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Abstract-- This paper studies the unbalanced magnetic pull 

(UMP) in the Brushless Doubly-Fed Machine (BDFM). 
Analytical study is performed to derive the UMP, then, Finite 
element (FE) analysis, which has been verified experimentally, 
is used to verify the analytical method. The BDFM with 
different types of rotor eccentricities including static and 
dynamic eccentricities, are also modeled in FE method and 
their resultant UMPs are obtained. The results are compared 
with the case at which a perfectly constructed rotor is 
considered. The study has been carried out on a prototype 
D400 250 kW BDFM. 
 

Index Terms-- Brushless doubly fed machine (BDFM), finite 
element (FE) analysis, unbalanced magnetic pull (UMP), rotor 
eccentricity, parallel winding. 

I.  INTRODUCTION 
HE brushless doubly fed machine (BDFM) is of 
interest as a variable speed generator or drive because 

only a fraction of the output power needs to pass through 
the power converter. The absence of brush-gear and slip-
rings makes the machine particularly attractive as a wind 
turbine generator because brush-gear and slip-ring 
problems in the widely used doubly fed induction generator 
(DFIG) have been identified as a principal failure mode [1]. 
Studies indicate that the combination of a BDFM and a 
two-stage gearbox in a wind turbine would have excellent 
reliability and retain low cost [2]. 

The authors have successfully demonstrated a small-
scale BDFM in a working 20 kW wind turbine [3] and have 
built a 250 kW prototype in a frame size D400 involving 
construction and winding techniques appropriate to large 
machines that has undergone witnessed tests over its full 
load and speed range. Other groups also have reported large 
BDFMs, for example in Brazil with a 75 kW machine [4] 
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and China with the design of a 200 kW machine [5]. 
The BDFM is originally a single-frame self-cascaded 

induction machine, in which two stator windings of 
different pole numbers share the same iron circuit with a 
rotor winding of related pole number [6]. The contemporary 
BDFM has two stator windings connected to different 
frequency supplies, producing different pole number 
magneto-motive forces (MMF) with no direct coupling 
between them, coupling being through the rotor only. The 
separate stator windings facilitate double feeding, with one 
winding connected to the grid called the power winding 
(PW) and the other via a partially rated power electronic 
converter called the control winding (CW), as shown in Fig. 
1, without any winding utilisation penalty. The rotor 
winding carries an MMF induced by the stator windings 
and the rotor and stator windings are coupled by the flux 
rotating in the common iron circuit. 

 
Fig. 1.  Schematic of BDFM grid connection. 

 
As with all induction type machines, characterized by 

relatively small air gaps, the strong magnetic fields across 
the air gap exert considerable forces on the iron parts of the 
machine. These cause time-varying deflections on the 
machine surface which lead to vibration and acoustic noise. 
One source of producing deflection is unbalanced magnetic 
pull (UMP), which can be mathematically shown as the 
interaction between two air gap flux waves with pole-pair 
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numbers differing by one [7]. 
Unlike the induction motor, which has a magnetic field 

dominated by a single pole number component, the BDFM 
has principle field components at two different pole 
numbers and the interaction of these two components leads 
to more complex deflection patterns than those occur in the 
induction machine [8]. 

 

 
Fig. 2.  250 kW D400 BDFM (right front) on test bed. 

 
The presence of rotor eccentricity in practical machines 

further modulates the field patterns, exacerbating the 
resulting vibration. An eccentric rotor motion occurs when 
the rotor axis is not aligned with the axis of the stator bore. 
Due to manufacturing tolerances, wear of bearings, and 
other reasons, some degree of rotor eccentricity is always 
present. Rotor whirling generates an electromagnetic force 
also known as UMP that acts between the rotor and stator. 
This force can be resolved into two components: the radial 
force, acting in the direction of the shortest air gap; and the 
tangential force, which is perpendicular to the radial force. 
The amplitude and direction of the latter force depend on 
the operating condition of the machine, whirling frequency 
and rotor radius. Acting roughly in the direction of the 
shortest air gap, UMP tends to further increase the 
eccentricity magnitude and may cause serious damage to 
the machine or even the whole drive. In addition, UMP acts 
as a major source of vibration and acoustic noise. 

A detailed study of UMP and its resultant displacement 
in stator back iron for the BDFM is presented in this paper 
taking the effects of rotor eccentricity into account. 
Analytical methods are commonly used to study the 
electromagnetic forces due to rotor eccentricity, for 
example in [9-11], however such methods are not sufficient 
when accurate assessment of rotor eccentricity, iron 
saturation effects, and stator and rotor slotting is required. 
In addition, the complex magnetic field pattern in the 
BDFM air gap resulting from the two stator fields with 
different pole numbers and frequencies makes an analytical 
study difficult.  

