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IISTRACT 
I Ihciency and power consumption of an active magnet­
I bearing are primarily determined by the system that 

"scd for power amplification. In this paper a new 
d ll 'cpt is presented that combines the advantages of a 
t1111 11l0n analog power amplifier with those of a switch­
"/\ mnplifier. The advantage of the new concept com­

I," 'd with the properties of a common switching 
itllplifier is shown both by numeric simulation results 
'11(1 xperimental measurements. 

INTRODUCTION 
I It principle of an active magnetic bearing is based 
I Ipl II I several current or voltage controlled electromag­
,II (I, (actuators) by which attractive magnetic air gap 
111 1 ·t,:s are exerted to the structure to be supported, for 

IllIIple, a rotor, [1]. The power amplifier has to supply 
II{ 'oil current to the solenoid necessary to generate the 
' ,!uired magnetic field strength. It is highly desired to 
I III~rorm the controller output signals without any sig­

II II l 'lInl distortion into the required magnetic field 
Il l l 's within a sufficiently high frequency range. In 
• IILTa l, a transient distortion is primarily caused by the 
IlIluclive reactance of the solenoid. A highly undis-

111 11 d lransformation of the controller signals under dy-
1I III IIC conditions requires considerable effort in the 
IIHplifier design, [2] . 

Jtr l ' are two design limits between which a power am­
II II 'r has to operate. First, for the static operation, a 

1,111" ohmic resistance in the coils of the actuator is 
1'1 ' ', ' III , and the system is controlled by a quite low volt­
'I" ~ This voltage is determined by the required maxi­

) 11 1111 nmount of DC within the coil and the residual 
11 11 IHC of the analog amplifier. Second, when operating 
"I IClive magnetic bearing under highly dynamical 

conditions (i.e. control of high-frequency disturbances 
that require high actuator force slew-rates) the frequen­
cy proportional impedance of the actuator becomes ef­
fective. In order to meet the required current slew rates 
in the actuator coils, in general, a supply voltage of 
more than 100 V is necessary, For example, for a coil 
inductivity of 10 mH and a required current slew rate of 
15 Nms a voltage of 150 V is needed, see [3]. Since 
analog amplifiers cause substantial losses at static or 
quasi-static operating conditions the performance re­
quirements for the limit states lead to the application of 
a switching concept, [3, 4, 5]. 

In switching amplifiers, high voltage and high current 
is present in the control devices (power-MOSFETs) 
only during the switching operations. The comparative­
ly small switching losses are proportional to the supply 
voltage, and proportional to the switching-transition pe­
riod and -frequency. There is practically no current flow 
for the power-MOSFET OFF-state conditions, and the 
power loss for the ON-state conditions is proportional to 
the ohmic resistance of the switching element and the 
square of the current. 

Beside the advantage of small power losses of a switch­
ing amplifier there is also a big disadvantage. Because 
of the periodic switching process the control current is 
superimposed with a considerable number of higher 
harmonics, for example, the symmetric sawtooth con­
trol signal of a bang-bang switching amplifier or the 
variable sawtooth form of a PWM-controlled switching 
amplifier. The higher harmonics of the control current 
both cause undesirable forces exerted to the structure 
and generate eddy current and hysteresis losses within 
the material of the structure that may lead to thermal 
problems of the magnetic bearing. 
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FIGURE 1: Block diagram of the LACI-concept 

DESIGN OF THE POWER AMPLIFIER "LACI" 
The new developed concept of an analog amplifier with 
current injection (Linear Amplifier with Current Injec­
tion = LACI) makes it possible to eliminate the above 
mentioned disadvantages of a common switching am­
plifier and retain the advantage of relatively small pow­
er losses. The principle schematic of LACI is shown in 
Fig. I. It is based upon an appropriate circuit assembly 
of an analog and a switching amplifier, a cascade cur­
rent controller, and a control logic unit. Depending on 
the operating conditions (either static, quasi-static, or 
highly dynamic) the logic unit automatically activates 
the corresponding part of LACI (either analog or 
switching amplifier). In Fig. 1 the analog amplifier TI 
is shown as a variable resistance, while the switching 
amplifier is represented by the switches T2 and T3. 
When the s\\itching amplifier is activated the switch SI 
disconnects the analog amplifier. 
In the practical design solely N-channel power­
MOSFETs (N-MOSFETs) are used for the control de­
vices. In comparison to P-MOSFETs, N-MOSFETs 
show lower ON-resistance, handle higher blocking 

