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ABSTRACT 

As the uses of inverters with small AC motors are 

increasing rapidly, the power stage of these inverters has 

been designed to meet the efficiency, reliability, size, and 

cost constraints of the end products. The proven 

technologies of the AC drive industry have, however, 

rarely been applied to active magnetic bearing (AMB) 

systems. This paper presents dynamic performance 

limitation in driving a radial AMB using space-vector 

pulse width modulation (SVPWM), which is one of the 

most popular and favorable PWM schemes in the AC 

drive industry. The voltage and current of two coils for a 

single axis AMB are controlled independently through 

the SVPWM technique just like a two-phase motor. Two 

driving configurations, full performance and economy 

configurations, are proposed. In particular, the economy 

configuration is found to be more cost-effective than the 

half-bridge scheme. Conversion rules for two coil 

voltages of an AMB into the three-leg converter voltages 

are developed for both driving configurations. Finally, 

the dynamic performance limitations of the proposed 

driving configurations are investigated both analytically 

and numerically, which shows that proper coil 

connection architecture for a radial AMB can minimize 

the dynamic performance degradation of the proposed 

driving methods 

INTRODUCTION 

The cost and reliability of sophisticated control 

electronics remain the main obstacles to the widespread 

of AMB systems, although these systems have many 

advantages, e.g. non-contact, lubricant-free operation, 

high rotational speeds and flexibility in choosing bearing 

characteristics [1-3]. In particular, the cost of power 

amplifiers is a large portion of the whole system. For 

example, turbo-molecular pumps whose production rates 

are in the order of 25 units per day need 10 independent 

power amplifiers per pump.  

Proven technologies of the AC drive industry, such as 

integrated power devices and control architectures, have 

rarely been applied to AMB systems. The power stage of 

these inverters must meet the efficiency, reliability, size, 

and cost constraints of the end products, since the use of 

inverters with small AC motors in appliances and low 

power industrial applications is increasing rapidly. So far, 

various insulated gate bipolar transistor (IGBT) power 

modules have been designed to provide a cost-effective 

solution by combining optimized drive integrated circuits 

and power devices into a single package [4, 5]. Moreover, 

traditional sinusoidal pulse width modulation (PWM) 

technique is being replaced by a space-vector PWM 

(SVPWM) technique. The SVPWM has proven to be one 

of the most popular and favorable PWM schemes and 

extensive research on SVPWM has been done in the past 

few decades [6-8]. 

Although AMB research and development have 

advanced over a span of 60 years, only a little research 

has been done on power amplifiers for AMB systems. 

Most current AMB systems adopt efficient switching 

power amplifiers because linear power amplifiers have 

low efficiency [9]. A synchronous three-level PWM 

power amplifier was proposed, having low current 

harmonics even with low switching frequency [10]. A 

three-phase converter was applied to both a three-pole 

and a twelve-pole radial AMB systems, which in both 

cases needed complex winding and suffered from cross-

coupling [11, 12]. In addition, several digital control 

schemes for low-cost industrial AMB applications were 

discussed including a simple voltage control [13]. It is 

still, however, very important to develop a cost-effective 

and reliable power amplifier appropriate to an advanced 

digital controller. 

This paper presents dynamic performance limitation 

in driving a radial AMB using SVPWM. The voltage and 

current of two coils for single axis AMB are controlled 

independently using the SVPWM technique just as for a 

two-phase motor. Two driving configurations: full 
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performance and economy configurations are proposed. 

As will be shown, the economy configuration is more 

cost-effective than the half bridge scheme. Conversion 

rules of AMB coil voltages into the three-leg converter 

voltages are developed for both driving configurations. 

Finally, the dynamic performance limitations of the 

proposed driving configurations are analyzed in both 

mathematical and numerical ways. The analysis results 

show that proper coil connection architecture for a radial 

AMB can prevent large dynamic performance 

degradations of the proposed driving configurations. 

AMB AND ITS POWER AMPLIFIER 

An AMB system usually consists of electromagnets, a 

target, position sensors, power amplifiers and a position 

controller. Although the AMB system is unstable in 

open-loop status, the target can be stably supported by 

controlling the currents of the electromagnets, using the 

measured displacement of the target. The AMB power 

amplifier converts a weak control signal into a physical 

quantity such as current or voltage that produces a 

magnetic force. The most common power amplifier is a 

current control with differential driving mode, as shown 

in Figure 1. In this case, the position controller produces 

the control current (ic) using the measured target 

displacement (y) and the current controllers produce 

appropriates voltages (V1 and V2) of the coils. The AMB 

system adds a bias current (ib) to the control current in 

order to linearize the current-force relationship and to 

increase the dynamic stiffness [1]. Moreover, the single 

degree of freedom (DOF) AMB with respect to the 

linearized magnetic force can is physically well-

represented by the one dimensional vibration of a mass-

spring-damper system. 

