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Abstract—In this paper, the zero-bias control method is proposed 

to remove the bias current/flux for the active magnetic bearing 

(AMB), which is meaningful to decrease the power consumption. 

The AMB system becomes a high nonlinear system under the 

zero-bias current controlled mode. Besides, the AMB suffers from 

lumped uncertainty including parameter uncertainty and 

external load, which is usually undeterminable and varying. The 

nonlinear disturbance observer based sliding mode control is 

proposed to realize the close-loop control of the whole system. 

Under this control framework, the structure of the controller for 

a nonlinear system suffered from disturbance can be divided into 

two parts. One is the normal sliding mode control part to achieve 

basic performance for the nonlinear system. The other is the 

compensate part to eliminate the effects caused by the unknown 

disturbance via disturbance observer. Compared with the 

methods adopting inner adaptive laws to estimate disturbance 

such as the adaptive backstepping sliding mode control, the 

nonlinear disturbance observer has much higher converging rate, 

which is meaningful for anti-disturbance. Mostly the nonlinear 

disturbance observer is adopted with the assumption that the 

derivative of disturbance is approximately equal to zero. In this 

paper, the disturbance is considered to be time varying, hence the 

conventional nonlinear disturbance observer is not well suited. 

Then the high-order nonlinear disturbance observer estimates 

the disturbance and its derivatives simultaneously, is proposed to 

handle the time varying disturbance. Under different kinds of 

disturbance, the high-order nonlinear disturbance observer 

based sliding mode control method is compared with the sliding 

mode control, the adaptive backstepping sliding mode control 

and the conventional nonlinear disturbance observer based 

sliding mode control. The effectiveness of the proposed high-

order disturbance observer based approach for a zero-bias 

current controlled AMB system is verified by the simulation and 

experiment results. 

Keywords: Zero-bias control, active magnetic bearing, sliding 

mode control, nonlinear disturbance observer, time-varying 

disturbance 

I. PAPER TEXT 

A. Introduction 

Due to the promising advantages such as high speed, no 
friction, absence of lubrication and long lifetime, active 
magnetic bearing (AMB) has been widely applied in numerical 
control (NC) machine, flywheels, vacuum pumps, turbos, gyros 
[1-5]. 

As well known, one of the main characteristics of AMB 
system is nonlinearity. The AMB can be controlled by two 
kinds of ways: the bias controlled way and the zero-bias 
controlled way. To handle the high nonlinearity in AMB system, 
the conventional bias controlled way uses the Taylor series 
expansion to linearize it. However, it brings bias current or bias 
flux, which intensifies copper losses and rise in temperature [6]. 
The decreased precision brought by temperature rise is fatal in 
applications such as NC machine tools. Recently, designs 
adopting the permanent magnets or utilizing the 
superconducting technology to generate the bias flux have been 
proposed, however, it brings problems in installing the 
permanent magnets or needs extended cooling system. Zero-
bias controlled mode which is also called switch control, is 
therefore proposed to minimize the power consumption for 
AMB system [6-10]. Only one in a pair of coils has current flow 
at any given time while current of the other coil is zero under 
the zero-bias controlled way. Installing the flux sensors in the 
stator of the AMB to detect flux directly is cost and more 
complicated than current control with position and current 
feedback [8]. Therefore, zero-bias current control method is 
adopted in this work. However, since the AMB system is 
treated as a high nonlinear system in the zero-bias current 
controlled way, it is difficult to design a good controller to 
suspend the rotor of the AMB well, especially under parameter 
uncertainty and external load (defined as lumped disturbance). 
Besides, the lumped disturbance is time-varying and 
undeterminable, which also adds difficulty to the design of 
controller. Therefore, it is a challenging task to achieve perfect 
performance for the zero-bias current controlled AMB system. 

