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Abstract 
 
This paper presents new methodologies for driving an active magnetic bearing (AMB) system using a two-dimensional (2D) space 

vector modulation of three-leg voltage source converters. Two types of driving configurations are proposed: full-performance and econ-
omy. The economy configuration is proven to be more cost-effective than the conventional driving configurations. For both driving con-
figurations, conversion rules are developed to calculate the three-leg voltage references from two-coil voltage references of an AMB 
system. In addition, the potential performance limit of the proposed driving configurations is analyzed. Experimental results are presented 
using a single degree of freedom (DOF) AMB system to verify the analytical results. 
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1. Introduction 

Active magnetic bearing (AMB) systems have many advan-
tages, such as non-contact lubricant-free operation, high rota-
tional speeds, and flexibility in choosing bearing characteris-
tics [1–2]. However, the cost and the reliability of sophisti-
cated control electronics remain the main obstacles to the de-
velopment of AMB systems. In particular, the cost of power 
amplifiers comprises a large portion of the whole system.  

Proven technologies of the AC drive industry, such as inte-
grated power devices and control architectures, have rarely 
been applied to AMB systems. Various power modules have 
been designed to provide a cost-effective solution as a single 
package [3]. For example, space vector pulse width modula-
tion (PWM) has proven to be one of the most popular and 
favorable PWM schemes in the past few decades [4, 5]. 

Thus far, several types of digital power amplifier schemes 
have been studied for AMB systems. [6-10]. One example is 
the synchronous three-level PWM power amplifier, which has 
low current harmonics, even with low switching frequency [6]. 
New digital control schemes have also been discussed in the 
literature for low-cost industrial AMB applications [7]. A 
three-phase converter has been applied to a three-pole radial 

AMB system; however, it requires complex winding and also 
suffered from cross-coupling [8]. Power amplifiers using a 
space vector PWM were introduced to AMB systems in [9, 
10]. Their implementation and experimental validation, how-
ever, have not yet been reported. 

This paper presents new methodologies for driving an AMB 
system using a 2D space vector modulation of three-leg volt-
age source converters. Two driving configurations are pro-
posed: full-performance and economy. The conversion rules 
of AMB coil voltage references into three-phase converter 
voltage references are developed. Performance limitations of 
the proposed driving configurations are analyzed both mathe-
matically and numerically. Results of these analyses are veri-
fied experimentally with a single degree of freedom (DOF) 
AMB system. 
 

2. AMB and its power amplifier 

An AMB system usually consists of electromagnets, a tar-
get, position sensors, power amplifiers, and a position control-
ler. The AMB system is unstable in open-loop status; however, 
the target can be stably supported by controlling currents of 
the electromagnets, using measured displacement of the target. 
An 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 cur-
rent control with a differential driving mode, as shown in Fig. 
1. In this case, the position controller produces the control 
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current (ic) using the measured target displacement (y), and the 
current controllers produce appropriate voltages (V1 and V2) 
across coils. The AMB system adds a bias current (ib) to the 
control current to linearize the current–force relationship and 
to increase the dynamic stiffness [1]. 

Fig. 2 shows three typical driving configurations for AMB 
systems. The most cost-effective scheme among the three 
driving configurations is the half-bridge scheme in Fig. 2(a). 
Two DC voltage sources of half amplitude are built up by 
splitting the DC link voltage (± Vdc) with two capacitors. In 
this configuration, the balance of the two split DC voltages 
should carefully be maintained by increasing the capacitor 
volume or by an active control. The full-bridge scheme uses 
the whole DC link voltage. This scheme, however, requires 
twice as many switch elements as the half-bridge scheme, as 
shown in Fig. 2(b). A cost-effective modified full-bridge 
scheme is used considering the one-directional current flow of 
an AMB, as shown in Fig. 2(c).  

 
3. Driving an AMB system using a 2D space vector 

modulation 

3.1 Driving configurations 

A two-phase AC motor is composed of two symmetrical 
windings, which are electrically 90° out of phase. The two-
phase motor can be driven using the three-leg voltage source 
converter shown in Fig. 3. The three-leg voltages of Va, Vb, 
and Vc, according to the switching states of Sa, Sb, and Sc, de-
termine the two coil voltages of the motor independently; this 
is called 2D space vector modulation [11].  

The single DOF AMB system shown in Fig. 1 has two coils, 
similar to a two-phase motor. Therefore a single DOF AMB 
system can be driven with a three-leg voltage source converter 
using two different driving configurations (i.e., full-
performance and economy), as shown in Fig. 4. In the case of 
the economy configuration, three of the switching devices and 

PWM command outputs can be saved, as well as the energy 
loss related to the saved switching devices [6]. Therefore, the 
economy configuration is more cost-effective than other driv-
ing configurations (Fig. 2) in terms of material and manufac-
turing cost.  