 

 
 

FIGURE 1: A single degree of freedom AMB system 

 

Figure 2 shows three typical driving configurations 

for AMB systems. The most cost-effective scheme is the 

half-bridge scheme in Figure 2(a). Two DC sources of 

half amplitude are built up by splitting the DC link 

voltage with two capacitors. Thus, the balance of the two 

split DC voltages must carefully be maintained by 

increasing the capacitor volume or by an active control. 

The full-bridge scheme can use the whole DC link 

voltage. This scheme, however, requires twice as many 

switch elements as the half-bridge scheme, as shown in 

Figure 2(b). A cost-effective modified full-bridge scheme 

was introduced taking into account the one-directional 

current flow of AMB, as shown in Figure 2(c). 
 

 
 

FIGURE 2: Driving configurations for AMB systems (a) 

Half-bridge (b) Full-bridge (c) Modified full-bridge 

 

The full-bridge configuration has much better 

performance than the half-bridge configuration. The 

output voltage of the half-bridge configuration can be 

significantly distorted if the desired voltage output is 

greater than half of the DC link voltage. In addition, the 

maximum current slew rate of the half-bridge is just half 

that of the full-bridge configuration.  

DRIVING AN AMB USING SVPWM 

Driving configurations 

A two-phase AC motor is composed of two symmetrical 

windings, which are electrically 90 degrees out of phase 

with one another. The two-phase motor can be driven 

using a three-leg voltage source converter shown in 

Figure 3. The three-leg voltages of Va, Vb and Vc 

according to the switching states of Sa, Sb and Sc 

determine the two coil voltages of the motor 

independently, which is called as a two-dimensional 

space vector modulation [14].  
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FIGURE 3: Driving a two-phase motor with a three-leg 
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voltage converter 

Since the single DOF AMB system shown in Figure 

1 has two coils like a two-phase motor, a three-phase 

inverter can drive a single DOF AMB system with two 

different driving configurations: full performance and 

economy configurations, as shown in Figure 4. In 

particular, the three of the switching devices can be 

saved in the economy configuration since the coil current 

of an AMB system flows in one direction, which 

essentially is the same principle of operation as the 

modified full-bridge shown in Figure 2(c). The economy 

configuration is, therefore, more cost-effective than both 

the half-bridge and the modified full-bridge schemes, 

since the proposed scheme requires only one and half 

switches per coil.  
 

 
 

(a) Full peformance driving configuration  

 

 
 

(b) Economy driving configuration 

 

FIGURE 4: Driving configurations of a three phase 

inverter for an AMB system 

 

In the proposed driving configurations, there are 

eight switching states: six active states and two zero 

states. The coil voltages vary according to the switching 

states. The relationships between the switching states and 

the two coil voltages are shown in Table 1. There are 

unavailable voltage pairs for two configurations: (+Vdc, 

+Vdc) and (-Vdc, -Vdc) for the full performance 

configuration, and (+Vdc, - Vdc) and (-Vdc, +Vdc) for the 

economy configuration. 

 

TABLE 1: Relationship between the switching states 

and the coil voltages 

 

Switching states Full performance Economy 

Sa Sb Sc V1 V 2 V 1 V 2 

0 0 0 0 0 -Vdc -Vdc 

0 0 1 0 -Vdc -Vdc 0 

0 1 0 -Vdc +Vdc 0 0 

0 1 1 -Vdc 0 0 +Vdc 

1 0 0 +Vdc 0 0 -Vdc 

1 0 1 +Vdc -Vdc 0 0 

1 1 0 0 +Vdc +Vdc 0 

1 1 1 0 0 +Vdc +Vdc 

 

A voltage reference vector for the two coil voltages 

can be obtained using the SVPWM technique by the 

interpolation of two adjacent active state and a zero state 

vectors. Available voltage regions for the two coils of an 

AMB using the SVPWM technique are shown in Figure 

5. Six voltage regions are grouped into three sectors and 

the conversion rules of the coil voltages into the three-leg 

voltages are developed in Tables 2 and 3, respectively. 