Much attention has been paid to the sliding mode control 
(SMC) in the last two decades, due to the advantages of good 
transient response and good performance to subdue the system 
uncertainty and the external disturbance [11]. SMC has been 
applied in many practical systems such as electrical motors [12], 
magnetic suspended system [13], fluid power electrohydraulic 
actuator system [14], servopneumatic system [15]. However, 
SMC method is short of dealing with disturbance with unknown 
bound. The adaptive sliding mode control (ASMC) method has 
been proposed to control a magnetic suspended system suffered 
from unknown disturbance [16]. The adaptive backstepping 
sliding mode control (ABSMC) technology is used to control 
permanent magnet synchronous motor suffered from unknown 
friction force [17] or a new kind of ball and plate system under 



disturbance with unknown upper bound [18]. Adaptive laws are 
designed in the ASMC and ABSMC methods to estimate the 
disturbance, however, it estimates the disturbance simply via an 
integral of the sliding mode variable, which asymptotically 
converges in a relatively slow way. 

Disturbance observer based control (DOBC) approach, 
which combines the disturbance observer with basic control 
method, attracts much more attention and becomes one of the 
most popular disturbance rejection method [19]. Under this 
control framework, the structure of the controller for a 
nonlinear system suffered from disturbance can be divided into 
two parts. One is the normal control part to achieve basic 
performance for the nonlinear system. The other is the 
compensate part to eliminate the effects caused by the unknown 
disturbance via disturbance observer. The DOBC method has 
been used in various applications, [20] and [21] apply the 
disturbance observer based LQR and SMC respectively on the 
control of a MAGLEV suspension system, [22] uses the 
disturbance observer based SMC to the control of a human-
driven knee joint, the nonlinear disturbance observer also has 
been applied in the attitude control of spacecraft [23, 24]. 
However, an assumption that the disturbance does not change 
rapidly is made in the above applications, which limits the 
usage of the controller to the system under the quickly varying 
disturbance. And the nonlinear disturbance observer is defined 
as conventional nonlinear disturbance observer (CNDO). The 
controller combines SMC with disturbance observer is 
proposed to control the serial flexible joint plant without 
making that assumption [25]. [4, 26] propose the state-space 
disturbance observer to deal with the disturbance, however, it is 
based on the LMI design. Recently, researches about the 
applications of some kinds of high-order nonlinear disturbance 
observer to handle high-order disturbance of which the 
derivatives do not equal to zero have been presented [27-30], 
however, most are complicated and only the simulation results 
are given.  

  In this paper, a nonlinear control system for the zero-bias 
current controlled AMB system under high-order disturbance is 
considered. The zero-bias current controlled way is proposed to 
achieve the power-minimizing control for the AMB, which 
means the controlled plant is a highly nonlinear one. Besides, 
the rotor of the AMB suffered from unknown parameter 
uncertainty and external load. Therefore, the DOBC design that 
consists of the SMC and nonlinear disturbance observer (NDO) 
is proposed. The baseline SMC controller is designed to 
maintain the nominal performance of the zero-bias current 
AMB without the disturbance, and the function of NDO is to 
estimate the disturbance and compensate it. The contribution of 
this paper can be summarized as: (1) A new dynamic model of 
a zero-bias current controlled AMB system considering the 
parameter uncertainty and external load, is proposed in this 
paper. The new model is a highly nonlinear one and the 
disturbance is considered to be unknown and time-varying. (2) 
The DOBC design combines the SMC and NDO is applied to 
the control of the zero-bias current AMB system under 
unknown disturbance. The deviation of rotor caused by 
disturbance can be eliminated by the NDO well. (3) A high-
order nonlinear disturbance observer (HONDO) combined with 
SMC is proposed to handle the rapidly changing disturbance. 
The derivative of disturbance is also estimated by the HONDO. 
To make a comparison, the CNDO is also used to handle 

disturbance. Simulation and experiment results significantly 
show better performance for the HONDO based design than the 
CNDO based design in disturbance rejection. 

The paper is organized as follows: Section B focuses on the 
system modeling and description; Section C provides the the 
SMC design and the HONDO design, the output expressions of 
controller and stabilized proof are also given; simulation results 
and some comments are provided in Section D; Section E 
shows the experiment platform and the corresponding 
experiment results; Conclusions are given in Section F. 

