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Abstract—In order to make the AMB system satisfied the high
energy-efficiency demands, the nonlinear behavior of H-bridge
inverter, which is a power amplifier for AMB system, is studied
in this paper. The discrete mapping model of the H-bridge
inverter is established with some improvement using
stroboscopic method. Based on this model, the dynamic
evolution process of the inverter from stable state to chaos is
directly exhibited, and the stable variation ranges of feedback
gain and coil inductances are determined. Furthermore, a new
simulation nonlinear model for an AMB system based on
nonlinear H-Bridge inverter amplifier is set up, the influence of
H-bridge inverter’ s nonlinear behavior on the entire AMB
system with two alternate change parameters is investigated.
The simulation and experimental results demonstrate the
existence of chaos phenomenon in AMB system and provide a
stable range for AMB coil and control system design. The new
AMB system model may have some benefits to the study of
chaos control method for avoiding bifurcation and chaos
phenomenon in AMB system.

Index Terms—H-bridge inverter, power amplifier, discrete
mapping model, chaos phenomenon, stable variation range,
nonlinear model, chaos control method

I.  INTRODUCTION

Nowadays, in order to acquire high energy-efficient
drives, the development trend of rotating machinery is high
speed, which makes active magnetic bearings (AMB) a
crucial element because of negligible friction resulting from
non-contact suspension capability and the ability of
unbalance vibration control. AMB system has been used in
many industrial fields such as vacuum and cleanroom
systems, medical devices and turbo-machinery [1]. However,
new problems emerge as the AMB system applied in certain
applications such as compressor and air blower etc.
Sometimes the rotor’s volume and weight of the compressor
or air blower are very considerable, which means the rotor
exists large unbalance vibration while rotating. In order to
suppress large unbalance vibration, AMB system demands
high-power electromagnetic actuator, which needs large and
rapidly changing current. As a result the power amplifier of
the AMB system operates in the nonlinear section more
frequently. The nonlinear problems of AMB system have
attracted more and more attention in the last decade. Much
work has been done in several aspects such as analyzing
nonlinear phenomena in the AMB system [2-3], establishing
nonlinear models of the AMB system [4-5] and designing
control method for nonlinear model [6-8], which brought
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great improvement to AMB system. Recently, the study of
nonlinear problems of AMB system is focusing on the
instability of the AMB system caused by time delays of
digital controllers. Zheng Kai and Yu Lie proposed a robust
fuzzy logic-base control scheme for a nonlinear magnetic
bearing system that is subject to time delays in feedback loop
[9]. Yuan Ren and Jiancheng Fang present an ingenious
design, proportional-differential current-sensing resistor
networks, to solve the common problems associated with the
digital control delay [10].

With the rapid development of the study of nonlinear
circuits, another nonlinear issue in AMB system attracts our
attention. H-bridge inverter, as the power amplifier for active
magnetic bearing system, is considered as a proportional
component for most of time. However, as a kind of typical
piecewise smooth circuit [11], the H-bridge inverter has
many nonlinear features, which is ignored by most of AMB
models. The study of the nonlinear behavior of H-Bridge
inverter starts from 1997. Robert et al. introduced the
bifurcation and chaos in the proportion controlled circuit for
the first time [12-16], and they prove that the time-delayed
feedback control (TDFC) method is an effective method to
stabilize chaotic H-Bridge inverter. Hiroyuki Asahara
continues studying on the chaotic evolution process of the H -
bridge inverter with a width coefficient range [17-18]. Wang
Xue-Mei points out that the fundamental cause of chaos in H-
bridge inverter is the boundedness of duty cycle [19]. The
anterior researchers have given a quiet accurate description
and study method of the H-bridge inverter’s nonlinear
behavior. However, all the work above considered H-bridge
inverter as an independent system rather than a component of
the entire AMB system.

In this paper, we establish a discrete mapping model of
the H-bridge inverter with some improvements, which makes
the model more suitable for a genuine AMB power amplifier
circuit. Furthermore, we analyze the H-bridge inverter’s
nonlinear behavior, not only as an independent system, but
also as a component of the entire AMB system.

