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Abstract: For the advantages of easy realization and rapidly intelligent response，the one-cycle control was applied in
five-phase six-leg switching power amplifier for magnetic bearing. This paper improves the one-cycle control
considering resistance voltage drop and derives its mathematical models. The improved algorithm is compared with
the former one. The simulation and experimental results show that the improved algorithm can effectively reduce the
output current ripple，achieve good tracking of the given current，improve the control accuracy，and verify the
effectiveness and superiority of the method.
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0 Introduction

Owing to the advantages of no friction-loss，
low noise and long life，the magnetic bearing has
wide application prospects in flywheel energy stor⁃
age，high-speed machine tools and other fields［1-4］.
As a key part of magnetic suspension system，the
control accuracy of power amplifier directly affects
the levitation performance of magnetic bearing. At
present， the permanent magnet biased magnetic
bearing［5］ requires power amplifier to provide bi-di⁃
rectional current，which usually uses the H-bridge
structure as its power topology. In the magnetic
bearing systems of multiple degrees-of-freedom
（DOFs）， the multiple H-bridges structure［6-7］ is
commonly used，which takes the larger bulk and in⁃
creases the complicacy and cost of the system. And
the introduction of multi-leg switching power ampli⁃
fier（SPA） topology［8-10］ reduces the bulk and the
cost of SPA. Li［11］proposed the topology of five-
phase six-leg SPA（FPSL-SPA），which reduced
the power switch amount by 40% compared to

five⁃H-bridge power amplifiers.
At present， there are many kinds of control

strategies in the research of multi-leg SPA of mag⁃
netic bearing. Some research used the space vector
pulse width modulation（SVPWM）［12-14］ to control
the topology. However，the control algorithm was
complex and had high demand for the controller. Li
et al.［15］ proposed proportion-integral-derivative
（PID）regulator to control the topology of multi-leg
SPA. Due to the existence of neutral leg，the con⁃
trol of 5-DOF was easy to be coupled，which was
difficult to implement the decoupled control. In addi⁃
tion，the existing maximum current error method，
sampling and holding method，node potential meth⁃
od， hysteresis control method and other control
strategies［16-17］ also have the problem of output cou⁃
pling. Some scholars［18-19］ studied the control of neu⁃
tral legs in multi-leg structure，which reduced the
coupling between each leg to some extent，but the
coupled was still strong. Liu et al.［20］ proposed the
application of one-cycle control（OCC）in the topol⁃
ogy of FPSL-SPA. The algorithm had the advantag⁃
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es of simple control，small computation，fast re⁃
sponse，high control precision and versatility，and
obtained control effects. At the same time，the cou⁃
pling between 5-DOF was eliminated by fixing duty
cycle of the neural leg for enabling separate control
of each phase. However，there is little research on
OCC of FPSL-SPA，and it is still in the basic re⁃
search stage. In the process of deriving the mathe⁃
matical model of OCC，the voltage drop caused by
the coil resistance of magnetic bearing is ignored［20］.
Therefore， the established model is not accurate
enough to track the current accurately.

This paper aims at the above problems and im ⁃
proves the unipolar and bipolar OCC algorithm［20］

considering the coil resistance voltage drop. The
mathematic model of this algorithm is constructed
and the implementation process is designed. The al⁃
gorithms before and after improvement are com⁃
pared，and emulational and experimental results are
given out to verify the effectiveness of the algorithm.

1 Principle of FPSL⁃SPA

The topology of FPSL-SPA is shown in
Fig.1，constituted by twelve switches and one DC
voltage source，and M with different subscripts is
signals of different switches. In SPA，legs of phases
A—E are loaded，the leg of phase N is neutral，and
La—Le are five inductive loads，which are connected
to the loaded legs and the neutral leg. In order to
achieve independent control of each phase current，
the duty cycle of neutral leg is fixed as 0.5［20］.

The control schematic diagram of single DOF
SPA system for magnetic bearing is shown in Fig.2.
It is composed of controller，switching power ampli⁃
fier and current sensor.

The controller is made up of digital signal pro⁃

cessing（DSP），which is the main control chip. Ac⁃
cording to the principle of OCC，the duty cycle of
each switch is calculated and the corresponding
switching signal is generated. SPA is the main cir⁃
cuit，which realizes the dynamic control of coil cur⁃
rent of magnetic bearing，and the current sensor is
responsible for detecting the real-time current of coil.

When the duty cycle of neutral leg is fixed as a
constant，the operation process of each phase is sim ⁃
ilar，and here we discuss the operation process of
loaded phase A.

