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Abstract

As one of the supporting components, which can be controlled actively, active
magnetic bearing (AMB) has been widely used in many machines with high rotation
speed in many kinds of fields because of its high performances beyond other
traditional bearings. The basic research of the AMB has been achieved, but there are
still many problems to be solved before putting them into industrial applications. One
of them is bearing-rotor system dynamics and its stability. This paper will deal with
these problems, and mainly focus on the critical speeds and control of the rotating
machinery supported by AMB.

First, some methods and theories in traditional bearing-rotor dynamics are used,
Dynamic modal of rigid magnetic suspended rotor was made, rigid rotor dynamic
systemt model supported by AMB is given by introducing PD and PID control
methods. The rigid magnetic suspended rotor mode is proved , influence of rigid
magnetic suspended rotor mode by each control parameter was analyzed and integral
constant doesn’t influence the rigid magnetic suspended rotor mode which can be
used to change the lower critical speeds by changing control parameters.

The spindle is simplified as multi-discal rotor and complex stiffness is
introduced to the Riccati transfer matrix to produce flexible magnetic suspended rotor
modal .The critical speeds and stability are calculated and analyzed and compared
with the experiment results.

PI/PID control methods are introduced and stability and veracity are analyzed to
calculate the differential constant. integral constant and integral gain. Theory and
practical dynamic characteristics of rigid magnetic suspended rotor is simulated,
which includes transient simulation, sine wave input simulation and disturbance
simulation, unbalance compensation of rigid magnetic suspended rotor is simulated
by using notch filter.

All the research contributed to the further research development of modeling,
dynamic characteristics and optimization of magnetic levitated rotor technology.

Key words: Magnetic bearing, Magnetic suspended Rotor, Rotordynamics,
Dynamic characteristics ,Control, Optimum design
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B =
Mgk A RIMEEFIRFEEEERF

m=4.94;

Jr=0.0356,

Ja=0.001794;

pi=3.1416;N=192;

Aa=3.41*1e4;

Ab=2.86%1e-4;

10=1.5;

v=0.8; %lHLRE

katheta=-v*4*pi*1e-7*N"2* Aa*cos(22.5/180*pi}*10"2/(0.3*1e-3)"3;%-0.973¢6;
kai=v*4*pi*1e-7*N"2*Aa*cos(22.5/1807pi)*10/(0.3* 1e-3)*2;%194.59;
kbtheta=-v*4*pi*1e-7*N"2* Ab*cos(22.5/180*pi}*10"2/(0.3*1e-3)"3;
kbi=v*4*pi*le-7*N"2*Ab*cos(22.5/180*pi)*10/(0.3*1e-3)"2;

for kac=20000;
for Tad=0.001%: -0.00005: 0.0009;
for kbe=20000;
Tbd=0.001;
for Tai=10;
Tbi=10;
M=[m 0 0 0
0 I 0 0
0 0 m ]
1] 0 0 I
G=[0 0 0 0
0 0 0 -Ja
0 0 0 0
0 Ja 0 0];
B=[1 0 1 0

BbA 0 -IbB 0
0 1 0 1

0 A 0 BB
C=1 kA 0 0
0 0 1 A
1 4B 0 0
0 0 1 1sB};

Kc=-[katheta 0 0 0;0 katheta 0 0;0 0 kbtheta 0;0 0 0 kbtheta]*B*B'+[kai*kac 0 0 0;0 kai*kac 0 0;0
0 kbi*kbe 0;0 0 0 kbi*kbc]*B*C;
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De=([kai*kac*Tad 0 0 0;0 kai*kac*Tad 0 0;0 0 kbi*kbc*Tbd 0;0 0 0 kbi*kbc*Tbd]*B*C;
Bl=[kai*kac*Tad 0 0 0;0 kai*kac*Tad 0 0;0 0 kbi*kbc*Tbd 0;0 0 0 kbi*kbc*Tbd]*B;
B2=[kai*kac 0 0 0;0 kai*kac 0 0;0 0 kbi*kbc 0;0 0 0 kbi*kbc]*B;

Z=[kai*kac/Tai 0 0 0;0 kai*kac,/Tai 0 0;0 0 kbi*kbc/Tbi 0;0 0 0 kbi*kbc/Tbi]*B*C;

for w=linspace(1,2*3.1416*1600,300);