The brief is organized as follows. In Section II, we
establish the discrete mapping model of the H-bridge
inverter. The stable variation range of feedback gain and coil
inductance is analyzed in Section III. In Section IV, we set up
a new nonlinear model for the AMB system based on
nonlinear H-bridge inverter amplifier and analyze nonlinear
behavior with two alternate change parameters. Finally, we
provide an experimental result of static state suspension with
appropriate feedback gain and unsuitable feedback gain.
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II. MODELING OF H-BRIDGE INVERTER

The idea circuit of the H-bridge inverter and its load is
shown in Fig. 1. The circuit consists of a voltage source ( E ),
four switch transistors (¥71~¥VT4), an inductor (L) and a
resistor (R ). It is running in a fixed switching period (7 ).
The circuit working principle can be described as follows: At
the beginning of each period the current is sampled and
compared to the reference current to give a pulse width
modulated (PWM) signal, which controls the duty cycle of
that period. The reference current is given by the AMB
system controller, which usually contains displacement of the
rotor loop and current of the coil loop in a genuine AMB
system. In this section, we consider H-bridge inverter as an
independent system; the reference current is given in two
cases, direct current and sinusoidal wave, corresponding to
static state suspension and rotary state suspension.
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Figure 1. Ideal H-bridge inverter and its load

Depending on the state of switch transistors, the H-bridge
inverter has two working states, denoted as S, and S,. S,
represents current increasing state, while S, represents
current decreasing state. When the circuit is working on S, ,
PWM signal is “high” and two switch transistors (71 and
VT4 ) are turned on. When the circuit is working in S, , PWM
signal is “low”, and the other two switch transistors ( V72
and VT3 ) are turned on. In both states, V'T1and VT4 are
always in complementary states to V72 and V73. The state
variable is the inductor currenti, . The relationship of V71
and i, is shown in Fig. 2. (As VT4 is operating same as
VT1, VT2 and VT3 are operating opposite to V71, the
relationships between V72, VT3, VT4 and i, are no longer
need to exhibit.) During one period 7' the H-bridge inverter
involves a sequence of three switch states S, —S, —5,. (11
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Figure 2. The relationship of V71 and i,
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denotes the first switching time, f2 denotes the second
switching time.) The duty cycle d, is the proportion of time
duration for S, to the switching period. It is obvious that d,
must take value between zero and one. (The subscript n

denotes the values at the beginning of the nth switching
period.) The inductor current’s dynamics can be described by

S, di, Ry E (1)
dt L L
di Ri, E
s Ho_ M £ 2
at L L @

The inductor current can be described by the following
equations according to Fig. 2, Eq. (1) and Eq. (2).

For nT <t <11, state S,
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By solving the corresponding equation, i,,, can be
expressed in terms of i, and d, by
T -T
- n . dT .
i, =ier- +2£e 27 [2sinh(—* )—smh(l)] (10)
R 2t 2t

where r=% . Then, we have to find out the feedback

relationship that connects the duty cycle to the state variable.
As the duty cycle is computed by the controller of AMB
system, we need to know something about the AMB system’s
features. A typical single channel schematic diagram of the
decentralized controlled AMB system is shown in Fig. 3. A
contact-less position sensor measures the displacement x
between rotor and AMB, and then feeds this information into
the controller. The controller sends out a desired current
signal i, to the electromagnetic actuator which transforms

this signal in the electromagnetic coil to generate the desired
magnet force. As a result the AMB system contains two
feedback loops, the displacement loop and the current loop.
In this section we focus on the current loop. The current loop
contains power amplifier (H-bridge inverter), electromagnetic
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Figure 3. Single channel schematic diagram of decentralized controlled
AMB system
coil, current transformer and feedback gain &£ . The duty
cycle derived from Fig. 3 is written as

dn =%+k(lref_ktln) (11)

where &, is the proportional coefficient of current

transformer, £ is the feedback gain of current loop.