A 2-D time-stepping Finite Element (FE) modeling 
which has been verified experimentally for a D400 250 kW 

prototype BDFM is therefore utilized. FE analysis has been 
widely used, for example in [12-16], to study UMP and its 
resulting vibration in electrical machines. The drawback of 
FE modeling is that in the presence of eccentricity, there is 
no geometric symmetry, so the whole cross section of the 
machine must be modeled. This results in an FE mesh with 
a large number of elements as reported by others such as 
[17], [18] making the analysis time consuming. 

 

 
Fig. 3.  BDFM Stator subjected to magnetic pull 

II.  PROTOTYPE MACHINE CONSIDERED IN THIS STUDY 
The specifications of the 250 kW BDFM are shown in 

Table I. The D400 BDFM was constructed as a frame size 
D400 machine with the stack length of 820 mm. The stator 
windings were form wound from copper strips. The power 
winding was rated at 690 V, 178 A, at 50 Hz and the 
control winding was designed for 620 V at 18 Hz and rated 
at 73 A. Both stator windings were connected in delta. The 
rotor comprises six sets of nests each consisting of a 
number of concentric loops [19], the conductors being solid 
bars with one common end ring [20]. The magnetic 
properties for the iron were provided by the machine 
manufacturer. The D400 BDFM on test bed is shown in 
Fig. 2. 

TABLE I 
Specifications of the 250kW D400 BDFM 

 
Frame size 400 

PW pole number 4 

PW rated voltage 690V at 50 Hz (delta) 

PW rated current 178 A (line) 

CW pole number 8 
CW rated voltage 620 V at 18 Hz (delta) 
CW rated current 73 A (line) 

Speed range 500 rpm ± 36% 
Rated torque 3670 Nm 
Rated power 250 kW at 680 rpm 

Efficiency (at full load) > 95% 

Stack length 0.82 m 
 



 

 

III.  MAGNETIC FORCES AND RESULTING DEFLECTION 
The radial forces exerted by the air gap magnetic field 

on the stator tooth tops are calculated. The effect of 
tangential forces on the teeth which ultimately exert torque 
to the machine’s shaft are not considered in this analysis 
[9]. Fig. 3 shows the schematic of the BDFM stator. The air 
gap magnetic field is essentially the superposition of two 
field components, one with 2p1 poles, the mean absolute 
flux density of B!  rotating at ω! rad/s and another with 2p2 
poles, B! flux density rotating at ω!. The total flux density 
as a function of space angle and time is therefore: 

 
𝐵 𝜃, 𝑡 =

𝜋
2
𝐵! cos 𝑝! + 𝜔!𝑡 + 𝜙!

+ 𝐵! cos 𝑝! + 𝜔!𝑡 + 𝜙! 	  
(1)	  

 

 
Fig. 4.  Air gap flux density obtained from (1) and FE modeling when the 
rotor is centric and eccentric. Results are obtained from frozen fields at 
different times, so the relative phase shift is arbitrary. 
 

 
Fig. 5.  Comparison of displacements in the stator back iron when the rotor 
is centric obtained from FE modeling and analytical method 

 
 

where ω! and ω! are the frequencies of the two stator 
supplies, and, ϕ! and ϕ! are phase offsets. Any harmonic 
field components created by the rotor structure, slotting, 
saturation and rotor eccentricity are ignored in (1). In Fig. 
4, a typical air gap field for a 4/ 8 pole BDFM at the point 
where t and ϕ terms are zero is shown in black, i.e. the 
smooth line. The field represents magnetic loading of 0.48 
T, which is the design value for the 250 kW BDFM. The air 
gap flux density obtained from 2-D linear FE modeling 
which takes into account all the harmonic components 
mentioned above is also shown in Fig. 4 for a centric rotor. 
The magnetic field in the air gap exerts an inward force on 
the stator tooth top and an equal and opposite outwards 
force on the rotor tooth tops. At any point the force is 

related to the magnetic field strength by [21] 
 

𝑓 =
𝐵!(𝜃, 𝑡)
2𝜇!