Ae=[zeros(4,4) eye(4,4) zeros(4,4);zeros(4,4) zeros(4,4) eye(4,4)-inv(M)*Z  -inv(M)*Kc
-inv(M)*(w*G+Dc)];

d=eig(Ae);

dimag=imag(d);

plot(w*30/3.1416,dimag/3.1416/2,w*30/3.1416,w/3.1416/2,"")

hold on

end

axis({0 60000 160 210])

xlabel("H i w/ pm);

ylabel(‘#a31 4% P/HzY);

end

end

end

end

end

MEB ERERFEEIHERERF

dens=7800;
pi=3.1416;
dr0=50/1000;
drf1=40/1000;
drf2=34/1000;
drf3=25/1000 ;
drfad1=90/1000;
drfad2=50/1000;
drfad3=54.4/1000 ;
drfad4=42/1000;
hrf1=44/1000;
hrf2=70/1000;
hrfad1=6/1000;
hrfad2=6/1000;
hrfad3=44/1000;
hrfad4=45/1000;
hrfad5=18/1000;
h=372/1000;
hr=332/1000;
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hrb=177/1000;
drho1=14/1000;
hrho1=40/1000 ;
hrf3=hr-hrb-hrfl-hrf2;
drb1=35.4/1000;
drb2=32/1000;
drb3=24/1000;
drb4=18/1000;
drbad1=56/1000;
drbad2=44/1000;
drbad3=54.4/1000;
drbad4=42/1000;
drbad5=32/1000;
hrb1=61/1000;
hrb2=96/1000;
hrb3=28/1000;
hrbad1=61/1000;
hrbad2=28/1000;
hrbad3=40/1000;
hrbad4=20/1000;

hrQ=hrb-hrb1-hrb2;

hrbd=h-hr-hrb3;

r3=drf2/2;0(4)=drf2/2:1(5)=drf2/2;1(6)=drf2/2;
rph(4)=drfadd4/2;1ph(5)=drfad3/2;rph{6)=drfad3/2;
H(T)=drf1/2;0(8)=drf1/2;0(9)=drf1/2;¢(10)=drf1/2;r(11)=drf1/2;
rph(7)=drfad2/2;rph(8)=drfad2/2;rph(9)=drfad2/2;rph(10)=drfad1/2;rph(11)=drfad2/2;
1(12)=dr0/2;r(13)=dr0/2;

rph(12)=r(12);rph(13)=dr0/2;

1(14)=drb1/2;1(15)=drb1/2;(16)=drb1/2;(1 7)=drb1/2;
ph(14)=drbad1/2;rph(15)=drbad1/2;rph(16)=drbad1/2;rph(17)=drbad 1/2;
1(18)=drb2/2;r(19)=drb2/2;1(20)=drb2/2;x(21)=drb2/2;(22)=drb2/2;{(23)=drb2/2;(24)=drb2/2;
rph(18)=drbad2/2;rph(19)=drbad2/2;rph(20)=drbad3/2;rph(21)=drbad3/2;rph(22)=drbad4/2;rph(2
3)=drbad4/2;1ph(24)=drb2/2;
1(25)=drb3/2;1(26)=drb3/2;rph(25)=drb3/2;rph(26)=drb3/2;
1(27)=drb4/2;rph(2T)=drbad5/2;r(28)=drb4/2;rph(28)=drbad5/2;

N=192;

Aa=3.41%1e-4;

Ab=2.86*1c-4;

10=1.5; +

v=0.8;, %MHEREH
katheta=-v*4*pi*le-7*N"2*Aa*cos(22.5/180*pi)*10"2/(0.3*1¢-3)"3;%-0.973¢6;
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kai=v*4*pi*1e-7*N*2*Aa*c0s(22.5/180*pi)*10/(0.3*1e-3)"2;%194.59;
kbtheta=-v*4*pi*1e-T*N"2* Ab*cos(22.5/180*pi)*10*2/(0.3*1e-3)"3;
kbi=v*4*pi*1le-7*N"2*Ab*cos(22.5/180*pi)*10/(0.3*1e-3)"2;

kac=20000;

Tad=0.001;

kbe=20000;

Tbd=0.001;

Tai=10;

Tbi=10;

for w=2*pi*linspace(10,6500,1000);
k11=(kai*kac+katheta-2.5.*w."2)+(kai*(kac*Tad.*w-kac/Tai./w))*sqrt(-1),k21=(kbi*kbc+kbtheta
-2.5.*w.*2)+(kbi*(kbc*Tbd.*w-kbc/Tbi./w))*sqri(-1:%/~ LRI (&)

E=2.07¢11;

m(1)=pi*(drf3"2-drho1*2)/4*(hrf3/4)*dens;
Jdm1=m(1)/12*(3*(drf3/2)"2+4*(hrf3/4)"2)-pi*(drhol"2)/4*(hrf3/4)*dens/12*(3*(drho1/2)*2+4
*(hef3/4)*2);