III.  SIMULATION OF CURRENT LOOP

The simulations of current loop are based on the
equations in Section II. Firstly, for each set of parameter
values, time-domain cycle-by-cycle waveforms are generated
by solving Eq. (10) and Eq. (11) in a sub-interval of time.
Secondly, we capture the steady-state time-domain
waveforms of the state variable (inductor current) under each
set of parameter values to obtain bifurcation diagram. The
primary circuit parameters used in simulations are shown in
TABLE 1. There are two notes of caution here. Firstly, duty
cycle d, is strained between 0.1 and 0.9, which is necessary
in a real AMB system. Secondly, the carrier frequency F is

the three times of the reciprocal of switching period, which is
applied in the practical system.

TABLE L. PARAMETERS USED IN SIMULATIONS OF THE CURRENT LOOP

Parameter Value

T Switching Period 0.15 ms

E Input Voltage 90V

L Coil Inductance 10 mH

R Coil Resistance 2Q

F Carrier frequency 20KHz

d, Duty cycle 0.1< d,<0.9

k Feedback gain 0.8

ki Proportional coefficient 0.9

A. DBifurcations with amplification coefficient k

Considering the feedback gain k£ as the bifurcation
parameter, we study the dynamics of the state variable i, .
The obtained bifurcation diagram is shown in Fig. 4 and Fig.
5, corresponding to static state suspension and rotary state
suspension respectively. The diagrams summarize the values
of i, ask increases in the two suspension conditions. From
the diagrams, we observe that the current loop subsystem
exhibits a 7 periodic orbit when £ is relatively small. This
orbit exists whatever k is, but it is stable when £ <1.48 .
When & >1.48, a 27T periodic orbit appears and then chaos is
observed. The change of dynamical behavior is due to a
nonstandard  bifurcation known as  border-collision
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Figure 4. Bifurcation diagram of the coil current and feedback gain with
direct current reference
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Figure 5. Bifurcation diagram of the coil current and feedback gain with
sinusoidal wave current reference
bifurcation, as studied in [12] and [18]. As a result, in order
to stabilize the current loop we need to choose feedback gain
in the stable range from 0 to 1.48.

inductor current ip /A
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coil inductance L/iH

Figure 6. Bifurcation diagram of the coil current and coil inductance with
direct current reference
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B. Bifurcations with coil inductance L

Considering coil inductance L as the bifurcation
parameter, we obtain bifurcation diagrams which are shown
in Fig. 6 and Fig. 7. The diagrams show that a relatively
small coil inductance L will cause bifurcation. The
bifurcation is observed when L is about 11lmH with
parameters in Table I. Similarly, we have the stable range for
L | which is bigger than 11mH.

inductor current 1 /A

4q i L \ i L i i
0.005 0006 0.007 0.008 0.009 001 0011 0012 0.013 0.014 0.015
coil inductance L/H

Figure 7. Bifurcation diagram of the coil current and coil inductance with
sinusoidal wave current reference

In this section, we obtained bifurcation diagrams of i,

with k£ and L , and parameter stable range. The simulation
result may be helpful for designing AMB’s control and
physical parameters. But all the simulations and analyses
above consider the current loop as an independent module. In
the next section we analyze the H-bridge inverter as a
component of the entire AMB system.

IV. SIMULATIONS OF AMB SYSTEM

The simulations of AMB system are based on the
Simulink Module of Matlab. Firstly, we established AMB
system model based on nonlinear H-bridge inverter amplifier
as shown in Fig. 8. Secondly, with each set of parameter
values, time-domain cycle-by-cycle waveforms are generated
by running the AMB system nonlinear model. Thirdly, we
capture the steady-state time-domain waveforms of the state
variable (inductor current) under each set of parameter values
to obtain a bifurcation diagram.