	   (2)	  

This force will cause the stator back iron to deflect, 
which is estimated using 1-dimensional beam theory as 
proposed by Alger [22]. The force must be balanced by 
elastic deformation of the back iron and the frame. The 
force in the air gap may be replaced by an equivalent force 
at the central axis of the back iron (the dashed line in Fig. 
3) given as a function of the mechanical angle by 

 

𝑓!(𝜃, 𝑡) =
𝐷!
𝐷!
𝐵!(𝜃, 𝑡)
2𝜇!

	   (3)	  

where D! is the air gap diameter and D! is the diameter at 
the center of the back iron. The force can be considered as 
the superposition of two components, the average force 
which causes a small deflection constant in θ and can be 
neglected [8], and the space varying component given by 
 

𝑓!! 𝜃, 𝑡 = 𝑓! 𝜃, 𝑡 −
1
2𝜋

𝑓! 𝜃, 𝑡 .𝑑𝜃
!!

!
	   (4)	  

Next, the deflection resulted from this applied force can 
be calculated. The force is resisted mainly by the stator 
back iron, as the machine’s frame makes negligible 
contribution to resisting the magnetic forces due to its much 
lower bending stiffness [8]. The shear stress S in the beam 
is related to the force by 

 

𝑆 𝜃, 𝑡 =
𝐷!𝑙
2

𝑓!! 𝜃, 𝑡 .𝑑𝜃	   (5)	  

The shear stress is the differential of the bending 
moment, M and therefore 

 

𝑀 𝜃, 𝑡 =
𝐷!
2

𝑆 𝜃, 𝑡 .𝑑𝜃	   (6)	  

Finally the deflection, v θ, t  due to the loading is given 
by the double integral of the bending moment 

 

𝑣 𝜃, 𝑡 = −
𝐷!!

4
12

𝐸!"𝑙𝑦!!
𝑀 𝜃, 𝑡 .𝑑𝜃	   (7)	  

where E!" is the Young’s Modulus of the material, yc is the 
core back depth and l is the stator stack length. In the 
present study, the air gap flux density, B θ, t  , is obtained 
from FE modeling. Then from (2) to (7), the stator back 
iron displacement is obtained. Fig. 5 shows the deflection 
obtained from the method described above and from the 
experimentally verified analytical method given in [8]. As 
can be seen, there is close agreement between the two 
results, validating the approach used in this paper to 
calculate deflection. 

IV.  EFFECTS OF ROTOR ECCENTRICITIES 
The radial forces acting on the surface of the rotor are 
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very large but cancel each other when the rotor axis is 
aligned with the stator axis. Similarly, tangential forces are 
balanced such that only an axially rotating moment is 
produced. If the rotor is eccentric, then UMP occurs. The 
phenomenon can be described as an imbalance of the radial 
and tangential forces acting on the rotor (or stator) surface 
such that a net radial force is developed. This can result in 
vibration and noise, and increase the possibility of the stator 
and rotor contact. 

 

 
Fig. 6: Static eccentricity when the rotor center (B) is not aligned with the 
stator center (A). The position of B is constant with time and the level of 
eccentricity is ’a’. 
 

The UMP due to eccentricity takes two forms: static and 
dynamic. Static UMP is caused by the rotor axis being 
positioned parallel to, rather than being on, the stator axis 
as a result of manufacturing tolerances. In this case, the 
rotor is rotating around its own axis, see Fig. 6. Dynamic 
UMP occurs when the rotor is precessing about the stator 
bore center but not its own center, see Fig. 7. This could be 
produced by manufacturing tolerances or rotor whirl near a 
critical speed. Different levels of static and dynamic 
eccentricities when the rotor is off-center by 33%, 21%, and 
7% of the nominal air gap length are considered in this 
study. The level of eccentricity referred to in the following 
text is always expressed as percentage of the nominal air 
gap length. 

 

	  
Fig.	  8.	  	  Displacement	  in	  the	  stator	  back	  iron	  when	  the	  rotor	  is	  centric	  and	  
when	  the	  rotor	  is	  33%	  eccentric.	  
 

The air-gap magnetic flux density distribution frozen in 
time for a perfectly constructed BDFM with uniform air 
gap and specifications given in Table I, and the case when 
the rotor is statically eccentric by 33%, are shown in Fig. 4. 
It is obvious from the figure that some regions of the non-
uniform air gap experience high level of flux density, up to 
3 T. As shown in Fig. 8, this high flux density level results 
in a deflection which is significantly i.e. 18 times larger 
than the case of an ideally constructed machine. Therefore, 
the mitigation of UMP is important in the BDFM if 
standard manufacturing tolerances are allowed.  