Jpm1=pi*(drf3*2)/4*(hrf3/4)*dens/2*(drf3/2)*2-pi*(drhol*2)/4*(hrf3/4)*dens/2* (drho1/2)"2;
11=hrf3/2;

I1=pi/64*drf3"4-pi/64*drho1"4;

Tm{1}={1000;0 10 0;0 (Jpm1-Jdm1).*w"2 1 0;m(1).*w*2 0 0 1];

Tmt{1}=[1 1 11*242*E*11) 11*3/(6*E*11);0 1 11AE*I1) 11*2/2*E*I1);00 1 11;0 0 0 1];

12=hrf3/2;

ma2=m(1);

mb2=m(1);

m(2)=maZ+mb2;

Jdm2=2*}dm1;

Jpm2=2*Jpm1;

2=11;

Tm{2}=[1000;01 00;0 Jpm2-Jdm2).*w"2 1 0;m(2).*w*2 00 1];

Tmt{2}=[1 12 12°2/(2*E*12) 12*3/(6*E*12);0 1 12/(E*12) 12"2/(2*E*12);0 0 1 12,00 0 1];

13=hrf2-hrfad4-hrfad5;

ma3=m(1);

mb3=pi*(t3)"2*(13/2)*dens;

m(3)=ma3+mb3;

Jdm3=)dm1+mb3/12*(3*(:3)"2+4*(13/2)"2);

Jpm3=Jpm1+mb3/2*(r3)"2;

13=pi/64*(2*r3)"4;

Tm{3}=[1000;0 1 00;0 Jpm3-Jdm3).*w*2 1 O;m(3).*w*200 1};

Tmt{3}=[1 B3 13*2/(2*E*13) 13"3/(6*E*I3);0 1 I3/(E*I3) 13*2/(2*E*13);,0 0 1 13;0 00 1;
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I(4)=hrfad5;1(5)=hrfad4/2;1(6)=I(5);1(7)=(hrfad3-hrfad1*2-hrfad2)/2;
1(8)=1(7);i(9)=hrfad1;I{10)=hrfad2;}(11)=hrfad 1;1(12)=hr0/2;I(13)=1(12);
1(14)=hrb1/4;1(15)=K14);1(16)=I(15);(1 T}=}(16);)(18)=hrbad2/2; %A 5 Kk
1(19)=1(18);}(20)=hrbad3/2;1(21)=1(20);22)=hrbad4/2;1(23)=1(22);}(24)=hrb1+hrb2-hrbad1-hrbad
2-hrbad3-hrbad4;

1(25)=hrb3/2;1(26)=1(25);1(27)=0.004;1(28)=0.009;

mb(3)=mb3;1(3)=13;r(3)=13;rph(3)=13;

fori=4: 28§;

ma(i)=mb(i-1);

mb(i)=r(i).*2. *(I(i)/2)*dens*pi;

mad(i)=pi*(rph(i-1)*2-(r(i-1))*2)*(I(i-1)/2)*dens;

mbd(i)=pi*(rph(i)*2-(r())"2)*(1(i)/2)*dens;

m(i)=ma(iy+mbi(i)+mad(i)+mbd(i);

Jdm(i)=(ma(iHmad(i))/12. (3. *(rph(i-1)).*2+4*(I(i-1)./2).*2+(mb(i}+mbd(i))/12.*(3.* (rph(i)).*2
+4¥()(i)/2)."2); %ema(iy12. (3. *(r(i-1))." 2+{1(i-1)./2).*2)+mb(i)/12.*(3.*(x(i)).* 2+(1(1)/2).*2);
Jpm(i)=(ma(i}+mad(i))/2.*(rph(i-1)).*2+H(mb(i)}+mbd(i})/2. *(rph(i)).*2; ema(i)/2.*(z(i-1)).*2+mb(
i)2.2(e(1)."2;

1i)=pi/64+(2*1(i))."4;

Tm{i}=[1000;0 1 0 0;0 (Jpm(i)-Jdm(i))*w"2 1 O;m(i)*w"2 0 0 1];

Tmt{i}=[1 1(i) 1(i)."2.A2*E.*1()) 1(i)."3./(6*E.*1(i}));0 1 1(i)./(E.*I(i)} 1(i).*2/(2*E.*I(i}):0 0 1
i);0001];

end

Tm{6}=[1000;0 1 00;0 Jpm(6)-Jdm(6))*w*2 1 0;m(6)*w"2-k11 0 0 1};

