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ABSTRACT Active magnetic suspension bearing technology has been widely used in the field of high-speed
motors because of its many technical advantages. A switching power amplifier is an important part of
active magnetic bearing. This paper first analyzes the topology of a switching power amplifier and proposes
an optimized switching power amplifier topology, which can significantly reduce the number of switches
used in a power amplifier. Then, by studying the transfer function of the system, the boundary conditions
of the power amplifier bandwidth, stiffness and damping, which maintain system stability, are obtained.
Furthermore, an improved current control strategy is proposed, and this strategy can significantly improve
the bandwidth of the switching power amplifier and improve the stability and dynamic performance of the
system. Simulations and experiments verify the practicability and effectiveness of the topology and current
control strategy proposed in this paper.

INDEX TERMS Active magnetic bearing, switching power amplifier, control bandwidth.

I. INTRODUCTION Magnetic coils
Electromagnetic levitation technology has been widely stud- o %

ied since its invention [1]. This technology was first used @Magnem cmlsl‘_Z] E E

in magnetic levitation trains and then gradually applied to D:[l . I:E:D
the field of motor bearings [2]. A motor bearing with active
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no lubrication and no wear. To date, magnetic levitation
motors have been widely used in medical equipment, turbine
machinery and other fields [3] and have been favored in
industrial applications.

Fig. 1 shows a structure diagram of a active magnetic
bearing, which is composed of a front radial bearing, a rear
radial bearing and an axial bearing. The motor rotor and
the thrust plate are located in the middle of the bearing.
The bearing consists of a magnetic coil. Each radial magnetic
bearing controls the rotor’s 2 axes of radial direction in the
bearing plane, and the axial magnetic bearing controls the

FIGURE 1. Structural diagram of active magnetic bearing.

rotor’s axial direction. For each axis, two coils form a set of
differential coils for control. For a 5-axis magnetic bearing
system, a total of 10 coils need to be accessed to achieve
control.

A schematic diagram of single-axis differential control
is shown in Fig. 2. The electromagnetic force of an active
magnetic bearing is determined by the position of the rotor,
the offset current and the differential current. In an actual con-
trol process, the electromagnetic force can be controlled by

The associate editor coordinating the review of this manuscript and regulating the difference current, and then the rotor position
approving it for publication was Alexander Micallef . can be controlled.
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FIGURE 2. A magnetic bearing differential control.

A power amplifier is an important part of the control mech-
anism. Linear power amplifiers and switching power ampli-
fiers are the two types of power amplifier circuits applied in
electromagnetic systems. Linear power amplifiers are rarely
used in high-power and current systems due to their inherent
large loss defects [4]. Therefore, switching power amplifiers
are commonly used in magnetic suspension bearing control
systems. There are numerous studies in the literature on
magnetic bearing switching power amplifiers [5]-[8]. A five-
phase six-leg switching power amplifier was designed in [5]
that is characterized by small size and simple control. In addi-
tion, a novel converter topology for a magnetic bearing drive
was introduced in [8], which can ride through the open-circuit
fault of a power electronics switch in operation and maintain
levitation for the magnetic bearing. The above article car-
ried out topology optimization to promote device longevity
and reliability. However, these aforementioned topology opti-
mizations can be further improved, as the influence of topol-
ogy optimization on the overall performance of the system
was not taken into account.

Considering rotor position control, the system is generally
regarded as a mechanical spring-like system with certain
stiffness and damping characteristics. In engineering appli-
cations, the rotor position can be controlled by a distributed
PID control [9]. Many optimized control strategies have been
proposed [10]-[20]. [12] adopted a Kalman filter and state
feedback control to improve the operational performance of
an active magnetic bearing. Reference [16] applied a second-
order sliding-mode concepts in an active magnetic bearing.
In addition, [19] introduced an intelligent control design that
captures the nonlinearity and fuzziness of uncertain magnetic
bearing systems. The above papers all focused on the position
ring control of the magnetic suspension bearing, but the
influence of a switching power amplifier on the stability of
a magnetic suspension bearing system and its relationship
with the damping and stiffness of the system require further
analysis.

In this paper, the control system of active magnetic bearing
was studied and optimized. In practical engineering applica-
tions, the volume, reliability, running stability, response char-
acteristics and cost of the magnetic suspension control system
should be comprehensively considered. Based on these prac-
tical engineering applications, comprehensive optimization
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studies on the active magnetic bearing control system were
carried out, including the optimization of the power amplifier
topology, an analysis of the relationship between the stable
operation control and the inherent characteristics of the sys-
tem, and improvements to the current control strategy, which
can optimize the operation stability and the corresponding
characteristics of the active magnetic bearing. Finally, the fea-
sibility of the optimization work was verified via simulations
and tests of the active magnetic bearing.