Here, a and b are the normalized coil voltages V1/Vdc and 

V2/Vdc, respectively and Va, Vb and Vc are the three-leg 

voltage of the converter shown in Figure 3. 

 

 
 

(a) The full peformance configuration 

 
 

(a) The economy peformance configuration 

FIGURE 5: Available voltage region of two driving 

configurations  

Sec. 1

Sec. 2

Vdc

Vdc

-Vdc

-Vdc

(0, 1, 0)

(1, 1, 0)

(0, 1, 1)

(0, 0, 1)

(1, 0, 1)

(1, 0, 0)
(0, 0, 0)

(1, 1, 1)

Sec. 3

Sec. 3Sec. 1

Sec. 2

V1 (V)

V2 (V)

Sec. 1

Sec. 3

Sec. 2

V1 (V)

Vdc

Vdc

-Vdc

-Vdc

(0, 1, 0)
(1, 1, 0)

(0, 1, 1)

(0, 0, 1)
(1, 0, 1)

(1, 0, 0)

(0, 0, 0)

(1, 1, 1)

V2 (V)

Sec. 1

Sec. 3

Sec. 2

V1+ - V2 +-

i1
Sa

Sb

Sc
i2Vdc

+

_

V1+ - V2+ -

i1
Sa Sb Sc

i2Vdc

+

_

－56－



   

 

 

4 

TABLE 2: Conversion rules of the coil voltages into the 

three-leg voltages for the full performance driving 

configuration 

 
Sec. a(a-b)>0 ab>0 Va/ Vdc Vb/ Vdc Vc/ Vdc 

1 * T (1+a+b)/2 (1-a+b)/2 (1-a-b)/2 

2 T F (1+2a+b)/2 (1+b)/2 (1-b)/2 

3 F F (1+a)/2 (1-a)/2 (1-a-2b)/2 

 

TABLE 3: Conversion rules of the coil voltages into the 

three-leg voltages for the economy driving configuration 

 
Sec. a(a-b)>0 ab>0 Va/ Vdc Vb/ Vdc Vc/ Vdc 

1 * F (1+a-b)/2 (1-a-b)/2 (1-a+b)/2 

2 F T (1+2a-b)/2 (1-b)/2 (1+b)/2 

3 T T (1+a)/2 (1-a)/2 (1-a+2b)/2 

 

Driving a radial AMB 

A heteropolar radial AMB is most widely used in rotating 

machinery applications and has four electromagnets 

(EM), as shown in Figure 6 [15]. Therefore, two three-

leg voltage converters are required in order to drive a 

radial AMB. Usually, two opposing electromagnets 

differentially generate one directional force (F1 or F2), 

and control currents of the opposing electromagnets have 

a 180 degree phase difference. In addition, the phase 

difference of two perpendicular forces (F1 and F2) is 90 

degrees in order to compensate for the unbalanced 

harmonic forces of the rotor.  
 

 
FIGURE 6: A heteropolar radial AMB 

 

There are two possible coil connection architectures 

for a radial AMB driven by a three-leg voltage converter; 

two opposing electromagnets (EM1 and EM3; EM2 and 

EM4) or two adjacent electromagnets (EM1 and EM2; 

EM3 and EM4) are driven by a three–leg voltage 

converter. If the two opposing electromagnets are driven 

by a three–leg voltage converter, the current phases of 

the two coils are normally 180 degrees apart in order to 

generate a force. Then, the three-leg voltage converter is 

expected to spend the most time in second and forth 

quadrants, shown as a solid straight line in Figure 7. On 

the other hand, the coil current phases of adjacent 

electromagnets are necessarily 90 degrees apart in order 

to produce a harmonic force and the corresponding coil 

voltages are 90 degrees phase apart, which describes the 

dashed circle in Figure 7. In addition, the available 

voltage region of the full-bridge scheme with the same 

DC link voltage is shown as a gray rectangle in Figure 7.  
 