B. Dynamic model of a zero-bias AMB system 

The radial heteropolar AMB system with eight magnet 
poles is researched in this work, as presented in Fig. 1. Eight 
electromagnet poles are arranged around the rotor 
symmetrically and can be divided into two pairs in the 
horizontal and vertical axises. In the zero-bias control 
configuration, only one in a pair of electromagnet poles works 
at any time for both axises. Once the coil of the electromagnet 
pole is energized, an attractive force is generated between the 
pole and rotor. The motion of rotor can be regulated by 
controlling the current of coils. 

The dynamical model of the radial AMB in the vertical axis 
is [1]  
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Where K1 and K2 are the magnetic force coefficients. ΔK1 
and ΔK2 represent the parameter uncertainties. Fd is the external 
force applied to the rotor. 

dF  represents the lumped disturbance, 

including the parameter uncertainties and external force. μ0 is 
the magnetic field constant in vacuum (=4π×10-7 Vs/Am), N1, 
N2 are the number of the coil turns, Aa1, Aa2 are the areas of the 
electromagnet poles, i1, i2 are the currents of coils, X0 is the 
nominal air gap between the electromagnet pole and the rotor, 

 

Figure 1.  The schematic drawing of the radial heteropolar AMB system. 



x1 is the displacement of rotor in the vertical direction, θ is the 
angle between the magnetic pole and vertical axis. 

Then a new dynamic model of a zero-bias current controlled 
one-DOF AMB system can be defined as 
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Where 2

1 1I = i  and 2

2 2I = i are the control inputs, x1 and x2 

represent the displacement and velocity of the rotor separately, 
y denotes the output of the system. It can be indicated that there 
are two control outputs whereas only one input, which is not 
desired, therefore, the switching laws is defined as 
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C. Controller design 

Inspired by [30], firstly rewrite (2) as follows 
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where 
1 1( ) ( ) /g x Ka x M , I is the output of the controller and 

needed to design, d represents the lumped disturbance,  

/dd F M . 

Before the controller design, firstly, define the tracking 
error and its derivative as 
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where 
*x , 

*x , 
*x  are the reference position, velocity and 

acceleration of the rotor respectively. 

  Let  
1 2[ ] [ ]T Te e    , then (5) can be written 

into a state-space form as 
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then system (6) can be written as 

 dG d    

According to SMC theory [11], there are two steps to design 
the control system. At first, a sliding surface with desired 
performance is defined; then, a suitable control law is 
constructed to drive system states to the sliding surface and 
remain on it. The SMC algorithm is described as follows. 

Firstly, a sliding mode surface is defined as 

 1 2[ 1] ,c c       

where c is a positive constant. 
The time derivative of σ is 
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Based on the reaching law of SMC, the output of controller 
can be as 
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where h, k satisfy, h > 0 and k > 0 . 
Define a Lyapunov function as follow 
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Clearly, it can be concluded that if the lumped disturbance 
d is known, the sliding mode surface σ = 0 is always reachable, 
the control system is therefore stable. Nevertheless, as 
mentioned above, the lumped disturbance is unmeasurable, 
which means that an extended disturbance observer is needed 

to estimate d. Define d̂  to be the estimation of the lumped 

disturbance, then the output of controller take the new form as 
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  Define ˆd = d - d  to be the estimation error, then the time 

derivative of V1 becomes 
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  As shown in (15), if k >| d | , then 
1 0V   can be held. 

Therefore, the sliding mode surface σ = 0 is reachable and the 
stability of the whole system is proven. 
Remark 1: From above, it can be known that the value of k can 

be greatly decreased (k only needs to be greater than  | |d ) as 

long as the d̂  matches the unknown lumped disturbance well, 

while k needs to be greater than | |d  in the conventional SMC 

design [11], which is helpful to alleviate the chattering 
phenomenon. Therefore, a well designed disturbance observer 
is required to track the disturbance. Then, it follows the 
disturbance observer design parts. 