K
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controller
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Figure 8. AMB system nonlinear model
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Once the AMB system is assembled, the -carrier
frequency, bus voltage and coil inductance are already
determined, we can’t adjust these parameters while the AMB
system is operating. Therefore, we pay more attentions to the
adjustable parameters while the system is running, which is
the proportional coefficient of current transformer &, and the

feedback gain of the current loop & . Fig. 9 is the bifurcation
diagram of the coil current with proportional coefficient and
current transformer adjusting at the same time while the
AMB system is working on the rotating state. The primary
parameters used in our simulations are same as TABLE 1.
The simulation result shows that the bifurcation point of i,

with changing & decreases while £, increases. The stable zone
for feedback gain k and current transformer £, is achieved.

Fig. 10 is the contrast of coil current with stable parameters
and unstable parameters. We can notice that unstable
parameters caused oscillation of coil current is obvious in
Fig. 10(b). The current oscillation caused by the nonlinearity
of H-bridge inverter is the performance of bifurcation
behavior in the time-domain.
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Figure 9. Bifurcation diagram of the coil current, proportional coefficient
and current transformer while rotary state suspension
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Figure 10. Coil current with stable parameters and unstable parameters
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V. EXPERIMENT OF STATIC STATE SUSPENSION

The static state suspension experimental investigations
with different proportional coefficient of current transformer

Figure 11. The experimental system. (1) Magnetically suspended motor. (2)
Rotor. (3) Controller power supply 48V. (4) Amplifier power supply
90V. (5) Control system and Power amplifier. (6) Oscilloscope. (7)
UPS.
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Figure 12. Coil current with stable parameters and unstable parameters
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Figure 13. Rotor displacement with stable parameters and unstable
parameters

ISMB14, 14th International Symposium on Magnetic Bearings, Linz, Austria, August 11-14, 2014

k; and the feedback gain of current loop & are presented in this

section. The AMB system is applied to a 100Kw high speed
permanent magnet motor as an experimental system which is
shown in Fig 11.

Fig. 12 and Fig. 13 are the contrast of coil current and
rotor displacement with stable parameters and unstable
parameters of one radial suspension channel. The parameters
of Fig. 12(a) and Fig. 13(a) are £ =0.32 and k, =4.3, the
parameters of Fig. 12(b) and Fig. 13(b) are £ =0.75 and
k; =8.2 . The oscillation of rotor displacement and coil

current are clearly observed in Fig. 12(b) and Fig. 13(b)
respectively. The current oscillation is caused by the
nonlinearity of the H - bridge inverter; the rotor displacement
oscillation is caused by current oscillation which leads to
oscillations of magnetic force.

VI. CONCLUSION

The simulation and experimental results demonstrate the
existence of chaos phenomenon in power amplifier of AMB
system, which will lead to oscillation of rotor displacement
and affect the stability of the system. The simulation of
current loop provides a stable range for feedback gain and
coil inductance which may have some help with AMB coil’s
parameters design. The simulation of AMB system based on
nonlinear power amplifier model achieves a stable zone for
feedback gain & and current transformerk,. The new AMB

system model may have some benefits to the study of chaos
control method for avoiding bifurcation and chaos
phenomenon in AMB system.

REFERENCES

[11 G. Schweitzer., E. H. Maslen, H. Bleuler, M. Cole, P. Keogh, R.
Larsonneur, R. Nordmann, Y. Okada, A. Traxler “Magnetic Bearings:
Theory, Design, and Application to Rotating Machinery,” Springer
(2009).

[2] J.C. Ji, L. Yu and A.Y.T. Leung, “Bifurcation behavior of a rotor
supported by active magnetic bearings”, Journal of Sound and
Vibration, vol. 235(1), pp. 133-151, 2000.

[3] J.C. Ji, “Stability and Hopf bifurcation of a magnetic bearing system
with point delays”, Journal of Sound and Vibration, vol. 259(4), pp.
845-856, 2003.

[4] J. Jugo, L. Lizarraga, I. Arredondo, “Nonlinear analysis of an AMB
system using harmonic domain LTV models”, Proceedings of the 2006
IEEE International Conference on Control Applications, Munich,
Germany, October 4-6, 2006.