 
 

FIGURE 7: Voltage space of driving a radial AMB 

 

Both the full performance and the economy driving 

configuration have smaller voltage regions than the full-

bridge configuration, which may lead to the dynamic 

performance limitation in driving a radial AMB; the 

proper coil connection architecture for a radial AMB can, 

however, minimize the dynamic performance 

degradations of two driving configurations. If two 

opposing electromagnets (180 degrees apart) are driven 

by the full performance driving configuration, there is no 

performance degradation. However, if adjacent 

electromagnets (90 degrees apart) are driven by the full 

performance driving configuration, a small degradation 

in dynamic performance appears due to the reduced 

voltage region. On the other hand, if two opposing 

electromagnets are driven by the economy driving 

configuration, the dynamic performance is significantly 

restricted. However, when adjacent electromagnets (90 

degrees apart) are driven by the economy driving 

configuration, the performance degradation is the same 

as that experienced by the full performance driving used 

for adjacent electromagnets. 

EM1

F1F2

EM2

EM4

EM3
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ANALYSIS OF DYNAMIC PERFORMANCE 

LIMITATION 

Sinusoidal voltage generation 

Simulations of sinusoidal voltage generation are 

performed in order to investigate the sinusoidal voltage 

and current profiles of the two driving configurations. 

Simulink models of two driving configurations are built 

as shown in Figure 8: the driven coil has a resistance of 

1.5Ω and inductance of 8mH. The DC link voltage and 

switching frequency are 50V and 1 kHz, respectively. 

The PWM voltages are filtered to produce a smooth 

voltage signal.  

 

Two sinusoidal
voltages 

Three-leg 
voltages

SVPWM Two coils

V2

V1

Vdc

+

_

 
 

FIGURE 8: Block diagram of the simulation model 
 

In both coil connection architectures, sinusoidal 

voltages of 50V amplitude and 10 Hz frequency are 

generated by each driving configuration. The filtered 

output PWM voltages are shown in Figure 9. If the full-

bridge or the full performance driving configuration 

drives the opposing electromagnets, a complete 

sinusoidal voltage can be produced without any 

distortion, which is shown as a dotted curve in Figure 9. 

That is because the voltage region of the full 

performance configuration in Figure 5(a) completely 

covers the second and forth quadrants despite reduced 

voltage region in both first and third quadrants. If 

adjacent electromagnets (90 degrees phase apart) are 

driven by the full-performance or the economy driving 

configuration, slightly-distorted sinusoidal voltage as 

depicted by the solid lines in Figure 9 are generated. In 

particular, the sinusoidal voltages are distorted when the 

voltage regions in Figure 5 cannot cover the voltage 

region encompassed by the dashed circle in the Figure 7. 

In contrast, the economy driving configuration, when 

applied to the opposing electromagnets, produces a 

significantly-distorted sinusoidal voltage, which is 

shown as the dashed curve in Figure 9.  

Corresponding current profiles of the two driving 

configurations are shown in Figure 10. The 

corresponding current signals are also distorted by the 

voltage signal distortion shown in Figure 9. In particular, 

the current of either the full performance or economy 

driving configuration for the adjacent electromagnets has 

slightly smaller peaks than that of the full-bridge 

configuration. This leads to a small degradation in the 

dynamic performance [16]. 
 

 
 

FIGURE 9: Voltage profiles of the driving 

configurations for a radial AMB 
 

 
FIGURE 10: Current profiles of the driving 

configurations for a radial AMB 
 

Mathematical analysis 

The dynamic performance degradations of the driving 

configurations are mathematically analyzed in this 

section. The worst case among the driving configurations 

is the economy configuration that is used to drive the 

opposing electromagnets. It is clearly seen to have just 

half the dynamic performance due to its having half the 

DC link voltage. However, evaluation of the dynamic 

performance degradation is not obvious when the 
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adjacent electromagnets are driven by either the full 

performance or the economy driving configuration, 

which is analyzed mathematically.  

A coil of an AMB system can be modeled as a 

connection of resistance, R, and inductance, L, in series. 

Current, i, with a sine wave voltage input of amplitude, V, 

and frequency, ω, can be obtained through solving the 
differential equation below. 

 

sin
di

L Ri V t
dt

ω+ =  (1) 

 

A steady-state solution of the differential equation is 
 

( )
2 2 2

( ) sin cos
V

i t R t L t
L R

ω ω ω
ω

= −
+

 (2) 

 

We assume the worst voltage profile like the solid 

line in Figure 9. Since the voltage profile is sine wave 

before t =π/2ω, the current at t =π/2ω should be 
VR

2
/(L

2ω2
 + R

2
) from Eq. (2). The differential equation 

after t =π/2ω can be expressed by Eq. (3) considering the 
clamped voltage profile. 