Parallel connection of stator coils is widely used to 
reduce UMP in electrical machines with non-uniform air 
gaps and its effects have been discussed in the literature, for 
example in [23]. Effectively, the variation of reluctance due 
to uneven air gap length causes circulating currents in the 
parallel paths, which improve the air gap flux distribution, 
hence reducing the deflection and UMP. 

Connecting the stator coils in parallel in a BDFM is not 
as straightforward as in other electrical machines. The main 
reason is that parallel connection of stator coils may lead 
direct coupling of stator windings if not considered 
carefully. The large circulating currents produced by direct 
coupling will cause significant losses and degrade machine 
performance. 

 
 

 
Fig. 7: Dynamic eccentricity when the rotor center (B) is not aligned with 
the stator center (A). The position of B varies with time, but the level of 
eccentricity ’a’ remains constant.  
 

V.  RESULTS AND DISCUSSION 
The 250 kW BDFM when operating in the synchronous 

mode is modeled in FE using a time stepping method. The 
FE models are verified by experimental results reported in 
[23]. The PW and CW are supplied at 50 Hz and 15 Hz 
respectively at their rated voltages. Fig. 9 shows the 
magnetic flux in the cross section of the machine. Centric 
rotor as well as different static and dynamic eccentric rotors 
described in section IV are studied. For each model, the 

0 50 100 150 200 250 300 360−400

−300

−200

−100

0

100

200

300

400

Angle (degree)

D
ef

le
ct

io
n 

(µ
m

)

 

 

33% Eccentric Rotor
Centric Rotor



 

 

space distribution of air gap flux density is extracted. Using 
the air gap flux density and (2) to (7), the stator back iron 
deflection is derived.  

Table II 
The rms value of displacement obtained from FE modeling 

for static and dynamic eccentricities 
 

Eccentricity Displacement (µm) 
7% 21% 33% 

Static 43 125 214 
Increase 3.5 times 10 .5 times 18 times 
Dynamic 29 67 137 
Increase 2.5 times 5 times 11.5 times 

 
Different levels and types of rotor eccentricity are 

studied in this paper. The back iron displacement for static 
(Fig. 6) and dynamic (Fig. 7) eccentricities are shown in 
Figs. 10 and 11, respectively. The rms values of 
displacement for the above cases are also calculated and 
shown in Table II. As it is clear significant increase (up to 
18 times in static eccentricity) can be observed compare to 
when the rotor is ideally constructed. In addition, the 
amount of increase in static eccentricity is higher in all 
different levels compare to when the dynamic eccentricity 
is existed. 

 

	  
Fig.	   10.	   	   Stator	   back	   iron	   deflection	   for	   different	   levels	   of	   rotor	   static	  
eccentricities	  shown	  in	  Fig.	  6	  

 

	  
Fig.	  11.	   	  Stator	  back	   iron	  deflection	   for	  different	   levels	  of	   rotor	  dynamic	  
eccentricities	  shown	  in	  Fig.	  7	  

 

VI.  CONCLUSION 
This paper has provided the analysis of the UMP caused 

by the fundamental fields in the BDFM which allows its 
magnitude to be calculated and compared with those in 
conventional machines. The theoretical predictions have 
been validated numerically using FE modeling and 

analysis. The presence of two components of the magnetic 
field in the air gap with different pole numbers give rise to 
the UMP magnitude that do not occur in single field 
machines like the induction motors. This high amount of 
UMP can be a key source of vibration and noises in the 
BDFM. 

The rotor eccentricity, caused by manufacturing 
tolerances, wear of bearings, and other reasons, further 
modulates the field patterns and exacerbating the resulting 
vibration. Rotor whirling generates an electromagnetic 
force and hence UMP that acts between the rotor and stator, 
resulting in much more vibration and noise, and increase 
the possibility of the stator and rotor contact. Different 
types of rotor eccentricities including static and dynamic 
eccentricity have been studied in this paper and their effects 
are considered in terms of the stator back iron 
displacement. The displacement is showing to be scaled up 
by several times in different levels of rotor eccentricity, 
compare to where the centric rotor is modeled. 

Consequently, actions must be taken in order to mitigate 
the UMP and its resulting vibration in a BDFM to 
acceptable levels. More accurate design and manufacturing 
process for the BDFM rotor and its bearings to reduce the 
air gap non-uniformity is required. Furthermore, reinforcing 
the stator back iron stiffness by increasing the back iron 
thickness, and paralleling the stator winding coils can be 
employed in order to have a BDFM with less vibration and 
noise levels. 
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