[S] Martin Ruskowski, Karl Popp, “Nonlinear modeling of a magnetically
guided machine tool axis”, Seventh International Symposium on
Magnetic Bearings, August 23-25 , 2000, ETH Zurich.

[6] Selim Sivrioglu, Kenzo Noami, Atsushi Kubo, Ryouichi Takahata,
“Nonlinear adaptive control for a flywheel rotor-rAMB system with
unknown parameter”, Eighth International Symposium on Magnetic
Bearing, August 26-28, 2002, Mito, Japan.

[7] Christian Huettner, “Nonlinear state control of a left ventricular assist
device (LAVD)”, Eighth International Symposium on Magnetic
Bearing, August 26-28, 2002, Mito, Japan.

[8] Herbert Arabner, Martin Reisinger ,Siegfried Silber, Wolfgang
Amrhein, Christian Redemann, Peter Jenckel, ‘“Nonlinear Feedback
Control of a Five Axes Active Magnetic Bearing”, The Twelfth
International Symposium on Magnetic Bearings, Wuhan, China,
August 22-25, 2010.

[9]1 Zheng Kai, Liu Heng, Yu Lie, “Fuzzy Modeling and Output Feedback
Stabilization of a Nonlinear Magnetic Bearing with Delayed Feedback”,

The Twelfth International Symposium on Magnetic Bearings, Wuhan,
China, August 22-25, 2010.



[10] Yuan Ren, Jiancheng Fang, “Current-Sensing Resistor Design to
Include Current Derivative in PWM H-Bridge Unipolar Switching
Power Amplifiers for Magnetic Bearings”, [EEE Transactions of
industrial electronics, vol. 59, No. 12, december 2012.

[11] Faqiang Wang, “Analysis and control of Multi-scale Bifurcation and
Chaos in the Piece-wise Smooth Circuit” [D], Xi'an Jiaotong
University, 2009.

[12] D. Carton, B. Robert, M. C. Pera, and C. Goeldel, “The use of methods
studying chaos to analyze a current mode pulse width modulation H-
bridge” Proc. Eur. Conf. on Power Electronics and Applications, 1997,
pp. 3272-3277.

[13] B. Robert and C. Robert, “Border collision bifurcations in a one-
dimension piecewise smooth map for a PWM current-programmed H-
bridge inverter,” Int. J. Contr., vol. 75, no. 16/17, pp. 1356-1367, 2002.

[14] ROBERT B, LU H H C, FEKI M. “Adaptive time-delayed feedback for
chaos control in a PWM single phase inverter” Journal of Circuits,
Systems, and Computers, Computers, 2004, 13 (3): 519-534.

[15] FEKI M, ROBERT B, LU H H C, “A proportional plus extended time-
delayed feedback controller for a PWM inverter” 35" Annual IEEE
Power Electronics Specialists Conference, June 20-25, 2005, Aachen,
Germany. 2004: 3317-3320.

[16] ROBERT B,FEKI M.” Control of a PWM inverter using proportional
plus extended time-delayed feedback”, International Journal of
Bifurcation and Chaos, 2006, 16(1): 113-128.

[17] ASAHARA H, KOUSAKA T. “Bifurcation analysis in a PWM
current-controlled H-bridge inverter” International Journal of
Bifurcation and Chaos, 2011, 21(3) : 985- 996.

[18] AKATSU S, TORIKAI H, SAITO T.” Zero-cross instantaneous state
setting for control of a bifurcating H-bridge inverter” International
Journal of Bifurcation and Chaos, 2007, 17 (10):3571-3575.

[19] Wang Xue-Mei, Zhang Bo. “The fast and slow-scale stabilities and
chaotic motion of H-bridge sine inverter” Acta Physica Sinica, 2009,
58(4):2448-2454.

ISMB14, 14th International Symposium on Magnetic Bearings, Linz, Austria, August 11-14, 2014



	MAIN MENU
	Front Matter
	Table of Contents
	Author Index
	Keyword Index

	Search
	Print
	View Full Page
	Zoom In
	Zoom Out
	Help