Tm{21}=[{1 00 0;0 1 0 0;0 (Jpm(21)-Jdm(21))*w"2 1 O;m(21)*w"*2-k21 0 0 1];

ma(29)=mb(28);

mb{29)=0;

m{(29)=ma(29)+mb(29);

Jdm(29)=ma(29)/12*(3*r(28)"2+4*(1(28)/2)"2);
Jpm(29)=ma(29)/2*(x(28))*2;

Tm{29}=[1000;0 10 0;0 (Jpm{29)-Jdm(29)).*w"2 1 0;m(29).*w*2 0 0 1};

s{1}=zeros(2,2);

fori=2: 29

T{i}=Tm{i}*Tmt{i-1};

end

T{1}=Tm{1};

A PR RS LS T2 LS R R PSR ES S LA 22 R4S RS L 22 R 2l L 1

fori=2: 29

s{i}=(T{i}3: 4,1: 2WT{i}(3: 4,3: 4*s{i-1PAT{i}(1: 2,1: 2B T{i}1: 2,3: 4)*s{i-1});
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end

PPP=s{29}(1,1)*s{29}(2,2)-s{29}(2,1)*s{29}(1,2); %edet(T(3: 4,1: 2))
plot(w/pi/2,PPP/abs{max(PPF)),'d")

hold on

end )

axis([10/pi/2 max(w)/pi/2 -2 2])

grid

Jpm(1)=Jpm1;Jpm(2)=lpm2;Jpm(3)=Jpm3;Jdm(1)=Jdm1;Jdm(2)=Jdm2;Jdm(3)=Jdm3;

EXXEREEEEERAEARSEREAREREILEREE SR RREREREZEFELEXERERRERNNR

MR C ERERFERRESHBEEF: (KBHEB L
aa v LBIEIERF)

for i=2: 29
s{i}=(T{i}(3: 4,1: 2HT{i}(3: 4,3: A)*s{i-1PAT{i}(1: 2,1: D+T{i}1: 2,3: H)*s{i-1});
end
q{30}=[1,(-s{29}(1,1)/s{29}(1,2)),0,0];
fori=30: -1: 2
qfi-1}=(T{i-1}(1: 2,1: 2+T{i-1}(1: 2,3: 4)*s{i-1})\q{i}(1: 2,1);

end

1(1)=13;1(2)=12;1x(1)=0;
fori=1: 28
Ix(i+1)=Ix(i)+1(i);

end

fori=2: 30
ax(i-D)=afi}(1);

end

plot3(1x,qx/max(abs(qx)),w/2/pi*ones(1,29));
hold on

end

grid

plot(0.0885,0,*,0.284,0,"*")

MixD #FxNEEREREE)

1bB=0.098;
1bA=0.1001;
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1sB=0.1295;

1sA=0.1301;

m=454;

pi=3.1416;

Jr=0,0356;

Ja=0.001794;

pi=3.1416;N=192;

Aa=3.41*1e-4;

Ab=2.86*1e-4;

10=1.5;

v=0.8; %lalii FE
katheta=-v*4*pi*1le-7*N"2*Aa*cos(22.5/180*pi)*10"2/(0.3*1e-3)"3;%-0.973e6;
kai=v*4*pi*1le-7*N"2*Aa*cos(22.5/180*pi)*10/(0.3*1e-3)"2;%194.59;
kbtheta=-v*4*pi*1e-7*N"2*Ab*cos(22.5/180*pi)*10*2/(0.3* 1e-3)"3;
kbi=v*4*pi*1e-7*N"2* Ab*cos(22.5/180*pi)*10/(0.3*1e-3)"2;

for kac=20000;

for Tad=0.001;
for kbe=20000;
Tbd=0.001;
for Tai=10;
Tbi=10;
M=[m 0 0 0
0 I 0 0
0 0 0
0 0 0 h;
G=[0 0 0 0
0 .0 0 -Ja
0 0 ¢ 0
0 Ja 0 0];
B=(1 0 1 0
bA 0 -IbB 0
0 1 0 1
0 -bA 0 IbB];
C=[1 IsA 0 0
0 0 1 -IsA
1 -IsB 0 0
0 0 1 IsBJ;

Kc=-[katheta 0 0 0;0 katheta 0 0;0 0 kbtheta 0;0 0 O kbtheta]*B*B'+{kai*kac 0 0 0;0 kai*kac 0 0;0

0 kbi*kbc 0;0 0 0 kbi*kbc]*B*C;

