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Effects of Rotor Misalignment in Airgap on Dynamic Response of 
an Eccentric Rotor in BLDC Motor 

Tae-Jong Kim*, Kyung-Tae Kim, Sang-Moon Hwang, No-Gill  Park, Shi-Bok Lee 
School o f  Mechanical Engineering and Research Institute o f  Mechanical Technology, 

Pusan National University, Pusan 609-735, Korea 

Vibration of a BLDC motor is a coupled phenomenon between mechanical characteristics and 

magnetic origins which takes place through the motor airgap. When relative misalignment of a 

rotor in the airgap is introduced during assembly, the dynamic characteristics of the motor 

system are affected. The rotor-motor system used in a washing machine is modeled using FETM 

and magnetic forces in a BLDC motor with radial rotor eccentricity are determined analytically. 

The transient whirl responses of a rotor system supported on two roller bearings with relative 

misalignment in the motor airgap are investigated by considering mechanical and magnetic 

coupling effects. Results show that rotor misalignment in the airgap considerably affects the 

vibration of the rotor-motor system. 
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1. Introduct ion  

The drive motor is often the most important 

element in many precision motor applications and 

also a frequent source of the vibration and acou- 

stic noise. In the previous research works reported 

in open literature, vibrations of mechanically and 

magnetically induced sources have been treated 

separately (Subbiah and Kumar, 1988; Kumar 

and Sankar, 1986 ; Kim and Lieu, 1998 ; Jang and 

Lieu, 1996). However, these two origins are cou- 

pled in nature (Kim et al., 2000; Yoon et al., 

1997). 
The differences between dynamic effects in hy- 

drodynamically lubricated bearings and in roll- 

ing-element bearings can be expressed as differ- 

ences in spring constants and damping coeffici- 

ents. Roller bearings have lower damping capaci- 
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ty than hydrodynamic bearings and the latter also 

exhibits nonlinear stiffness effects. Compared 

with hydrodynamic conformal sliding bearings, 

more severe alignment requirements are needed 

tbr rolling bearings. The roller bearing mounts 

must be carefully aligned for colinearity and 

angularity to avoid creating excessive vibration 

levels in the bearings during assembly. It is im- 

portant to investigate the dynamic response of an 

eccentric rotor supported on roller bearings to 

estimate its reliability and to reduce vibration and 

noise levels. A relative parallel misalignment in 

the airgap can be formed by biased bearings 

during assembly. It can greatly influence the dyn- 

amic characteristics of rotor systems depending 

on the degree of airgap misalignment. Rotor mis- 

alignment and other mechanically unbalanced 

forces induce cylindrical and conical whirl of the 

rotor-bearing system and the rotor whirl causes 

the variation of the air-gap, thus yielding the net 

magnetic unbalanced forces acting on the rotor, 

which again adversely affect the whirl of the 

rotor-motor system. 

This paper presents a magnetic force analysis of 

brushless DC(BLDC) motors with radial eccen- 
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tricity due to rotor misalignment by using the 
perturbation method. The rotor-motor system in 
a washing machine is modeled by using the finite 
element transfer matrix (FETM) and the tran- 
sient whirl responses for various rotor misalign- 
ment are determined by incorporating the mec- 
hanical and magnetic coupling. 

2. Rotor Dynamics 

The flexible rotor-bearing system shown in 
Fig. 1 consists of a shaft composed of rotor 
segments with distributed mass and elasticity, and 
discrete bearings. Each element is assumed to be 
continuous in diameter and the discontinuity in 
diameter is allowed only between elements. The 
end points of an element are called nodes, and 
they are located such that each bearing of  the 
rotor coincides with a node. Dynamic behavior of 
the rotor system is influenced by the mass un- 
balance forces, reaction forces of roller bearings, 
and magnetic unbalanced forces. 