Fig.3 shows the circuit of the loaded phase A
and the neutral leg. To facilitate description，switch⁃
ing function Sa and Sn are introduced as

S a = {1 M ua is on andM da is off
0 M ua is off andM da is on

(1)

Sn = {1 M un is on andM dn is off
0 M un is off andM dn is on

(2)

According to the condition of switches，there
are four working states of phase A as follows：

（1）When Sa = 0 and Sn = 0，the coil of phase
A is in the continuous current state；

（2）When Sa = 0 and Sn = 1，the coil of phase
A is in the adverse charging state；

（3）When Sa = 1 and Sn = 0，the coil of phase
A is in the forward charging state；

（4）When Sa = 1 and Sn = 1，the coil of phase
A is in the continuous current state.

From the above analysis，it can be seen that

Fig.3 Equivalent circuit of the loaded phase A and
neutral leg

Fig.1 Five-phase six-leg switching power amplifier

Fig.2 Control diagram of single degree of freedom
SPA
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when the OCC of FPSL-SPA works，the phase A
converts among four working states and enables the
coil current of magnetic bearing to follow the change
of the given signal.

2 Improvement of One⁃Cycle Con⁃

trol Method

According to the different switching status，
OCC can be divided into unipolar OCC and bipolar
OCC［20］，and the control process of the two OCCs
is quite different. Using the unipolar OCC， the
charging and discharging status of the one DOF
magnetic bearing coil do not exist simultaneously in
one switching cycle，but the phenomenon exists in
the bipolar OCC. This paper optimizes the mathe⁃
matical model of unipolar and bipolar OCC algo⁃
rithm considering the influence of coil resistance R
of magnetic bearing，and comparatively analyzes the
OCC algorithm before and after improvement. Be⁃
cause the measured conduction voltage drop of the
switch is small，it is neglected in the analysis pro⁃
cess.

2. 1 Improvement of bipolar OCC algorithm

The upper and lower switches of the same leg
are complementarily conducted by the bipolar OCC.
The duty cycle of the upper switch of the loaded leg
is calculated by the OCC algorithm. Pulse width
modulation （PWM） waveform generation mode
and the corresponding current variation are shown in
Fig.4，where Mua is the signal of the upper switch of
loaded leg of phase A，Mun the signal of the upper
switch of the neutral leg，PRD the value of the time
reference period register in DSP，Da the duty cycle
of Mua，and Dn the duty cycle of Mun. From Fig. 4，
we can see that：

（1）During the periods from t0 to t1 and from t4
to t5，the voltages at both ends of the coil are Udc，

and the current is in charging state and keeps rising.
It can be expressed as

L
di
dt + iR= U dc (3)

where L is the coil inductance，R the coil resis⁃
tance，and i the coil current.

（2）During the periods from t1 to t2 and from t3

to t4，the voltages at both ends of the coil are zero，
and the current is in the continuous state and keeps
decreasing slowly. It can be expressed as

L
di
dt + iR= 0 (4)

（3）During the period from t2 to t3，the voltag⁃
es at both ends of the coil are -Udc，which is in the
state of discharging，and the current decreases. In
this case，it can be expressed as

L
di
dt + iR=-U dc (5)

According to Eqs.（3）—（5），we can derive
that

i ( t )= U dc

R
+ é

ë
ê

ù
û
úi ( t0 )-

U dc

R
e-R ( t- t0 ) /L 0 ≤ t≤ t1

i ( t )= i ( t1 ) e-R ( t- t1 ) /L t1 ≤ t≤ t2

i ( t )=- U dc

R
+ é

ë
ê

ù
û
úi ( t2 )+

U dc

R
e-R ( t- t2 ) /L t2 ≤ t≤ t3

i ( t )= i ( t3 ) e-R ( t- t3 ) /L t3 ≤ t≤ t4

i ( t )= U dc

R
+ é

ë
ê

ù
û
úi ( t4 )-

U dc

R
e-R ( t- t4 ) /L t4 ≤ t≤ t5

(6)

Thus，the value of current at the end of one cycle
can be obtained that

i ( t5 )≈
U dc

L
[ ( t5 - t4 )-( t3 - t2 )+( t1 - t0 ) ]+

i ( t0 ) e-RT s/L (7)
Also it can be seen from Fig.4 that

t5 - t4 = t1 - t0 =
T s

4
t3 - t2 = (1- D )T s

(8)

Therefore，we have

Fig.4 Waveforms of bipolar OCC
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i ( t5 )≈
U dcT s

L ( )D- 1
2 +[ iREF-Δi ( n ) ] e

-RT s/L (9)

where Ts is the switching cycle and D the duty cycle
of loaded leg. So，in order to make the current keep
up with the given value in one cycle，it should be

i ( t5 )= iREF (10)
Then there is

iREF≈
U dcT s

L ( )D- 1
2 +[ iREF-Δi ( n ) ] e

-RT s/L (11)

where iREF is the given value of current and Δi（n）
the deviation between the given current and the actu⁃
al current at t0 moment.