There are eight switching states in the proposed driving 
configurations: six active states and two zero states. The coil 
voltages vary according to the switching states, which are 
presented in Table 1. There are unavailable voltage pairs: ( ± 
Vdc, ± Vdc) for the full-performance and (± Vdc, m Vdc) for the 
economy configurations. 
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Fig. 1. A single DOF AMB system. 

 
 

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

 
Fig. 2. Driving configurations for AMB systems. 

Table 1. Switching states and 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 
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Fig. 3. Driving a two-phase motor with a three-leg voltage source 
converter. 
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                 (a) Full-performance         (b) Economy  
 
Fig. 4. Driving configurations of an AMB system using a three-leg 
voltage source converter. 
 

 
            (a) Full-performance                      (b) Economy  
 
Fig. 5. Available voltage region of two driving configurations. 
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A voltage reference vector for the two-coil voltages can be 
obtained using the 2D space vector modulation. The available 
voltage regions for two coils of an AMB using 2D space vec-
tor modulation are shown in Fig. 5. 

Six voltage regions are grouped into three sections, and the 
combinations of the borderlines of the sections are used as 
conditions to identify sections from the coil voltage references. 
For example, a=0, b=0, and a+b=0 are the borderlines of sec-
tions in Fig. 5(a), and the combinations of a(a+b)>0 and ab>0 
are used to select the sections. The conversion rules of the coil 
voltage references into the three-leg voltage references are 
proposed in Table 2. An example of logic for the conversion 
rule is given in the Appendix. Here, a and b are the normal-
ized coil voltage references V1/Vdc and V2/Vdc, while Va, Vb, 
and Vc are the three-leg voltages. 

 
3.2 Driving an AMB system 

The heteropolar radial AMB (Fig. 6) is most widely used in 
rotating machinery applications. It consists of eight poles and 
four electromagnets (EM), with the coils of two adjacent poles 
serially connected. Therefore, two three-leg voltage source 
converters are required to drive a radial AMB. Usually, the 
two opposing electromagnets differentially generate one direc-
tional force (F1 or F2), and the control currents of the opposing 
electromagnets have a 180° phase difference. In contrast, in 
case of dominant unbalance forces, the phase difference of 
two perpendicular forces (F1 and F2) is 90° to compensate for 
the unbalance forces.  

There are two possible coil connection architectures for a 
radial AMB driven by a three-leg voltage source converter: 
two opposing electromagnets (EM1+EM3 or EM2+EM4) or 
two adjacent electromagnets (EM1+EM2 or EM3+EM4). 
Phase plots of 2D voltage space vector modulations for two-
coil connection architectures are shown in Fig. 7. 

If the two opposing electromagnets are driven, the phases of 
the dynamic current across the two coils are normally 180° to 
generate one directional force. Thus, the three-leg voltage 
source converter is expected to spend the most time in the 
second and forth quadrants (the solid straight line in Fig. 7). 
However, the phases of the coil dynamic current across the 

adjacent electromagnets are necessarily 90° apart to produce 
harmonic forces, and the corresponding coil voltages are 90° 
phase apart (the dashed circle in Fig. 7). In addition, the avail-
able voltage region of the full-bridge scheme with the same 
DC link voltage is represented by the gray rectangle in Fig. 7. 
Both the full-performance and the economy driving configura-
tions have smaller voltage regions than the full-bridge con-
figuration, which may lead to the dynamic performance limi-
tation in driving an AMB system.  
 

4. Dynamic performance limitation 

4.1 Voltage and current profiles 

Simulations of two sinusoidal voltage generations are per-
formed to investigate sinusoidal voltage and current profiles of 
the 2D space vector modulation for an AMB system. Simula-
tion models of both driving configurations are built, as shown 
in Fig. 8. The simulation parameters are as follows: the coil 
has a resistance of 0.6 Ω and inductance of 5.5 mH; and the 
DC link voltage and the switching frequency are 30 V and 10 
kHz, respectively. 

In both coil connection architectures, sinusoidal voltages of 
30 V amplitude and 10 Hz frequency are generated with each 
driving configuration. The filtered output PWM voltages are 
shown in Fig. 9(a). If the full-bridge or the full-performance 
driving configuration drives the opposing electromagnets, a 
complete sinusoidal voltage can be produced without any 
distortion [the dotted curve in Fig. 9(a)]. This is because the 
voltage region of the full-performance configuration in Fig. 