voltage and enable higher switching current. N ' I ~, I I 
voltage peaks are blocked by D to prevent short III 1\ 

ing of the low-voltage supply via the integrated rc ( \ I i 
diode of TI. During normal operation the r "\11 , 

diode of T2 and T3 are in OFF-state. The pol;) I II I 

the recovery diodes is changed if a voltage of i I' ll I 
exceeded, causing energy feedback to the corresrx'lllih 
high voltage power supply. In this way the high I I 

voltages on the inductive load due to the switchr(\ I I , 

rent are suppressed very effectively. 
The actual operating state of the amplifier is reco)", 
by comparing the actual voltage u.ct(t) (proport iou " 
the actual coil-current i.etCt» with a referencc voll 
ure~t). The actual current i.it) is transformed 11,11 
proportional voltage signal Uact(t) by using a fl o 11 111 

current-voltage converter, for example, a H OII! \' , 

CSNEI52. The reference control circuit supplies I "I 

age ur.~t) proportional to the desired refercll ' 1 .. 11 

current of the actuator. If the error e = abs[urel{I )-'I I 

is below a given limit value, then steady-state or II" I ' 

steady-state operating conditions are recognizcd I II 



Fourth International Symposium on Magnetic Bearings, August 1994, ErH Zurich 373 

III· analog part TI in Fig. 1 controls the current, and the 
,wi tching amplifier (T2' T) is inactive. 
II the error exceeds a given limit value, then (depending 
1. 11 the polarity) an antiphase current is injected by the 
witching amplifier (T2 or T), respectively) until the 

l .ll1trol deviation lies again within the operating range 
II I the analog amplifier. At this moment the switching 
1IIIplifier is deactivated. 
I, :'l nd T) are controlled through 500 V high-side driv­
I I'. resulting in low response time and low control pow-

I demand. In addition, the operating point of the 
, ~ MOSFETs trigger signal is stabilized regardless of 
dl'viations of the supply voltage UHV ' and therefore no 
t Ihilizing of the voltage UHV is necessary. 

III order to avoid high-frequency switching processes 
\ It ·" passing over the error limit the characteristic of 
Ilw control logic unit contains a hysteresis. The supply 
\I ,( lage of the switching amplifier ranges between 
I I 0 V (or even higher) which guarantees a sufficient­
II high slew rate of the required current. A basic ampli­
tlt' l concept is mentioned in [6], where two separated 
ullage supplies (similar to the present concept) and 

\ \ '1) Darlington-transistor pairs in parallel were used. 
I I II wever, there is no detailed description presented 
uhollt the design and the operating performance. 
I h ' layout of the low-voltage supply is given through 
!II ' maximum current demand at static or quasi-static 
I,(,nation. The "static-state" supply voltage ULV results 
1111 111 tltis maximum current requirement and the total 
1I III1Iic resistance along the current path (Rges = r DS_on,TI 

• /'/, I Rs + Rsr.ml + Rw, Fig. 1). For example, if a com­
I " II ~ :ltion of harmonic forces (e.g. unbalance of a rotor) 
h i II given system requires a current of 0.5 A, then up to 
1 wtor speed of 10 000 rpm a ripple free control is 
II Illeved at about ULV = 12 V, L = 10 mH without ap­
tl r lllg the current injection capability, resulting in 

11111 ' 11 lower phase shift than achievable with current in­
Ii 1',1 I inl amplifiers for magnetic bearings. 
I It , maximum power loss within the analog amplifier 
II ',lilt s for a symmetric dividing of the voltage between 
IIII' transistor TI and the solenoid. For example, a coil 
" .I',lance of Rs = I Q under a supply voltage of 10 V 

his a maximum power loss of 25 W within the 
1I1I 1I \ istor. 
III!' overall power losses of the switching amplifier con~ 
' ,lor the conduction losses and the switching losses as 

lilt IIlioned above. The conduction losses can be kept at 
I lw level if the transistor ON-resistance is as small as 

, • .,"',Ible. For example, for Ros on = 0.06 Q and i = 8 A 
hi loss is about 4 W. The -switching losses of the 

I ( 'I-concept are significantly lower than those of a 
1I IIIIIIon switching amplifier since no steady state high 

IlI lJllcncy switching processes are required, and the am­
I'! 11 'r is switched on and off only with the frequency of 
IliI IIccurrence of a large disturbance. The cascade con-
11 •• 1 'oncept is a PID-controller in analog design. The 

PID-controller is optimized together with the analog 
amplifier and guarantees an optimum performance of 
the overall cascade control circuit. 