Dc=[kai*kac*Tad 0 0 0;0 kai*kac*Tad 0 0;0 0 kbi*kbc*Tbd 0;0 0 0 kbi*kbc*Tbd]*B*C;
Bl=[kai*kac*Tad 0 0 0;0 kai*kac*Tad 0 0;0 0 kbi*kbc*Tbd 0;0 0 0 kbi*kbc*Tbd]*B;

B2=fkai*kac 0 0 0;0 kai*kac 0 0;0 0 kbi*kbc 0;0 0 0 kbi*kbc]*B;
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Z=[kai*kac/Tai 0 0 0;0 kai*kac/Tai 0 0;0 0 kbi*kbc/Tbi 0;0 0 0 kbi*kbe/Tbi]*B*C;

for w=logspace(-1,3.3,300)%linspace(1,2*3.1416*600,300);

Ae=[zeros(4,4) eye(4,4) zeros(4,4);zeros(4,4) zeros(4,4) eye(4,4)-inv(My*Z -iav(M)*Kc
-inv(M)*(w*G+Dc)];

d=cig(Ac);

dimag=imag(d);

k1=sqrt((kai*kac+katheta-2.5.*w."2).*2+(kai*(kac*Tad, *w-kac/Tai./w}).*2),c1=kai*(kac*Tad-ka
¢/Tai./(w.”2)),k2=sqrt((kbi*kbc+kbtheta-2,44.%*w,*2),*2+(kbi*(kbc*Tbd. *w-kbe/Tbi./w)). *2),c2=
kbi*(kbe*Thd-kbc/Thi./(w.*2))
kil=(kai*kac+katheta-2.5.*w."2)+(kai*(kac*Tad.*w-kac/Tai./w))*sqrt(-1);k21=(kbi*kbc+kbtheta
-2.5,*w."2)+(kbi*(kbc*Tbd, *w-kbc/Tbi./w))*sqrt(-1);%)~ X RIE (G&HER)
loglog(w*30/3.1416, k1, ,w*30/3.1416,k2,*") % ZhRIE
%semilogx(w*30/3.1416,c1,*,w*30/3.1416,c2*) % E}E

hold on

ead

xlabel("# & w/ rpm");

ylabel('3h R ¥ N/m");

end

end

end

end

end

grid
MFEE BREME. RSB, RIEEIEF

kd=9000;

ki=194.59;

td=0.0016;

tdd=0.0005;

m=2.47,;

kthta=0.973e6;

numl=[ki*kd*td ki*kd];
denl=[tdd*m m (ki*kd*td-tdd*kthta) (ki*kd-kthta));
bode(num1,den1)

subploi(2,1,1)

pzmap(num1,denl)

hold on

subplot(2,1,2)

num=[ki*id ki];

den=[tdd*m m (-tdd*kthta) (-kthta)];
rlocus(num,den)
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hold on

HRF OERET. RAE, RMTEER

kd=5000;

ki=194.59;

td=0.0016;

tdd=0.0005;

m=2.47,

kthta=0.973¢6;

for ti=0.005;

for Ki=0.1;

numl=[ki*Ki*kd*ti*td Ki*ki*kd*(ti+td) Ki*ki*kd];
denl=[ti*tdd*m ti*m ti*(ki*kd*td-tdd*kthta)+ki*Ki*kd*ti*td ti*(ki*kd-kthta)+Ki*ki*kd*(ti+td)
Ki*ki*kd};

subplot(2,1,1)

pzmap(num1.,denl)

hold on

subploi(2,1,2)

num=[ki*Ki*kd*ti*td Ki*ki*kd*(ti-+td) Ki*ki*kd];
den=[ti*tdd*m ti*m ti*(ki*kd*td-tdd*kthta) ti*(ki*kd-kthta) 0];
rlocus(num,den)

axis([-2000 500 -2000 2000})

hold on

end

end

MR G Bode BiERF

omga=2*3,1416*186;

- e=15;%0.05;

Tr=200;

Tj=2;

num=0.1*9000"194.59*conv(conv([1 0 omga*2],[0.005 1]),[0.000027 1]);
denl=conv{conv(conv(conv(conv([0.000027 1],{1 e*Tr omga"2-e*Tj*omga]),[0.005 0]),[0.0005
11),[0.00016 1]).[2.47 ¢ -973000])

den=0.1*9000*194.59*conv{([0 1 0 omga"2],{0 0 0 0 0.005 1]}+9000*194.59*conv(conv{[0.0016
1],[1 e*Tr omga*2-e*Tj*omga]),[0 0 0 0 0.005 O]}+denl;

bode(num,den)

grid
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