Table 2. Conversion rules of the coil voltage references into the three-
leg voltage references. 
 

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

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

(b) 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

 
 
Fig. 6. Heteropolar radial AMB. 

 

 
 
Fig. 7. Voltage space in driving a radial AMB system. 
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5(a) completely covers the second and forth quadrants, despite 
the reduced voltage region in both first and third quadrants. If 
adjacent electromagnets are driven by the full-performance or 
the economy driving configuration, a slightly distorted sinu-
soidal voltage is generated [the solid line in Fig. 9(a)]. In par-
ticular, the sinusoidal voltage is distorted because the voltage 
regions in Fig. 5 cannot cover the voltage region encompassed 
by the dashed circle in the Fig. 7. In contrast, the economy 
driving configuration, when applied to the opposing electro-
magnets, produces a significantly distorted sinusoidal voltage 
[the dashed curve in Fig. 9(a)]. The corresponding current 
profiles of the two driving configurations are shown in Fig. 
9(b). The corresponding current signals are also distorted by 
the voltages shown in Fig. 9(a). Specifically, the current of 
either the full-performance or the economy driving configura-
tion for the adjacent electromagnets has slightly smaller peaks 
than that of the full-bridge configuration, which leads to a 
small degradation of the dynamic performance [12, 13]. 

4.2 Mathematical analysis 

Dynamic performance degradations of the driving configu-
rations are mathematically analyzed in this section. The worst 
case among the driving configurations is the economy con-
figuration for driving the opposing electromagnets. The econ-
omy configuration only has half the dynamic performance 
because it has half the DC link voltage. However, the dynamic 
performance degradation is not obvious when the adjacent 
electromagnets are driven by either the full-performance or the 
economy driving configuration.  

A coil of an AMB system can be modeled as a connection 
of resistance (R) and inductance (L) in series. Currents (i) with 
a sine wave voltage input of amplitude (V) and frequency (ω) 
can be obtained through solving the differential equation be-
low: 
 

 sindiL Ri V t
dt

ω+ =
  (1) 

 
A steady-state solution of the differential equation is 
 
 ( )2 2 2
( ) sin cosVi t R t L t

L R
ω ω ω

ω
= −

+   (2) 
 
We assume a voltage profile like the solid line in Fig. 9 (a). 
The voltage profile is a sine wave before t =π/2ω; therefore, 
the current at t =π/2ω should be VR2/ (L2ω2 + R2) from Eq. (2). 
The differential equation after t =π/2ω can be expressed by Eq. 
(3): 

 
 

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 after applying initial conditions is given by  

 
 ( )

2 2
2

2 2 2

2 2R 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 peak value when the differentiation of 

the solution is zero. The time when the derivative of Eq. (4) 
becomes zero can be expressed by 
 

 2 2

2 2 2
ln 1

2 2
L R Lt
R L L R

π ω π
ω ω ω

⎛ ⎞
= + +⎜ ⎟+⎝ ⎠   (5) 

 
The peak current can be calculated by substituting the time 

into Eq. (4): 
 

 2 2

2 2 2

21 ln 1
2p

V L R Li
R R L L R

ω π ω
π ω ω

⎛ ⎞⎛ ⎞
= − +⎜ ⎟⎜ ⎟+⎝ ⎠⎝ ⎠   (6) 

 
Normalized peak currents and the relative dynamic per-

formance degradations at various dimensionless frequencies 
(τ=ωL/R) are shown in Fig. 10. The peak current is normal-
ized dividing the currents by a factor of V/R. The peak current 

Two sinusoidal
voltages 

Three-leg 
voltages SVPWM Two coils

V2

V1

Vdc

+

_

 
Fig. 8. Block diagram of the simulation model. 
 
 

 
(a) Voltage profiles 

 

 
(b) Current profiles 

 
Fig. 9. Voltage and current profiles of the driving configurations. 
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ratio (the relative performance degradation) increases as the 
dimensionless frequency increases. The normalized peak cur-
rents of two driving configurations are compared in Table 3. 

 
4.3 Simulations 

Simulations of the 2D space vector modulation with the 
proposed driving configurations are performed. The coil pa-
rameters are the same in the previous section. A modulation 
index (generated voltage amplitude over DC link voltage, Vref 

/VDC) varies from 0.1 to 1 (3 to 30 V), and a normalized fre-
quency (generated voltage frequency over switching fre-
quency) is varied from 0.01 to 0.1 (100 to 1000 Hz).  