SIMULA nON RESULTS 
The numerical simulation was carried out by the soft­
ware package MA TLAB along with the graphical user 
interface SIMULINK. Both the new amplifier concept 
LACI and a model of a common switching amplifier 
were combined with a two-axes linear magnetic bearing 
model in order to study the time responses of the control 
current and the bearing forces. Two different amounts 
of unbalance were applied as an external excitation for 
both models. 
Fig. 2 shows a block diagram of the LACI simulation 
model. The reference current supplied by the controller 
is compared with the actual current and limited within 
the modulation range of 0 A to 10 A (IJange). The out­
put error is amplified by a simple P-controller by a fac­
tor of 1000. The solenoid of the bearing actuator <Rs = 

0.8 Q, L = 20 mH) is analog controlled by the output 
signal within the low-voltage range of 0:::; ULv:::; lOV. 
As long as the deviation does not exceed the adjusted 
hysteresis values (Hystl, Hyst2) no current injection is 
applied by the high-voltage device ±HV , and the OFF­
switch remains in the GND-position. If the output error 
exceeds the adjusted hysteresis values, then the solenoid 
is supplied with the high voltage through the summa­
tion block SUM2 by HV- and OFF-switches. 

FIGURE 2: Block diagram of the LACI simulation 
model 

In Fig. 3 the time responses of the control current in the 
solenoid and the corresponding control voltage are 
shown for a fairly small unbalance eccentricity of the 
rotor mass (e = 2 ~m) at 4000 rpm. The right hand side 
of the figure corresponds to the common switching am­
plifier, the left one to the LACI-concept that still oper­
ates in the analog state, i.e. UHV = O. It is obvious that in 
the latter case no switching losses, and no high frequen­
cy induced hysteresis- and eddy current losses are gen­
erated by the LACI-system. For a comparatively high 
eccentricity (e = 200 ~) at the same speed the corre­
sponding simulation results are presented in Fig. 4. It 
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can be seen that only for high current slew rates the 
switching capability of LACI is activated. Even from 
the current time responses it is recognized that the com­
mon switching amplifier generates a lot more higher 
harmonics than the LAC I -system. In magnetic bearings 
therefore, the LACI-system causes much less eddy cur­
rent losses compared with a switching amplifier. 
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FIGURE 3: Time response of the control current with 
small unbalance eccentricity (e = 211m, 
rotor mass = 14 kg, n = 4000 rpm) 
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FIGURE 4: Time response of the control current with 
an unbalance eccentricity of e = 200 I1ffi 

MEASUREMENT RESULTS 
In order to experimentally verify the above numerical 
simulation results measurements were carried out on a 
real electromagnetic actuator (load capacity F = 1 kN, 
~ = 0.56 n, L = 12 to 30 mH). The comparison was 
made between an industrial switching amplifier as a 
reference and the new LACI-concept. The results are 
shown in Fig. 5 to 8. The characteristics of figure part 

(a) corresponds to the LACI-device, figure part (b) (li 

responds to the switching amplifier, respectively_ fi,~ 
and 6 show the time response characteristics of uul II 
amplifiers at 100 Hz and 1 kHz, respectively, for a siull 
soidal reference current signal. For both frequencies 11 11 

LACI-device shows much less signal distortions (11\ 

ceming amplitude reduction and phase shift. In part H II 
lar, for the 1 kHz frequency the reference amp Ii I II I 
(Fig. 6b) generates a significant decrease of the CUrJ l; lI1 

amplitude and a dramatic phase shift. In addit ioll, 
Fig. 6a shows the control signal for the current injecll u!I 
and the current deviation e = i rtf - i act , see Fig. 1. 
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FIGURE Sa: Time response of the LACI for sinusoidal 
reference current signal (f = 100 Hz, 
Ib = 0.72 A, Ie = 1.4 ~) 
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FIGURE Sb: Comparative time response of the indus 
trial switching amplifier 

A significant decrease in amplitude of the refercn 
switching amplifier with increasing frequency can be 
seen also from the frequency response transfer function 