Therefore，in order to ensure that the current
follows the given value within one cycle under the
bipolar OCC，the duty cycle of switch Mua can be
expressed as

D= iREF ( 1- e-RT s/L ) L
U dcT s

+ Δi ( n ) e-RT s/L
U dcT s

+ 1
2 (12)

According to Eq.（12），the improved bipolar
OCC algorithm is proposed.

Because the influence of coil resistance is ne⁃
glected when deriving the mathematical model of bi⁃
polar OCC［20］，the model is not accurate enough.
The duty cycle of switch Mua before improvement of
bipolar OCC can be expressed as

D '= Δi ( n ) L
U dcT s

+ 1
2 (13)

By substituting Eq.（13）into Eq.（9）and using
the control algorithm before improvement，the cur⁃
rent at the end of the cycle can be obtained as

i ( t5 ) '≈ Δi ( n ) +[ iREF - Δi ( n ) ] e-RT s/L (14)
It can be seen that when the influence of coil re⁃

sistance is taken into account，there is still a devia⁃
tion between the current obtained by the original
OCC algorithm and the given one at the end of the
switching cycle，and then the deviation of the cur⁃
rent can be expressed as

Δi ( n+ 1 ) '= iREF - i ( t5 ) '=
[ iREF - Δi ( n ) ] [ 1- e-RT s/L ]≈
iREF [ 1- e-RT s/L ] (15)

2. 2 Improvement of unipolar OCC algorithm

Different from the bipolar OCC algorithm，the

unipolar OCC algorithm changes the switching se⁃
quence of the upper and lower switches of the neu⁃
tral leg，and the control result is also different from
that of the bipolar OCC algorithm. The PWM gen⁃
eration mode and current waveforms of unipolar
OCC are shown in Fig.5.

（1）During the periods from t1 to t2 and from t3
to t4，the voltages at both ends of the coil are Udc，

and the current is in charging state and keeps rising.
It can be expressed as

L
di
dt + iR= U dc (16)

（2）During the periods from t0 to t1，from t2 to
t3 and from t4 to t5，the voltages at both ends of the
coil are zero，and the current is in the continuous
state and keeps decreasing slowly. It can be ex⁃
pressed as

L
di
dt + iR= 0 (17)

According to Eqs.（16）and（17），we can de⁃
rive that
i ( t )= i ( t0 ) e-R ( t- t0 ) /L t0 ≤ t≤ t1

i ( t )= U dc

R
+ é

ë
ê

ù
û
úi ( t1 )-

U dc

R
e-R ( t- t1 ) /L t1 ≤ t≤ t2

i ( t )= i ( t2 ) e-R ( t- t2 ) /L t2 ≤ t≤ t3

i ( t )= U dc

R
+ é

ë
ê

ù
û
úi ( t3 )-

U dc

R
e-R ( t- t3 ) /L t3 ≤ t≤ t4

i ( t )= i ( t4 ) e-R ( t- t4 ) /L t4 ≤ t≤ t5
(18)

Fig.5 Waveforms of unipolar OCC
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Thus，the current at the end of one cycle can be ob⁃
tained as

i ( t5 )≈
U dc

L
[ ( t4 - t3 )+( t2 - t1 ) ]+ i ( t0 ) e-RT s/L (19)

Also it can be seen from Fig.5 that

t4 - t3 = t2 - t1 = ( )D
2 -

1
4 T s (20)

By substituting Eq.（20）into Eq.（19），we can
obtain that

i ( t5 )≈
U dcT s

L
( D- 1

2 )+[ iREF - Δi ( n ) ] e
-RT s/L

(21)
In order to make the current keep up with the

given value，it should be
i ( t5 )= iREF (22)

Then there is

iREF ≈
U dcT s

L ( )D- 1
2 +[ iREF - Δi ( n ) ] e-RT s/L (23)

Therefore，in order to ensure that the current
follows the given value in one cycle using unipolar
OCC，the duty cycle of switch Mua can be obtained
as

D= iREF ( 1-e-RT s/L ) L
U dcT s

+ Δi ( n ) e-RT s/L L
U dcT s

+ 1
2 (24)

According to Eq.（24），the improved unipolar
OCC algorithm is proposed.