The equation of motion for the finite shaft 
element j with nodes i and i+1  illustrated in 
Fig. 2 can be expressed in the X Y Z  coordinates 
a s  

[Mq{ O(t)}+[Cq{ q(t)}+[KS]{ q(t)} 
={ FS( t )}  (I) 

The bearings obey the governing equations of 
the form in the fixed frame coordinates given by 

[ C ~ ] { O ( t ) } + [ K ~ { q ( t ) } = { F b ( t ) }  (2) 

Z 

I Y 

Yi+l 

Fig. 2 Finite element coordinates 

By combining Eqs. (1) and (2), the assembled 
element system equation of motion for the ele- 
ment j with nodes i and i +  1, can be expressed in 
the X Y Z  coordinates as 

Emil{ ~(t)}+[G]{ 0 (t)}+ [N]{ q(t)} 
={ F(t)} (3) 

where { F (t) } = { Rfi (t) [ Lf.+, (t) } r are the gen- 
eralized force vectors acting on nodes i and i +  1, 

and { q (t) } = { ql (t) I qi+, (t) }---- { x~ y~ ¢1i al] Xi+l 

yi+l /2i+1 a,+l }r are the generalized coordinates. 
Superscripts R and L represent right-and left- 
side elements, respectively, of the i-th node. Also, 
[M~], [Cs], [/£j~ are the mass, damping and 
stiffness matrices of  the element j, which can be 
expsessed by the following matrix partitions. 



1578 Tae-Jong Kim, Kyung- Tae Kim, Sang-Moon Hwang, No-Gill Park and Shi-Bok Lee 

• - r (m , , ) s  (m,~)~] 
[MA-- L(m~,)~ (m2~)~a 

(c,2>,] (4) 
[C~] = L(c2,)~ (c~)~ 

[(k.)~ (k,~)~ l [K~]= (k~,)~ (k~)~ 
Assuming a numerical scheme for differentials 

?li(t) and c)i(t), it can be shown that 

~ , ( t  + A t )  = A ( t )  q~(t+At) + B , ( t )  
(5) 

q~(t + A t )  = D ( t )  qi(t+At) +Ei(t) 

where the coefficient A(t) ,  B~(t), D(t) and 
E~(t) are all functions of the system properties at 
time t (Kumar  and Sankar, 1986). 

By merging Eq. (5) into Eq. (3), the following 
expression can be obtained. 

(K21)s0 (Kz2)s0 (V2);l qi+ii(t) : fi+;(t) (6) 

where, 

(K.) j=A  (t) " ( rnn) s+ D( t) . (ran)j+ (ku) s 
(~z)~=A(t) • (rnaz)~+D(t). (rn~2) 3+ (k~2) ~ 
( / ~ )  ~ = A  ( t )"  (rn2~)j+D(t). (raze) j+ (k2~) ~ 
(/~z) ~ = A  ( t ) .  (m22)~+D(t)" (m~)~+ (k22) j 

(v~)~= ( m . ) : {  B,(t)}+ (m~2)~'{ B,+~(t) } 
+ (c~)s '{  E,(t)}+ (c~z)~'{ E,+~ (t)} 

(vz)~= (m2~) ~-'{ B,(t)}+ (m22)~'{ B~+~(t) } 
+ (c2a)~'{ El(t)}+ (c22):'{ E,+~(t) } 

The unknown forces efi(t) and zfi(t) at i-th 
node are related to the known external nodal 
force by 

~f, (t) 4- zf, (t) =fex, (t) (7) 

If Eqs. (3) and (5) are used in conjunction 
with successive transformations, equation (3) can 
be rewritten as 

U~+~ (t + A t )  = [ ~ ( t ) ] "  U?(t+At) (8) 

where U~(t)={q~(t) ~f~(t) 1} r, and [ T j ( t ) ]  
is the transfer matrix associated with j - th element. 
Recursive application of (8) gives the following 
relation 

uk+, ( t  + A t )  = [ T.(t) ] .  [ T._,  (t) ] (9) 
...[ T,(t) ].U?(t +At) 

The boundary conditions at two end stations 
are applied as follows 

L A ( t + A t )  = 0  
L A + , ( t + A t  ) _f,+,_ ex, ( t + A t )  

(10) 

3. M a g n e t i c  F o r c e s  

The magnetic field equation in permanent ma- 
gnet BLDC motor is given by 

(ll) 
o ~ 2 .  I aO2. 1 o ~ 2  1 M~ 

Using the perturbation method with appropri- 
ate boundary conditions, magnetic flux density 
can be found by the previous work (Kim and 
Lieu, 1998). For a 4-pole, 24-slot BLDC motor 
in Fig. I with geometric parameters in Table 1, 
the analytic radial magnetic flux density is shown 
in Fig. 3 with the eccentricity ratio (eccentricity/ 
airgap length) of 0.5 and compared with FEM 
results. The discrepancy at slotting area and pole 
transition come from the error in prediction of 
permeance function and the first order approxi- 