Il. SWITCHING POWER AMPLIFIER OF ACTIVE
MAGNETIC BEARING

As the driving part of the magnetic bearing, the power ampli-
fier is a device used to convert the control signal into an
induction current, thereby generating a magnetic field force to
drive the magnetic bearing. The power amplifier is generally
composed of power electronic devices. At present, a single
H-bridge is commonly used to control each pair of coils, and
each coil is controlled independently, as shown in Fig. 3. The
main disadvantage of the topology is that there are many
power electronics used; e.g., there are 40 switching devices
required in a 5-axis system.

Switching
devices

FIGURE 3. An H-bridge switching power amplifier topology.

To reduce the number of power amplifier switching
devices, acommon bridge and a winding bridge were adopted
in this study. One side of all the coils in the 5-axis system
was connected to the common bridge, and the other side was
connected to the respective winding bridge to form a 5-axis
common bridge topology, as shown in Fig. 4. In this topology,
10 induction coils were driven by 22 switching devices, which
can reduce the cost of the power amplifier and improve the
complexity compared to the H-bridge topology.

Winding bridge

J%Jﬁjgﬁjgﬁjgﬁjs

Common bridge

R,

nbapapaied ababndak

FIGURE 4. A 5-axis common bridge switch power amplifier topology.

In a 5-axis common bridge switch power amplifier topol-
ogy, there are two current circulation modes, namely, a posi-
tive direction mode and a negative direction mode, as shown
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FIGURE 5. Current direction of five-axis common-leg switch power
amplifier topology.

in Fig. 5. In the positive direction mode, the upper switch of a
winding bridge arm and the lower switch of a common bridge
arm (or the lower switch of a winding bridge arm and the
upper switch of a common bridge arm) are used to control
the inductive current. The current in the common bridge arm
is the sum of the current in all winding bridge arms, which
will result in high power consumption in the common bridge
arm, which is not conducive to the long-term, stable operation
of the switching power amplifier. In the negative direction
mode, the inductive current is controlled by the upper switch
of the left winding bridge arm and the lower switch of the
right winding bridge arm (or the lower switch of the left
winding bridge arm and the upper switch of the right winding
bridge arm). The current in the winding bridge arm will be
neutralized at the midpoint of the common bridge arm. The
current in the common bridge arm will be small, and the
total power consumption of the switching power amplifier
will decrease significantly. Therefore, the negative direction
mode was adopted in this paper. In addition, in the negative
direction mode, the same effect can be achieved with the
two types of switching using this method, which can provide
redundancy for the power amplifier.
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Furthermore, since magnetic suspension bearings are usu-
ally controlled by differential currents, the current sum of the
two coils of each radial freedom is equal, the coil configura-
tion shown in Fig. 6 can minimize the current in the common
bridge arm, which is the current difference between the two
coils in the axial direction. In this way, the power loss of the
switching power amplifier was decreased by 50% compared
with that of the H-bridge topology.

First pair of
radial coils |~y "y

Third pairof (Y Y Y
radial coils

Second pair of
YY"y radial coils

(YYY Fourth pair of

VY Yy "y radial coils
Y Y Y Y Y Y
Axial coils

Coil configuration

FIGURE 6. Configuration mode of active magnetic bearing coils.

For a further analysis of the on-off situation of the switch,
the 5-axis common bridge switch power amplifier can be
simplified into a one-axis common bridge, as shown in Fig. 7,
where S1~S6 are switches, and D1~D6 are diodes.

FIGURE 7. Single-axis common bridge switching power amplifier
topology.

To independently control the current in each winding,
a fixed duty cycle of 50% was set up in the common bridge,
and a variable duty cycle, which is opposite to the common
bridge, was set up in the winding bridge. When S1 and S5
(S84 and S6) are both turned on, the loop of coil 1 (coil 2) will
be under a forward conduction state; when S1 and S5
(S4 and S6) are both turned off, the loop of coil 1 (coil 2) will
be under a negative conduction state; when only one of
switching devices of the winding bridge and the correspond-
ing common bridge is turned on, the loop will be under a
freewheeling state with the current through diode. Certainly,
we can use S2 and S4 for coil 1 and use S3 and S5 for coil 2.
All of the states are shown in Fig. 8.

