3 

ABB cast iron motor 
IE3 15 kW 

1477 r/min 94.3 
979 r/min 78.9 

IEC squirrel-cage motor 
1LA7/1LA5 15 kW 

1459 r/min 176.5 
970 r/min 119.0 

IEC squirrel-cage motor 
1LA9 15 kW 

1459 r/min 140.2 
970 r/min 104.2 

VI. PRACTICAL CONSIDERATIONS 

A. Mechanical Considerations 
Compared with the conventional single-stator constructions, 

the DS-BDFIG requires more mechanical components (one 
more bearing, one more shaft for inner stator and one 
mechanical rotor support, accompanied by two inner end caps), 
as shown by the detailed assembly in Fig. 16. Usually tandem 
deep groove ball bearings and reinforcing rings are used to 
guarantee the concentricity of inner stator, rotor and outer stator. 
In addition, special care should be taken to protect the end 
windings of ORW considering the high line velocity caused by 
the large airgap diameter if small equivalent pole pairs are used. 
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Fig. 16  The assembly of DS-BDFIG 

B. Manufacturing Costs 
Except the mechanical rotor support, the rest parts are made 

out of the commonest materials for manufacturing of electrical 
machines, that is, silicon steel sheet and copper wire, and only 
the most traditional techniques used in conventional DFIG, 
such as stacking, inserting, and insulation, etc., are required. 
Therefore the total cost can be constrained to be comparable to 
that of the conventional DFIG, if not lower. 

C.  Control Aspects 
The DS-BDFIG is designed and optimized for 

grid-connected wind power application, where ISW is fed 
directly by a SVPWM-controlled two-level machine side 
inverter working at a switching frequency of 20 kHz. The 
dc-bus voltage is rated at 540 V in this paper. To enable the 
super-natural-synchronous operation where the rated operation 
point is located, a grid side inverter is also necessary to allow 
the bidirectional power flow in ISW. Similar to DFIG-based 
wind turbine systems, the machine side converter is controlled 
to achieve approximate decoupled control of the OSW active 
power (or rotor speed) and OSW reactive power by 
manipulating the q- and d-axis current components of ISW. The 
grid side converter is in charge of stabilizing the dc-bus voltage 
and reactive power exported to the grid. The complete control 
block diagram of the DS-BDFIG system is shown in Fig. 17.  
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Fig. 17 Control block diagram of the DS-BDFIG system. 
 

VII. EXPERIMENTAL VERIFICATIONS 
Experiments are also carried out to validate the effectiveness 

of the aforementioned analysis and calculations. The 
prototyped 3.7 kW DS-BDFIG and experimental setup are 
shown in Fig. 18(a) and Fig. 18(b), respectively. The 
photographs of the DS-BDFIGs before and after optimization 
are shown in Fig. 19. An IM equipped with a drive system is 
mechanically coupled with the prototype as the prime mover. 
An incremental encoder with 2048 pulses per revolution is used 
to measure the mechanical rotor speed. The voltages and 
currents are measured by LEM LV25-p and LEM CASR15-NP 
transducers respectively.  

  
             (a)                                                 (b) 
Fig. 18  DS-BDFIM prototype and test rig. (a) Inner stator, rotor and 
outer stator, (b) Photograph of the test rig. 
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(a)                                                 (b) 

Fig.  19  Photographs of the DS-BDFIG. (a) 4/2 prototype, (b) 2/1 
prototype. 

The cross-coupling characteristic in voltage control mode is 
tested, as shown in Fig. 20(a), overlaid by the 2D-FEA 
predictions. The no-load OSW voltage waveforms with rated 
ISW excitations are also recorded, as shown in Fig. 20(b). The 
no-load voltage of 4/2 prototype is about half of that of the 2/1 
design because of the difference in rated voltages (110 Vrms 50 
Hz for the 4/2 prototype and 220 Vrms 50 Hz for the 2/1 
optimized design). 
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Fig. 20  FE predictions and experimental results. (a) Cross-coupling 
capability of DS-BDFIG in voltage control mode, (b) No-load OSW 
voltage waveforms with rated ISW excitation. 

VIII. CONCLUSION 
In this paper, a simple and practical analytical optimization 

design procedure is presented to realize the optimum allocation 
of specific electromagnetic loadings and maximize the 
torque/power per volume/weight of DS-BDFIG. The 
relationship between average torque and key design parameters 
is formulated analytically and the relationships between 

optimal split ratios, optimal flux density ratios and pole pair 
combinations are revealed. It is found that, for wind power 
application, the outer machine volume tends to be reduced to 
make room for the inner machine to provide a wider airgap flux 
variation range for better active-reactive power regulation 
capability. The optimized design shows comparable T/W and 
P/W to the standard IMs with the similar synchronous speed, 
size and power loss per unit area (cooling condition). In 
addition, the efficiency is improved to some extent due to the 
significantly reduced slip frequency under normal operation 
compared to existing single-stator BDFIGs. 2D-FEA and 
experiments have been carried out to confirm the effectiveness 
of the developed model and the analytical optimization method. 
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