In order to handle the varying disturbance, a high-order 
nonlinear disturbance observer is proposed, which observes the 
disturbance as well as its derivatives. For the convenience of 
realization, the zero/first/second order derivatives of 
disturbance are considered here, and an assumption is made that 
the feasibility of HONDO is existing if only the lumped 
disturbance meets the following assumption: 

Assumption: The lumped disturbance d and its first two-
order derivatives are continuous and bounded, namely  
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where μ is a positive constant, μ can be unknowable. 
 Based on the definitions and deductions above, a high-

order nonlinear disturbance observer is designed as  
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Where d̂  and 
ˆ
d  are estimations of d and its derivative 

respectively, p1 and p2 are auxiliary functions, and q1, q2 are 
positive constants. Compared with other NDOs in literature [27, 
28], this kind of observer is more simplified and easy to realize. 

Let 
T[ ] ,D d d  then HONDO is reformed to be 
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According to (18), the derivative of D̂  is yielded as 
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Then the estimation error can be defined as follows 

 ˆD D D   

The observer error dynamics can be written as 



1

2

ˆ

ˆ

0 1 0

0 0 1

0
ˆ

0

0

1

D D D

d
QD qd

d

d
d

d

dq
QD

q d

QD d

 

 
   
  

     
        

     

   
    
    

 
   

 

 

Define [0 1]TE  , then (21) becomes 

 D QD Ed   

Supposing that q1 and q2 are chosen to guarantee that the 
eigenvalues of Q are in the left hand plane, then a positive 
definite symmetric matrix P can be found to satisfy 

 ,TQ P PQ R    

for any given positive definite matrix R. Define λs to be the 
smallest eigenvalue of R.  

To analysis the stability of HONDO, construct a Lyapunov 
function as 

 2 = TV D PD  

The derivative of V2 is get via (23) 
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Then, after a relatively long time, the norm of the estimation 
error is bounded by 
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Therefore, the norm of the extended disturbance estimation 

error D  is ultimately bounded and the bounds can be lowered 
by choosing q1, q2, P and R appropriately. 

Remark 2: The class of disturbances considered here is 
much larger than the normal nonlinear disturbance observer 
based design since the derivative of the disturbance is also 
estimated. Differs from the CNDO in [22], the derivatives of 
lumped disturbance is no longer restricted to be nearly zero for 
the HONDO, a common bound μ can be found for the lumped 
disturbance and its derivatives. Therefore, stronger ability to 
handle varying disturbance can be expected. Besides, it should 
be mentioned that the bound μ is unnecessary to know. 

Fig. 2 draws the whole control system of the zero-bias 
current controlled AMB based on the method combining 
HONDO with SMC. Besides, for the convenience of discussion, 
the control system adopting HONDO and SMC is abbreviated 
as SMC+HONDO, similarly, SMC+CNDO for one consists of 
CNDO and SMC. 

D. Simulation 

In this section, we apply the SMC+CNDO [22] and the 
SMC+HONDO to the zero-bias current controlled AMB 
system separately. Three kinds of conditions, the step response, 
360 N step load and 200 N / 20 Hz sine load added to rotor, are 
taken into consideration. Besides, to make a comparison, the 
sliding mode control (SMC) and adaptive backstepping sliding 
mode control (ABSMC) [17] are also implied to the same 
system.  

As shown in (3), g(x1)I is strongly nonlinear in the vicinity 
of x1 =0, which results in serious chatter. Thereby, to reduce 
chattering, the sign function in (14) is replaced by the following 
saturated function 
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where η, δ0 are positive constants.  
The design parameters are chosen as follows: 

• SMC: c=800, k=10, h=800, η=0.1, δ0=0.1  

• ABSMC: c=100, k=100, h=30, β=5, γ=50000, η=0.01,  

δ0=0.01 

• SMC+CNDO: c=800, k=1, h=800, l=400, η=0.004,  

δ0=0.004 

• SMC+HONDO: c=800, k=1, h=800, l1=1000, l2=1000,  

η=0.00003, δ0=0.00001. 
In Fig. 3, it shows that the rotor suspends at the center within 

0.1 s well under a 0.18 mm step reference displacement for the 
four methods. It demonstrates that the ABSMC has the 
minimum settling time, while the setting up process for 
SMC+CNDO is the longest one. Besides, Fig. 3 presents that 

 

Figure 2.  The whole control system of the zero-bias current controlled AMB 

based on SMC+HONDO. 