Ill. STABILITY AND CONTROL STRATEGY OF SWITCHING
POWER AMPLIFIER

A. TRANSIENT STATE OF SWITCHING POWER AMPLIFIER
The switching power amplifier topology of the active mag-
netic bearing does not affect the conduction principle. The
current in the coil is regulated by the average voltage, which
is controlled by the on/off cycles of the switch. In a switching
cycle, there are three modes in the switching power amplifier
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FIGURE 8. Switching state of switching power amplifier.

topology, including forward conduction, freewheeling, and
negative conduction, as shown in Fig. 9, where Vy is the
voltage on the DC side, L is the coil inductance, R is the coil
resistance value, and i;, is the induction current.

i iL
+ L R _ L R
) Ve an Vae
Forward conduction i, Negative conduction
L
R
Freewheel

FIGURE 9. Transient state of switching power amplifier.

The forward conduction time ratio was set to ¢, the nega-
tive conduction time ratio was set to c-, and the freewheeling
time ratio was set to cq in a switching cycle of the switching
power amplifier. The working state of the loop in one cycle
was weighted, and the resulting loop equation was obtained
as shown in (1).

. di,
Ri; + LE =c+Vic —c—Vgc +co x 0

= ¢+ Ve —c-Vac (D

In the formula, ¢ and c- are limited by the selected topol-
ogy. For H-bridge topology, ¢4 and c- have a range of 0~1;
for the common bridge topology, c4 and c- have a range
of 0~0.5. The maximum values of ¢4 and c- were the voltage
utilization rates on the DC side.

The voltage utilization rate on the DC side was set to a,
and the offset current was set to ig. The maximum change
rate of the current can be obtained in (2), which shows that the
change rate of the current was affected by the loop inductance,
the positive and negative conduction times, the offset current,
and the voltage on the DC side.

max(—t) =— 2

In engineering applications, the offset current and loop
resistance are small, so Formula (2) can be simplified as
Formula (3).

ax( ” )= 7 (3)

As shown in Formula (3), the maximum change rate of the
current is limited by the inductance, the voltage on the DC
side and its utilization rate.
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The response speed of the current is a characteristic of
the overall performance of the topology. When the switching
topology and the switching drive characteristics are deter-
mined, the value can be determined, which means that the
max current change rate is only related to the voltage and
the inductance. Therefore, when designing an active magnetic
bearing system, the coil and the driving voltage should be
strictly matched according to the response speed requirement.

B. SYSTEM STABILITY ANALYSIS

A typical control block diagram of a single-axis active mag-
netic bearing control system is shown in Fig. 10, where x* is
the position reference signal, x is the position output, m is the
rotor mass, k; is the force current coefficient, &, is the force
displacement coefficient, Gpos is the position loop control
transfer function, G, is the current loop control transfer
function, and Gpy is the power amplifier transfer function.

Position loop

FIGURE 10. Control topology of single-axis system.

PD control is generally adopted for the position loop con-
trol transfer function Gpos, and its parameter selection is
shown in [4], where k is the system stiffness, and D is the
system damping.

k+ks D
5 + i s @)

The current inner loop was composed of the current control
loop Geyr and the power amplifier loop Gpa, which could be
equivalent to an integral loop under a certain bandwidth. The
bandwidth was set to w,, and the open-loop transfer function
of the current loop could be obtained as shown in (5).

pos —

w,
Geur % Gpa = — ®)
For the single-axis control block diagram shown in Fig. 7,

the closed-loop transfer function can be obtained, as shown
in (6).

GposGeurGpaki
Gc(s) _ . pos cur2 PAK; (6)
ms* + GeurGpa (ms* + Gposki + k)
(4) and (5) were introduced into the above formula:
D k + k.
Gels) = wes + (k + kg)we %)

ms3 + mwes? + (Dwe — k) s + ko,

The parameters of active magnetic bearing system are
shown in Table 1, which are used to analyze the relationship
between the current loop bandwidth and system stiffness and
the system stability.

When the system stiffness was the natural stiffness
(k = kg), the system damping was the critical damping
(D = 2./mk), and the current loop bandwidth w, was
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TABLE 1. Active magnetic bearing parameters.