 

2 2 2

2
,

2

di V VR
L Ri t i
dt L R

ω π π
π ω ω ω

   
+ = − =    +   

 (3) 

 

The solution of the differential equation after applying 

the initial condition is given by  
 

( )
2 2

2

2 2 2

2 2
R

t
LV L L V L

i t e t
R L R R R R

π
ωω ω ω π

ω π π ω

 
− 

 
   

= − + + + −   +   
 (4) 

 

The current has the maximum value when the 

differentiation of the solution is zero. The time when the 

differentiation of Eq. (4) is zero can be expressed by 
 

2 2

2 2 2
ln 1

2 2

L R L
t
R L L R

π ω π
ω ω ω

 
= + + + 

 (5) 

 

The maximum current can be calculated by 

substituting the time into Eq. (4). 

 

2 2

max 2 2 2

2
1 ln 1

2

V L R L
i

R R L L R

ω π ω
π ω ω

  
= − +  +  

 (6) 

 

The peak current is normalized dividing the currents 

by a factor of V/R and replacing ωL/R as τ. The peak 
currents of the two driving configurations can then be 

rewritten as in Eq. (7). The normalized peak current and 

the relative dynamic performance degradation for 

various τ values are calculated and shown in Figure 11. 
The relative performance degradation increases as the 

value of τ increases. In addition, the value of τ is 
generally less than 10, and the maximum performance 

degradation of the proposed scheme is less than 20%. 
 

2

2

1
the full performance

1

2
1 ln 1 the performance degradation

2 1

τ
π τ

τ
π τ

+

 
− + + 

 (7) 

 

 
 

(a) Normalized peak currents of driving configurations 
 

 
 

(b) Relative performance degradation of the economy 

driving configuration 

FIGURE 11: Performance degradation of driving 

configurations 
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Simulations 

Simulations of sinusoidal voltage generation are 

performed in order to verify the dynamic performances 

of the proposed driving configurations. First, the output 

voltage total harmonic distortions (THD) of two driving 

configurations are investigated numerically. The coil 

parameters are the same in section 4.1. The modulation 

index or normalized amplitude is varied from 0.1 to 1, 

and the non-dimensional frequency (since wave 

frequency/switching frequency) is varied from 0.01 to 

0.1.  

The output voltage THDs of the two driving 

configurations according to the modulation index are 

shown in Figure 12. If the opposing electromagnets of a 

radial AMB are driven by the economy driving 

configuration, the output voltage is significantly distorted, 

as the modulation index becomes larger than 0.5, i.e. half 

the DC link voltage. In addition, the THD of the output 

voltage for adjacent electromagnets of a radial AMB 

using either the driving configuration becomes larger 

than the full-bridge configuration as the modulation 

index increases beyond 0.71 (1/ 2 ). The performance 

degradation rate, however, is much smaller than that of 

the economy driving configuration for the opposing 

electromagnets. 
 

 
 

FIGURE 12: Output voltage THDs for various 

modulation indexes 
 

The peak currents of both the driving configurations 

for the coil connection architectures of a radial AMB are 

calculated according to the modulation index and shown 

in Figure 13. The peak currents of the economy driving 

configuration appear to be smaller than those of the full-

bridge driving configuration when the modulation index 

values are greater than 0.71, which is because of the 

reduced voltage space shown in Figure 7.  
 

 
 

FIGURE 13: Peak currents for various modulation 

indexes 
 

The peak currents of both the driving configurations 

for the coil connection architectures of a radial AMB are 

calculated according to the normalized frequency and 

shown in Figure 14. The results of the mathematical 

analysis and simulation results agree well with one 

another.  
 

 
 

FIGURE 14: Peak currents for various frequencies 

CONCLUSION 

This paper presents dynamic performance limitation in 

driving a radial AMB using SVPWM. The voltage and 

current of two coils for a single axis AMB are controlled 
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independently through the SVPWM technique, just as 

would be done for a two-phase motor. Two driving 

configurations are proposed: full performance and 

economy configurations. The economy configuration is 

more cost-effective than the half-bridge scheme. 

Conversion rules for two coil voltages of an AMB into 

the three-leg converter voltages are developed for both 

driving configurations. The dynamic performance 

limitations of the proposed driving configurations are 

discussed both analytically and numerically. The results 

show that suitable coil connection architecture for a 

radial AMB can minimize the dynamic performance 

degradation of either driving configuration. 
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