However，by the unipolar OCC algorithm be⁃
fore improvement，the duty cycle of switch Mua can
be obtained as［20］

D '= Δi ( n ) L
U dcT s

+ 1
2 (25)

By substituting Eq.（25）into Eq.（21），the cur⁃
rent at the end of a period can be obtained as

i ( t5 ) '≈ Δi ( n ) +[ iREF - Δi ( n ) ] e-RT s/L (26)
Therefore，there is still deviation between the

current obtained by unipolar OCC algorithm before
improvement and the given one at the end of the
switching cycle，and then the deviation of the cur⁃
rent can be expressed as

Δi ( n+ 1 ) '= iREF - i ( t5 ) '=
[ iREF - Δi ( n ) ] [ 1- e-RT s/L ]≈
iREF [ 1- e-RT s/L ] (27)

3 Simulation and Experiment

In order to verify the feasibility and superiority
of the mathematical models of the two improved
OCC algorithms， this paper builds a simulation
model with MATLAB and carries out the experi⁃
mental verification. In the simulation and experi⁃
ments，the inductance coil is used as a load，which
includes L = 3.5 mH and R= 1.0 Ω. Both simula⁃
tion and experimental conditions are set as：bus volt⁃
age Udc=20 V and switching frequency fs= 40 kHz.

3. 1 Simulation and experiment of bipolar

OCC

Fig.6（a） is the simulation result of the im⁃
proved bipolar OCC for the input of sinusoidal wave
with frequency of 400 Hz and amplitude of 0.8 V，

which shows the output current tracking effect is
good. In order to comparatively analyze the algo⁃
rithm before and after improvement，simulation and
experiment are carried out under the given current
iREF=1.2 A. Fig.6（b）is the simulation waveform of
the algorithm before improvement. It can be seen
that there is a deviation between the average track⁃
ing current and the given value. Therefore， the
tracking is not accurate. Compared with the original
algorithm，the improved algorithm considers the in⁃
fluence of the resistance voltage drop of the magnet⁃
ic bearing coil on the current，so the mathematical
model is more accurate. The simulation waveform
of the improved bipolar OCC is shown in Fig.6（c）.
It can be seen that the average tracking current of
the improved algorithm is almost unbiased with the
given one，which verifies the effectiveness of the im ⁃
proved algorithm.

Fig.7（a） is the corresponding experimental
waveform. From the simulation and experimental re⁃
sults，it can be seen that the improved algorithm can
track the current well，and the feasibility of the im⁃
proved bipolar OCC algorithm is verified. The ex⁃
perimental results of Fig. 7（b） and Fig. 7（c） also
prove the superiority of the improved bipolar OCC
algorithm.
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3. 2 Simulation and experiment of unipolar

OCC

Similar to the bipolar OCC，simulation and ex⁃
periment of unipolar OCC are carried out， and

waveforms are shown in Fig. 8 and Fig. 9，respec⁃
tively. From Fig.8（a）and Fig.9（a），it can be seen
that the improved algorithm can track the current
well，which verifies the feasibility of the improved
unipolar OCC algorithm. As can be seen from Fig.8
（b），there is a deviation between the average track⁃
ing current and the given value when using the algo⁃
rithm before improvement，and the tracking is not
accurate. By comparing simulation results in Figs. 8
（b）and（c），it can be seen that the tracking wave⁃
form of the improved algorithm is more accurate
than that before improvement，which verifies the ef⁃
fectiveness of the improved algorithm in this paper.
The experimental results in Figs. 9（b）and（c）also
can prove the superiority of the improved unipolar
OCC algorithm.

Fig.8 Simulation waveforms of unipolar OCC

Fig.6 Simulation waveforms of bipolar OCC

Fig.7 Experimental waveforms of bipolar OCC
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4 Conclusions

Considering the coil resistance voltage drop，
this paper improves the unipolar OCC algorithm and
the bipolar OCC algorithm，and optimizes the math⁃
ematical models of the two OCC algorithms. The
theory，simulation and experiment show that the
mathematical model of the improved algorithm is
more accurate and the control effect is better than
that before improvement. It is helpful to improve the
control accuracy of the one-circle control algorithm
in the FPSL-SPA of magnetic suspension bearing.
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磁悬浮轴承五相六桥臂开关功放的单周期控制算法改进

刘程子，严 婷，杨 艳，刘泽远
（南京邮电大学自动化学院/人工智能学院，南京 210023，中国）

摘要：将单周期控制算法应用于磁悬浮轴承五相六桥臂开关功放系统中，具有易于实现和智能响应快的突出优

点。本文考虑磁悬浮轴承中线圈电阻压降的影响，对单周期控制算法进行改进，推导出改进后算法的数学模型。

将改进后的算法与改进前的算法进行比较。仿真与实验的结果表明，改进后的算法能有效降低输出电流的纹

波，实现对给定电流的良好跟踪，提高了控制精度，验证了该方法的有效性和优越性。

关键词：单周期控制；磁悬浮轴承；开关功放；电压降落
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