Table 1 Geometric parameters of the motor 

Parameters Symbol Value (unit) 

Airgap length g 0.0006 (m) 
Radius of rotor Rm 0.0344(m) 

Pole pair p 2 
Magnetic residual flux density Br 0.4(T) 

Pole-arc/pole-pitch ratio at, 1 
Relative permeability of PM ,Ur 1.061 
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mation used in the perturbation method. The 

local traction forces acting on the rotor can be 

determined by using Maxwell stress tensor and 

given by 

f r = ~ ( B 2 r -  Bao) 
uo (12) 

f8 = ~o BrBo 

where f r  and fo denote the radial and tangential 

local traction force components. Using the Car- 

tesian coordinates, the corresponding traction 

force components are given as 

f x : f r ' C O S  o - - r e ' s i n  0 
(13) 

f y=fr ' s in  0+f0"cos 0 

Figure 4 shows the radial local traction force 

acting on the rotor surface without and with the 

eccentricity ratio of 0.5. With the rotor eccen- 

tricity, it can be seen that the radial local traction 

force is stronger in the narrow airgap region. It 

can be also seen that the symmetry of the radial 

local traction force is destroyed yielding net 

unbalanced magnetic force. The magnetic unbal- 

anced forces acting on the rotor center can be 

determined by integrating the corresponding local 

traction forces over the rotor surface and are 

given by 

2~r 

Fx, m~g = f f ~" r " dO 
o 

21r 

Fy,mag = f f~" r .  dO 
o 

(14) 

Figure 5 shows the maximum magnitude of the 

unbalanced magnetic forces with respect to vari- 

ous rotor eccentricities. It should be noted that the 

increased discrepancy between the analytic and 

FEM results mainly comes from the first order 

approximation of the perturbation method with 

increased rotor eccentricity. The mechanical and 

magnetic coupling effects can be clearly observed 

as the rotor eccentricity or rotor misalignment is 

increased. Since the magnetic forces are nearly 

proportional to the rotor eccentricity, they can be 

simplified as 

Fx,mag=A . e.cos (c0t+ ¢) (l 5) 
Fy,n~= A" e'sin ( wt + ¢) 

where A , ~b and ~ are a constant, the angle of 

eccentricity and the eccentricity of the rotor, re- 

spectively. Noting that the magnetic forces in Eq. 

(15) can be expressed with the generalized dis- 

placement { q (t)}, they can be transferred to the 

left side of Eq. (3), thus reducing the system 

stiffness. It is predicted that the reduced system 

stiffness generally enhances the dynamic respon- 

ses of the system. 

4. Dynamic Response 

A vertical type rotor-bearing system to be 

analyzed consists of a rotor with 7 finite segments 

and 2 roller bearings, as shown in Fig. 1. The 

data for this rotor system is listed in Table 2. 

Excitation forces on the rotor system include the 

mass unbalance forces, reaction forces of roller 
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Table 2 Rotor configuration data 0,15- 

Element 
Mass(g) Length(mm) Radius(mm) 

Number  

l 0.041 30 7.5 
2 0.042 30.5 7.5 
3 0.499 19.5 34.4 
4 0.499 19.5 34.4 
5 0.054 39.5 7.5 
6 0.1 7 7.5 
7 0.065 54 7.0 

• : position at 0 ° crank angle 

Fig. 6 Steady state orbits along the rotor axis with 

respect to the rotor misalignment 
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bearings,  and  magnet ic  u n b a l a n c e d  forces. Fo r  

ro tor  dynamics ,  the 2 rol ler  bear ings  have  the 

same stiffness of  K x x = K r r  = 1.0× 109 N / m .  The  

shaft  has  a modu lus  of  elastici ty E s = l . 6 × 1 0  u 

N / m  2 and  for the m o t o r  rotor ,  E m = l . 2 × 1 0 "  

N / m  2. The  mass unba l ances  of  the ro tor  sect ion at 

e lement  n u m b e r  3 and  4 are assumed to be located 

at s ta t ions  #3 and  #5 wi th  the same magni tude .  