The peak currents of both driving configurations for two 
coil connection architectures are calculated at various modula-
tion indices and fixed normalized frequency (0.05) in, as 
shown in Fig. 11. The peak currents of the two driving con-
figurations (90° apart) appear to be smaller than those of the 
full-bridge driving configuration when the modulation index is 
greater than 0.71. Moreover, the economy configuration cov-
ers only the half-voltage space of two opposing electromag-
nets (180° apart), which results in the clamped peak current 
where the modulation index is over 0.5 (Fig. 11). This is be-

cause the available voltage region of both driving configura-
tions in Fig. 5 is smaller than the required voltage space for 
driving a radial AMB in Fig. 7. 

The peak currents of both driving configurations for the coil 
connection architectures of an AMB system are calculated 
using various normalized frequency and fixed modulation 
index (1), as shown in Fig. 12. The results of the mathematical 
analysis agree with the simulation results. 
 

5. Experiments 

5.1 Experimental set-up 

A constructed single DOF AMB test rig [14] is shown in 
Fig. 13. The balance of the beam is maintained by electro-
magnetic actuators on both sides, which are controlled using 
the measured position of the beam with an eddy-current sen-
sor. The length of the beam is 329 mm, the mass of the beam 
is 11.31 kg, the nominal air gap of the actuator is 0.35 mm, 
and the nominal coil inductance and resistance are 5.5 mH and 
0.6 Ω, respectively.  

A block diagram of the AMB controller is shown in Fig. 14. 
The controller consists of three main parts: PID position con-
trollers, PI current controllers, and PWM generations. A DSP 
control system with a 6-channel 12-bit AD and a 14-channel 
14-bit PWM is adopted. The DC link voltage is 30 V and the 
sampling (switching) frequency is 10 kHz.  

Table 3. Comparison of normalized peak currents. 
 

Full bridge Proposed driving configurations 

2

1

1τ +
 

2
21 ln 1

2 1
π ττ

π τ
⎛ ⎞− +⎜ ⎟+⎝ ⎠

 

 

 
           (a) Normalized peak current   (b) Performance degradation 
 
Fig. 10. Performance degradation of the driving configurations. 

 

 
 
Fig. 11. Peak currents of the proposed driving configurations at various 
modulation indices (500 Hz). 

 
 
Fig. 12. Peak currents of the proposed driving configurations at various 
frequencies (30 V). 

 

 
 
Fig. 13. Single DOF AMB test rig. 
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To verify the simulation results, high-frequency voltage ex-
citation experiments are performed during the levitation of the 
single DOF AMB system. As two harmonic voltage excitation 
signals are added to the voltage reference (Vref in Fig. 14) of 
the current controller, the current and voltage signals of two 
coils are measured. Both the magnitude and frequency of the 
voltage excitation signal are from 10 to 25 V and from 100 to 
500 Hz, respectively. The voltage excitation signals have a 
phase difference of either 90° or 180°. 

For the current signal to follow the high-frequency voltage 
excitation signal, the bandwidth of the PI current controller is 

lowered to 25 Hz, which is five times lower than the voltage 
excitation signals.  
 
5.2 Experimental results 

In the case that two harmonic voltage excitation signals 
with 25 V (modulation index: 0.833) and 500 Hz (normalized 
frequency: 0.05) have a phase difference of 180°, the phase 
plots of two current signals in three driving configurations (i.e., 
full-bridge, full-performance, and economy) are shown in Fig. 
15. The phase plots of two current signals form straight lines 
of different magnitudes. 

Two harmonic voltages with 500 Hz and 180° phase differ-
ence are injected. The current magnitudes according to the 
modulation index of the voltage excitation signals are shown 
in Fig. 16(a). The current magnitudes according to voltage 
excitation signals of various normalized frequencies and fixed 
amplitude (25 V) are shown in Fig. 16(b). The currents of both 
full-bridge and the full-performance driving configurations 
have the same magnitudes, whereas those of the economy 
driving configuration have significantly smaller magnitudes. 

 
Fig. 14. Block diagram of the controller. 

 

 
          (a) Full-bridge  (b) Full-performance      (c) Economy 
 
Fig. 15. Phase plot of currents excited by voltage of 180o phase differ-
ence (500 Hz and 25 V). 

 

 
(a) Modulation index variation 

 

 
(b) Frequency variation 

 
Fig. 16. Currents excited by two harmonic voltages of 180o phase 
difference. 

 
       (a) Full-bridge   (b) Full-performance       (c) Economy 

 
Fig. 17. Phase plot of currents excited by voltages of 90o phase differ-
ence (500 Hz and 25 V). 