 

Figure 3.  The simulated displacement curves of the step response (initial 

displacement is -0.18 mm). 

 

Figure 4.  The simulated displacement curves under the 360 N step load. 

 

Figure 5.  The simulated disturbance estimation curves under the 360 N step 

load. 



there exist several oscillations in the displacement curves for 
the four methods, this is because the switching laws in (3) is at 
work. The overshoot of displacement curve is the largest one 
for the SMC+CNDO. 

It can be observed from Fig. 4 that with a 360 N step load 
adding to the rotor, for SMC, a steady displacement from the 
center is generated which is about -15 μm, while a -3.3 μm error 
at max occurs and then decreases slowly for ABSMC. However, 
a maximum error of -5.6 μm is formed and then converges to 
zero within 0.06 s for the SMC+CNDO, and the largest 
displacement and the adjustment time change to -4.3 μm / 0.04 
s for the SMC+HONDO method. Moreover, the curves of 
estimation to the step load for the methods except SMC are 
shown in Fig. 5. We can conclude that the SMC method is short 
of handling disturbance with unknown bound, and though there 
is an adaptive law to estimate the disturbance in the ABSMC 
algorithm, the estimating rate is slow. The disturbance observer 
based control approach has faster estimating rate than the 
conventional methods with inner adaptive law. Moreover, the 
HONDO tracks the step load more quickly than the CNDO. 
This corresponds well to the analysis in above sections.  

From Fig. 6, we can conclude that the rotor vibrates around 
the center at 20 Hz when adds the sine load to the rotor. The 
sine load is supposed to be generated by the parameter variation. 
The vibration amplitudes are about 8.2 μm for SMC, 1.8 μm for 

ABSMC, 3.1 μm for SMC+CNDO, and under 1.1 μm for 
SMC+HONDO separately. Fig. 7 shows that the HONDO 
tracks the sine load well, while there remains small error and 
time delay in the estimation curve for the CNDO, and the 
adaptive law in the ABSMC algorithm is almost disabled to 
estimate the sine load. The results are consistent with above 
analysis. The HONDO is good at handling different kinds of 
disturbance. Therefore, the effectiveness of the high-order 
disturbance observer is proven.  

Therefore, in the simulation part, excellent performance can 
be shown for the SMC+HONDO method under different kinds 
of conditions. 

E. Experiment 

Fig. 8 shows the structure of the experiment platform 
researched in this paper. Fig. 8(a) and Fig. 8(b) represent the 
construction of a power magnetically levitated spindle (PMLS) 
system, which is made of a radial AMB, an axial AMB, a 
bearingless motor and a loading plant mainly. The radial AMB 
is the primary part to bear external load in the radial directions. 
Since that, the proposed methods are applied to the radial AMB. 
The whole control system consists of the signal processing part, 
the control board, the power board and the AC-DC inverter 
mainly. The SMC, ABSMC, SMC+CNDO, SMC+HONDO 
algorithms are realized in a FPGA chip, the EP4CE15F256 
FPGA manufactured by ALTERA is utilized. These proposed 
control methods employ the cascaded structure with position 
and current feedback. The inner current loop adopts the 
hysteretic current control to realize the fast response of current. 
The mass of the rotor is 34.2 kg, the magnetic force coefficient 
is 4.5×10-5 N∙m2/A2, the nominal air gap is 0.5 mm, the turns of 
coils are chosen as 280. 

Corresponds to the simulation section, the four methods are 
realized for the zero-bias current controlled AMB system 

 

Figure 6.  The simulated displacement curves under the 200 N / 20 Hz sine 

load. 

 

Figure 7.  The simulated disturbance estimation curves under the 200 N / 20 

Hz sine load. 