Name Value
Jy(N/m) 4.3x10°
k(N/A) 2.1x10°

m(kg) 91.79

changed within the range of 1~500, the closed-loop pole
trajectory of the system occurred as shown in Fig. 11(a).
There are three root trajectories, two of which cross the
imaginary axis into the right half plane as the current loop
bandwidth decreases. This result shows that, given the sys-
tem stiffness and damping, the system tends to be unstable
with the decrease in the current loop bandwidth. Therefore,
in order to make the system run steadily, we need enough
current loop bandwidth.

400
200 Decrease of w,
E o
-200
Decrease of w. Decrease of ..
-400 ' ! . . |
-400 -300 -200 -100 0 100 200
Re
(a) System stability based on the change of current loop bandwidth
1000
500
Increase of k
E o
Increase of k
-500
Increase of k
-1000 :
-400 -300 -200 -100 0 100

Re
(b) System stability based on the change of stiffness

FIGURE 11. Closed-loop pole trajectory of the system.

When the current loop bandwidth was @, = 300, and the
system stiffness k was changed within the range of 0.1~10ks,
the closed-loop pole trajectory of the system occurred as
shown in Fig. 11(b). When k was too small or too large, there
were two root trajectories that crossed the imaginary axis into
the right half-plane. This result shows that too little stiffness
and too much stiffness will destabilize the system. To make
the system stable, we need to select an appropriate stiffness
value.

As shown from the above analysis, the current loop band-
width in engineering applications would limit the system
stiffness.

VOLUME 8, 2020

By further analyzing the closed-loop transfer function, the
characteristic equation can be obtained as shown in (8).

D(s) = ms> + mwes® + (Dwe — ks) s + koy 8)

Based on Rolls stability criterion, the conditions for stabi-
lizing the system were as follows:

mw, (Dwe — kg) — mkw, > 0 ©)]

The above formula was then simplified as follows:

k + ks
Do,

<1 (10)

Formula (10) shows the relationships among the stiffness k,
the damping D, and the current loop bandwidth w, in a stable
system; thus, the current loop bandwidth should be greater
than (k + k;)/D to enable the stability of the system. When
the system stiffness was the natural stiffness (k = k), and
the system damping was the critical damping (D = 2./mk),
using the parameter given in Table 1, we could calculate
the minimum of w, to be 207. In addition, when the system
damping D and the current loop bandwidth w, were constant,
the maximum stiffness of the system was Dw,-k;.

C. IMPROVED CURRENT CONTROL STRATEGY
In engineering applications, the current control loop G¢yr can
be designed as a PI controller. Generally, a good effect can
be obtained with a current loop formed by a PI controller.
As seen in the above section, the active magnetic bearing
control system has a high response speed requirement for
the current, but a PI controller cannot achieve the maximum
response speed of the current loop as shown in (3) due to the
limit of its closed-loop adjustment process.

To improve the response speed of the current control loop,
a current inner loop control method based on the model
prediction was proposed. First, (1) was discretized as shown
in (11).

(Ik+1 — ix) +R(ik+1 + i)

T 5 an

cVie =L
where T is the switching period, c is the time ratio used to
access the power supply on the DC side, and ix and ik are
the current sampling values in the two adjacent switching
cycles.

If the current reference value was set to x4, and the
current feedback value was set to i, the value of d required
for the next switching cycle could be predicted, as shown
in (12).

(k+1 + i)

(k1 — i)
L +R (12)
TV ¢ 2Vae

d =

With the above formula, the current control strategy based
on the model prediction could be obtained. The control block
diagram is shown in Fig. 12.
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FIGURE 12. Predicted model current control strategy.

IV. SIMULATION AND TEST VERIFICATIONS

A. SIMULATION VERIFICATION

The coil parameters of the active magnetic bearing switching
power amplifier studied in this paper are shown in Table 2.
The current responses of the different switching power ampli-
fier topologies based on this simulation analysis are shown
in Fig. 13. When the current reference value changed from
0 A to 5 A, the H-bridge topology and five-axis common
bridge topology could keep up with the current reference
value. However, the current response speed of the H-bridge
topology was faster than that of the five-axis common bridge
topology. This finding is consistent with theoretical analysis.

TABLE 2. Active magnetic bearing switching power amplifier and coil
parameters.

Parameter
Voltage on DC side (V)
Coil resistance (£2)
Coil inductance (H)
Rated current (A)

Value
300
1.32
0.6825
4
“ anv
2

<
:1 H-bridge
0
0.01 0.02 0.03 0.04
3r e 1

I(A)

/ 5-axis common bridge
ot

0.01 0.02 0.03 0.04
T(s)

, _

FIGURE 13. Current response speeds at different topologies.