 

 
(a) Modulation index variation 

 

 
(b) Frequency variation 

 
Fig. 18. Currents excited by two harmonic voltages of 90o phase differ-
ence. 
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In the case that two harmonic voltage excitations with 25 V 
and 500 Hz have a phase difference of 90°, the phase plots of 
the current signals are shown in Fig. 17. The phase plots of 
harmonic voltages with 90° phase difference forms an ideal 
circle (dashed line in Fig. 7). However, the non-linearity of the 
AMB system results in a slightly distorted circle of the current 
phase plot (Fig. 17(a)), which has small offsets in the center 
due to the bias current. In particular, large distortions of both 
full-performance and economy configurations (Figs. 17(b) and 
(c)) are caused by their reduced voltage region (Figs. 5(a) and 
(b), respectively).  

In the case of two harmonic voltage excitations with 500 Hz 
and a 90° phase difference, current magnitudes (mean value of 
major and minor axes of current phase plot) according to the 
voltage excitations of various modulation indices are shown in 
Fig. 18(a). The currents of both the full-performance and the 
economy driving configurations have smaller magnitudes than 
the full-bridge configuration when the modulation index is 
greater than 0.71. In addition, the current magnitudes of fixed 
amplitude voltage excitation (25 V) according to normalized 
frequency are shown in Fig. 18(b). The performance degrada-
tion and current of Fig. 18(b) are smaller than those of Fig. 12 
because the modulation index is not 1 but 0.833 (25/30).  

The experiment results show good agreement with the 
simulation results and prove that a proper choice of the coil 
connection architecture can minimize the dynamic perform-
ance degradation in driving an AMB system with three-leg 
voltage source converters. 
 

6. Conclusion 

This paper presented methodologies for driving an AMB 
system using a 2D space vector modulation of three-leg volt-
age source converters. Two driving configurations were pro-
posed: full-performance and economy. The economy configu-
ration is more cost-effective than the half-bridge driving con-
figuration. The conversion rules for two coil voltage refer-
ences of an AMB system into three-leg voltage references of 
the converter were developed. The performance limitations of 
proposed driving configurations were discussed both analyti-
cally and numerically, and were subsequently verified with 
experiments using a single DOF AMB system. 
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Appendix 

An example logic to convert two-coil voltage references 
into three-leg voltage references is described here. Table A1 
shows the switching sequence of section 1 of right half-plane 
in Fig. 5(a). The symmetric PWM is considered and two zero 
switching states [i.e., (0, 0, 0) and (1, 1, 1)] are placed at two 
ends of the switching sequence.  

If the total switching time is Ts (= T0 + T1 + T2), the switch-
ing time of each leg is calculated as follows: the normalized 
coil voltages of (1, 0) and (0, 1) are applied during T1 and T2 in 
case of section 1 of right half-plane in Fig. 5(a); therefore, T1 
and T2 should be a Ts and b Ts. The switching times of the 
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three-legs are thus determined as Eq. (A1): 
 

aS  : ( )0
1 2

1
2 2 s

a bTT T T
+ +

+ + =    (A1a) 

bS  : ( )0
2

1
 

2 2 s

a bTT T
− +

+ =   (A1b) 

aS  : ( )0 1
 

2 2 s

a bT T
− −

=   (A1c) 

 
Table A2 shows the switching sequence of section 1 of left 

half-plane in Fig. 5(a).  
Because normalized coil voltages of (0, -1) and (-1, 0) are 

applied during T1 and T2 in case of section 1 of the half-plane 
in Fig. 5(a), T1 and Tb should be -b Ts and -a Ts. Therefore, the 
switching times of the three-legs are determined as Eq. (A2). 

 

aS  : ( )0 1
2 2 s

a bT T
+ +

=   (A2a) 

bS  : ( )0
2

1
2 2 s

a bTT T
− +

+ =   (A2b) 

aS  : ( )0
1 2

1
 

2 2 s

a bTT T T
− −

+ + =   (A2c) 
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Table A1. Switching sequence of section 1 of right half-plane in Fig. 
5(a). 
 

 T0/2 T1 T2 T0/2 T0/2 T2 T1 T0/2

Sa 0 1 1 1 1 1 1 0 

Sb 0 0 1 1 1 1 0 0 

Sc 0 0 0 1 1 0 0 0 

 
Table A2. Switching sequence of section 1 of left half-plane in Fig. 
5(a). 
 

 T0/2 T1 T2 T0/2 T0/2 T2 T1 T0/2

Sa 0 0 0 1 1 0 0 0 

Sb 0 0 1 1 1 1 0 0 

Sc 0 1 1 1 1 1 1 0 
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