The  magn i tude  of  the u n b a l a n c e  is var ied between 

m u a = m u s = 7 5 m g ,  150mg,  300mg,  whi le  ru3= 

ru s=27 .5  mm and  ~bua=0 °, ~b~5=180 °. The  rota-  

t iona l  speed was held cons t an t  at 10,000 rpm, and  

the t ime step size was set at 5 × 10 -5 seconds.  

The  F E T M  was appl ied to the  r o t o r - m o t o r  

system to i l lustrate  the mi sa l i gnmen t  effect in 

ro tor  dynamics .  The  dynam i c  response  of  a ro tor  

wi th  magnet ic  forces can be ob ta ined  with respect 

to relat ive misa l ignmen t  in the airgap.  The  steady 

state orbi ts  at nodes  a long  the ro tor  axis for 

va r ious  ro tor  misa l ignmen t  values are s h o w n  in 

Fig. 6, where  bo th  the  mechan ica l  and  magnet ic  

coup l ing  effects t aken  into account .  F igure  7 

shows a converg ing  t rans ien t  o rb i t  at the ro tor  

QO 
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various misalignment values with mu3 = 
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center  ca lcula ted  for 5 cycles wi thou t  the ro tor  

misa l ignment .  F igure  8 shows a c o m p a r i s o n  of  

s teady state o rb i t  responses  in microns  wi th  re- 

spect to the ro to r  misa l ignmen t  given the un-  

ba lance  magn i tude  of  mu3=l~um=75 mg. F igure  

9 shows a c o m p a r i s o n  of  orb i t s  at the ro tor  cen- 

ter s ta t ion  with respect to the mass u n b a l a n c e  

wi thou t  the misa l ignment .  Also,  Fig. 10 shows a 

c o m p a r i s o n  of  orb i t s  at the ro tor  center  s ta t ion  

with respect to the mass u n b a l a n c e  given a 2 / t i n  

() 0.15 

Converging transient orbit  at rotor center 

without misalignment 
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misalignment. With the existence of magnetic 

forces, the mechanical and magnetic coupling 

effects while considering a misalignment pheno- 

menon are incorporated into the system equations 

of motion. With increased misalignment, the 

whirl magnitudes of the rotor is also increased 

due to increased unbalanced magnetic forces as 

shown in Fig. 11 which reduce the system 

stiffness. Figure 8 shows a comparison of steady 

0 g l  

F i g .  1 1  

- - F  = q : O l ~ m  

. . . .  F : @ p a l l  

F y . . q  : I ~ 

. . . . . . . .  F L . q  : 2 b~ n  

. . . . . . .  F : l p 4 r a  / 

\. ,(,., ...; ,,: . . . . . .  
, . \ ~,/ ," / ', *, ~,~" ,'i' 

R o t o r  r o t a t i o n  l u a g l e  ( d e ~ )  
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state orbit responses for various rotor misalign- 

ment values. It can be seen that the whirl magni- 

tude with a I-micron misalignment at x- and y- 

directions is increased by 17.7 percent compared 

to that without the misalignment. Also, the whirl 

magnitude with a 2-micron misalignment in x-, 

y- directions is increased by 36.9 percent com- 

pared to that without the misalignment. There- 

fore, the rotor misalignment coupled with un- 

balanced magnetic forces adversely affects the 

dynamic characteristic of the rotor-motor system 

supported on roller bearings. 

5. C o n c l u s i o n  

The FETM method was applied to a rotor- 

motor system to illustrate the effect of misalign- 

ment on rotor dynamicsl The dynamic response of 

a rotor with magnetic forces can be obtained by 

varying the degree of misalignment in the airgap. 

The steady state orbits at nodes along the rotor 

axis without any misalignment is obtained by 

considering the mechanical and magnetic cou- 

pling effects. The transient orbits of the rotating 

shaft without the rotor misalignments show a 

stable whirl condition compared to the rotor with 

misalignment present. With increased misalign- 

ment, the whirl magnitudes of the rotor are also 

increased due to increased unbalanced magnetic 

force that acts to reduce the system stiffness. This 

is because the unbalanced magnetic forces act as 

external forces in the airgap of the stator. There- 

fore, a rotor misalignment coupled with un- 

balanced magnetic forces adversely affects the 
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dynamic characteristic of the rotor-motor system. 
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