The 5-axis common bridge switching power amplifier
topology was selected to simulate and analyze the response
characteristics of two different current control modes as
shown in Fig. 14. When the current reference value changed
from 0 A to 5 A, the current response speed and the control
accuracy based on the model prediction control strategy were
better than those based on the PI control strategy.

The displacement response characteristics of an active
magnetic bearing with two current control modes and
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0.01 0.02 0.03 0.04
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FIGURE 14. Five-axis system current response speeds with different
control strategies.

different system stiffness were simulated and analyzed,
as shown in Fig. 15 and Fig. 16, respectively. Fig. 12 shows
the displacement response waveform in the case of k = ki,
and Fig. 13 shows the displacement response waveform in
the case of k = 1.2 k;. A comparison between Fig. 12 and
Fig. 13 shows that the two current control methods can
achieve good results when the system stiffness is small. As the
system stiffness was increased, the PI current control led to
system instability, whereas the current control strategy based
on the model prediction could maintain system stability.

x 10
20
\
10 \
1 \
0 —
\( P
0.1 0.2 0.3 0.4 0.5 0.6
T(s)
(a) PI control strategy
%1070
20
\
—_
En
#

0 T |
0.1 0.2 0.3 0.4 0.5 0.6

T(s)
(b) Predicted model current control strategy

FIGURE 15. Response of displacement waveform when k = ks.

B. TEST VERIFICATION

To verify the feasibility of the 5-axis system and its control
strategy, a test platform was developed and set up. The system
composition and equipment are shown in Fig. 17. The test
platform was composed of a power amplifier, a controller,
a position sensor, and a magnetic suspension motor; the test
device parameters are shown in Tables 1 and 2.

The test results of the current response characteristics of
the two control strategies are shown in Fig. 18. When the
current reference value changed from 0 A to 4 A, both the
PI control strategy and the predicted model current control
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FIGURE 16. Response of displacement waveform when k = 1.2ks.

Controller -~

w

Position
sensor

Position sensor

(b) Equipment

FIGURE 17. Active magnetic bearing test platform.

strategy could maintain the current reference value. However,
the predicted model current control strategy had a better cur-
rent response rate. In addition, the response time was reduced
from 0.05 s to 0.01 s, which greatly increased the system
response bandwidth.

The test results of the suspension position response char-
acteristics with two different control modes and different sys-
tem stiffnesses are shown in Fig. 19 and Fig. 20. In addition,
the y-coordinate was 1 V at 100 u. It can be seen from the
response waveform of the position that the predictive model
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0
-0.05 0 0.05
T(s)

(a) PI control strategy

-0.05 0 0.05
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(b) Predicted model current control strategy

FIGURE 18. Current response speeds with different control strategies.

0.5 0.52 0.54 0.56 0.58 0.6
T(s)
(a) PI control strategy

S

i f

05 051 052 053 054 055 056
T(s)

(b) Predicted model current control strategy

FIGURE 19. Response of displacement waveform when k = ks.

current control strategy had better dynamic performance and
better stability. Fig. 19 shows that the position overshoot of
the model-based control strategy is slightly reduced in the
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Uv)

0.85 0.9
T(s)

(a) PI control strategy

0.95

0.6 0.65 0.7
T(s)

(b) Predicted model current control strategy

0.75

FIGURE 20. Response of displacement waveform when k=1.2ks.

case of k = ky. Fig. 20 shows the response waveform in the
case of k = 1.2 kg, where the PI control is unstable, but the
predictive model current control is still stable.

V. CONCLUSION

To optimize the performance of an active magnetic bearing
system, this paper studied the topology of a switching power
amplifier of an active magnetic bearing and the effect of
switching power amplifier bandwidth on the system per-
formance. Then, a new five-axis common bridge switching
power amplifier topology and its corresponding optimal con-
trol strategy were proposed. Through simulations and exper-
iments, relevant conclusions were drawn as follows:

1) A 5-axis common bridge switching power amplifier
topology was proposed, in which the number of switching
devices was reduced, and the power consumption of the
switching power amplifier was decreased by 50% compared
with the conventional topology.

2) Based on research on the topology and control sta-
bility, the maximum response speed of the current was
max(dip /dt) = aV4./L, and the formula of the system stability
was k + k¢/Dw.<1. The above formulas could provide tech-
nical guidance for control parameter matching and system
design.

3) The model-based current control method could improve
system response speed compared to a PI control; i.e., the
control strategy could increase the system bandwidth and
stiffness under the same conditions, to ensure system stability.
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