Fourth International Symposium on Magnetic Bearings, August 1994, ETH Zurich 375 

10K Stop: SOOkS/s 504 Acqs 
I [ +l I 

· I 
reference coil cur r€n~ 

~ octuol coil curre~ 'y; V '" ~ ~ 2 ~ \ 
'\ \ ~11 on I I 

~ ~ /- ;..,J w'-' ·./1 
current inject ion control signal 

'-' 
I · ~ror signal ----

· I I 
Lr "uumv n.< 1 .um M I uU)JS AUX J .::'U v 
Ch 3 20 .0 V Ch<l 2 .00 V 

.... GURE 6a: Time response of the LACI for sinusoidal 
reference current signal (f = 1 kHz, 
Ib = 0.66 A, Ie = 0.84 ~ 

I K Run: SOOkS/s Hi Res 
I E +~ 1 

reference coil current 
\. ~ 

~ jV ~ 
'-...J. Ir-' h 

r! 1\ ll\ 
1/ 

' ~ J\ / 
\ ",. ~/ f--1 

r-" 

~ // Lc ~ 
\ 

~ \ . 

octuol cod current 
I I 

· 
Ln "uum Ln~ .um v M I uUMS AUX .J 1.:,u V 

FIGURE 6b: Comparative time response of the indus-
trial switching amplifier 

III Fig. 7b, (lb = 1 A, Ie = ± 200 rnA, sinusoidal sweep). 
Up to 3.5 kHz the LACI-device shows almost a constant 
rrequency response characteristic which is obviously not 
the case for the reference amplifier. 
'fhe measured step response characteristics are pre­
I'cnted in Fig. 8. For a reference control current step of 
I. ::: 3 A (Ib = 4 A, UHV ::: 100 V) the common switching 
mnplifier displays a delay time of about 100 ps and a 
I ise time of 300~, see Fig. 8b. For the same high­
voltage supply of UHV ::: 100 V the LACI-device dis­
plays the same rise time (climbing period), however 
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FIGURE 7a: Frequency response transfer function of 
the LACI (lb = 1 A, Ie = 0.4 ~, sinusoi­
dal sweep) 
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FIGURE 7b: Comparative frequency response transfer 
function of the industrial switching am­
plifier 

without any significant delay time, see Fig. 8a. In this 
figure the control signal for the current injection is ad­
ditionally documented. It shows a constant amount of 
current injection during the climbing period followed 
by a few and short injection intervals after the ramp. 
These short current injections may be suppressed easily 
by the control logic unit (see Fig. 1) if a smoother tran­
sition between the ramp and the static level is 
acceptable. 



376 AMPUFIERSANDACTUATORS 

Tek Stop: 500 kS/s 24 Acqs 
I [+ l I 

I I I I 

reference coil current 

j !/ 
I / 

1/ ~ " actual coil current 

A I 

f I I 
: I 

3 
~ 

I iJll i I r -+, 
i current Injec tion conlrol signol 1 ~ I , 

.. I 
l.r .uu 1< .umv M IUUJ-jS AUX j ::> u v 
Ch3 10 .0 V"v 

FIGURE 8a: Step response characteristics of the LAC I 
(lb = 4 A, Ie = 3 A, UHV = 100 V) 

Tek Stop : 500kS/ s 55 Acqs 
8' l 

1-+ 
2 .. :---

lonl 

i 
I ;,/ 

acl~G: coil current /. 

I / V 

/ 
I 
: / 
: ' I 

reference coil current 

, 

i 
1. uu • • hL .u m 1 UUJ-jS AU X J .:'U v 

FIGURE 8b: Comparative step response characteristic 
of the industrial switching amplifier 

CONCLUSION 
Comparative simulation results between models of a 
common industrial switching amplifier and a new am­
plifier design LACI for magnetic bearings show a much 
better performance of the LACI-concept, in particular 
under static or quasi-static operating conditions. The 
new amplifier generates much less high frequency com­
ponents in the coil current, and therefore thermal prob­
lems due to eddy current in the rotor material can be 

suppressed or are at least highly reduced. Th ' '. 11 111 

lation results were accurately verified by meaSIU l: IW I t 
carried out on a real magnetic bearing actuator. III Iii 

high frequency range the new amplifier concepl ti l 
plays almost no amplitude and phase distortion :111 11 III 
step response function shows particularly no tiIll!.: ti l II 
except the limited current slew rate due to the in(lll( I 

resistance of the bearing solenoid. By a sophislH If I 
circuit design the hardware effort for the new alllpl il l 
system can be kept on a very reasonable low level . 
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