 

Figure 8.  Structure of the experiment platform: (a) the construction model 

of a power magnetically levitated spindle (PMLS) system, (b) the 

configuration of the PMLS system and radial magnetic bearing. 



respectively for different conditions. The following discussions 
focus on the vertical DOF of the radial AMB.  

From Fig. 9, it can be concluded that both the four methods 
can make the rotor suspend at the center from -0.18 mm initial 
displacement within 0.3 s. It costs 0.16s, 0.20 s, 0.24 s, 0.18 s 
to reach the steady state for the SMC, ABSMC, SMC+CNDO, 
and SMC+HONDO respectively. Similar to the simulation 
results, several oscillations can be seen in the displacement 
curve for the four methods. Different from the simulation 
results, faster response is shown for SMC+HONDO than 
ABSMC.  

Fig. 10 shows that similar to the simulation result, when 
adds a 360 N step load to the rotor at about t = 0.05 s, a steady 
displacement from the center of which the value is about -29.5 
μm and the adjusting time is about 0.11 s for the SMC method, 
a max error of -3.7 μm occurs and then stabilizes at -2.0 μm for 
the ABSMC method, and the setting up process costs about 0.3 
s. While, for the disturbance observer based designs, an 
overshoot of about -6 μm is produced and quickly converges to 
zero within 0.1 s for the SMC+CNDO, and the max error and 
settling time are -4.7 μm and 0.08 s for the SMC+HONDO.  

Then an assumption is made that the magnetic force 
coefficient K is varying with an error of 50 % and the frequency 
is 20 Hz, and Fig. 11 shows the displacement curves of rotor for 
the four approaches. It clearly shows that the SMC+HONDO 

has the best performance to handle the changed disturbance 
with the vibrating amplitude of under 1.4 μm, while the value 
of amplitudes for SMC+CNDO, ABSMC, SMC are 2.7 μm, 3 
μm, 10.5 μm respectively. Therefore, the SMC+HONDO 
method performs better in resisting the lumped disturbance than 
the others.  

From above, it demonstrates that the disturbance observer 
based methods have stronger ability to resist disturbance than 
the baseline control method and method with an inner adaptive 
law, while maintaining the nominal performance with identical 
suspending precision. Moreover, the experiment results when 
adding disturbance obviously verify that the HONDO is more 
effective than the CNDO, as the derivative of the disturbance is 
estimated at the same time. Therefore, the validity of the high-
order disturbance observer is proven. 

F.  Conclusions 

In this paper, the undeterminable lumped disturbance 
rejection problem in a new zero-bias current controlled AMB 
system is investigated. The zero-bias current controlled way is 
proposed to realize the power-minimizing control for AMB 
system. First, the construction of the lumped disturbance is 
analyzed and a new zero-bias current controlled AMB model is 
built. Then the conventional nonlinear disturbance observer and 
high-order nonlinear disturbance observer are discussed 
separately, and the disturbance observer based sliding mode 
controller designs are presented. The high-order nonlinear 
disturbance observer estimates the disturbance and its 
derivative at the same time, while the conventional nonlinear 
disturbance observer assumes that the derivative of disturbance 
equals to zero. Both simulation and experiment results show 
that the feasibility of the proposed algorithm. Besides, the high-
order nonlinear disturbance observer based sliding mode 
controller is compared with the baseline sliding mode controller 
without disturbance observer, the adaptive backstepping sliding 
mode controller and the conventional nonlinear disturbance 
observer based design. The results show the superiority both in 
maintaining nominal performance and disturbance rejection for 
the proposed high-order nonlinear disturbance observer based 
controller than other methods. Since the time-varying 
disturbance widely exists in practice, better performance can be 

 

Figure 9.  The experimental displacement curves of the step response (initial 

displacement is about -0.18 mm). 

 

Figure 10.  The experimental displacement curves under the 360 N step load. 

 

Figure 11.  The experimental displacement curves with 50 % / 20 Hz varied 

magnetic force coefficient K. 



expected for the power-minimizing controlled AMB with the 
proposed approach.  
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