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1. Abstract 
The objective of this study is to design an unbalance force rejection controller by using the decoupling control law 

as a levitation controller. The system under study is a 5-DOF rotor magnetic bearing system. It is equipped with two 

sets of heteropolar radial active magnetic bearings and one axial active magnetic bearing. In this study, an unbalance 

force rejection control (UFRC) structure is proposed, which is inspired by the coordinate transformation of the 

decoupling control. By combining the proposed UFRC controller with decoupling control, the system can be divided 

into two independent parts, parallel mode and conical mode. That is, the system has been decoupled. By decoupling 

the system, the design and analysis of the UFRC controller can be more intuitive and easier. In addition, the advantage 

of decoupling control is maintained. The design method and stability analysis are given in the paper. After adding UFRC 

controller to the control loop, the stability becomes speed dependent. Thus, the UFRC controller parameter varies for 

different speed range. At the end of this paper, the performance of the proposed concept is verified by numerical 

simulation. In summary, the proposed method works and makes the rotor turn around its center of mass so that the 

imbalance force is rejected. Although only the static unbalance is considered in this study, the same concept can be 

extended to the case where both the static unbalance and the dynamic unbalance are present. 
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2. Introduction 

In addition, since the magnitude of the unbalance force is proportional to the square of the speed in a magnetic 

bearing system, other problems such as amplifier saturation and flexible mode excitation can occur at high speeds. 

This is where unbalance compensation comes into play. Based on the objective, most unbalance compensation 

algorithms can be divided into two groups. One is unbalance vibration cancellation control (Chen, et al., 2019), which 

forces the rotor to rotate around its geometric axis. The other is unbalance force rejection control (UFRC) (Zheng, et al., 

2016), which forces the rotor to rotate about its principal axis. In this study, a decoupling controller is used to levitate 

the rotor, and an UFRC controller is designed to cancel the unbalance force. The mathematical model that considers 

the eccentricity is introduced, and the design of the UFRC controller is investigated. 

 

3. System description and dynamic modeling 

The system under study is a 5-DOF rotor-magnetic bearing system shown in Figure 1. The rotor weight is 

supported by two 8-pole heteropolar active magnetic bearings at each end. 

 
Figure 1 5-DOF rotor-magnetic bearing system 
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From the book by Maslen and Schweitzer (2009), if we consider only the static unbalance the rotor dynamics can 

be described by (1).  
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se f r f rq x x y y    . q is the body coordinate displacement of the rotor, in which x, y are 

displacements of the rotor and β, -α are the rotation angle of the rotor. qse is the sensor coordinate displacement of 

the rotor, in other words, rotor displacement measured by position sensors. C is the measurement matrix. Ω is the 

rotation speed and ex, ey are eccentricities of the rotor in x, y directions respectively. M is the inertial matrix and is 

diagonal. To make the discussion later on easier, let us call x, y the parallel modes of the rotor and β, -α are the conical 

modes. Next, the decoupling PID control law we utilize to levitated the rotor is  
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where , ,P I D are diagonal and  
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   . With the control law, closed loop dynamics become (3) 

 Mq Dq Pq I qdt Us     (3) 

From the left side of (3), it is easy to see that the parallel and conical modes are independent. In this study, only static 

unbalance is considered. That is, eccentricity exists only in the radial direction of the rotor, while the axial direction of  

the rotor is in the absence of eccentricity. Thus, only parallel modes are affected by the unbalance force (Us), while 

conical modes are not. This is a nice property that we will take advantage of when designing the UFRC controller.  

 

4. Design of UFRC controller 

4.1 Block diagram of the system and UFRC controller structure 
Figure 2 shows the control loop of the system, where block N represents the UFRC controller. Also, in (2), the term 

KsS,compqse is used to decouple the parallel and conical modes and must not be changed to achieve the best decoupling 

effect. Thus, the feedback signal is injected directly into the decoupling PID controller without passing through the 

UFRC controller. Figure 3 shows the structure of the UFRC controller. The error is transformed into body coordinates 

when it enters the UFRC controller. Before it leaves, it is transformed back to sensor coordinate. It can be seen that the 

concept is similar to that of the decoupling controller. Most importantly, for body coordinate errors, only parallel errors 

pass through the generalized notch filter (Zheng, et al., 2016), where ɛ, θ are parameters to be designed. This reduces 

the complexity of designing the notch filter parameters, since the stability of conical modes (whose pole locations are 

speed-dependent) is not affected by the notch filter. 

 

 
Figure 2 Block diagram of the system with controllers 
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Figure 3 UFRC controller structure 

 

4.2 Simplification of the overall system 

After substituting the control law (2) and the UFRC controller structure into the block diagram shown in Figure 2, 

the system can be represented by the block diagram shown in Figure 4 when the rotor is not rotating. As you can see, 

a 4-DOF system where each DOF is coupled now becomes four 1-DOF systems where each DOF is independent. Each 

block in Figure 4 is as follows 
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Npara is the transfer function of the parallel mode part in UFRC controller and is of the form of generalized notch 

filter. Gc,para and Gc,coni are PID controller transfer functions correspond to parallel and conical mode respectively. 

Similarly, GP,para and GP,coni are plant transfer functions for parallel and conical mode respectively. Funbalance is the 

unbalance force acting on the system and can be treated as external disturbance.  

 

 
Figure 4 Block diagram of decoupled system (not rotating) 
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4.3 Design of UFRC controller parameter 

After simplifying the system, the UFRC controller parameter design is much easier. From Figure 4, we can easily 

see that the conical mode block diagram has nothing to do with the notch filter design. Therefore, only the parallel 

mode characteristics such as stability, performance, etc. need to be investigated. Furthermore, if the dynamic 

unbalance is taken into account, the notch filter for each mode can be designed independently. From (4), we know 

that not only the UFRC controller parameter changes the system characteristics, but also the rotational speed, si nce 

Npara is also a function of the rotational speed Ω. Thus, the closed-loop stability of the system should be checked after 

introducing the designed notch filter under a certain rotational speed. In addition, since the gyroscopic effect becomes 

more significant and the unbalance force is stronger at high speed, the system should better preserve its 

characteristics at high speed after adding the notch filter. By preserving the characteristics, we can make sure that the 

system characteristics (sensitivity, phase margin, etc.) are similar to what we desired when designing the decoupling 

controller. 

Let us set the operating speed as 20000 rpm, by following the above two baselines, that is, to maintain the 

stability and characteristics when the rotator rotates at 20000 rpm, the UFRC controller parameters are chosen as ɛ = 

1007.1, θ = -0.1188. Figure 5 shows the dominant pole locations of the parallel mode at different speeds with this set 

of UFRC controller parameters. From the figure, we can see that the system loses its stability when the speed is below 

3800 rpm, also the system retains its characteristics when the speed is above 6300 rpm. Note that the result in Figure 

5 was obtained using the linearized model, i.e. the parallel mode block diagram in Figure 4. In the linearized model, 

the magnetic forces are linearized and the gyroscopic effect is not considered. To obtain a more accurate result, a 

nonlinear model with nonlinear magnetic force and gyroscopic effect is used for numerical simulation. The simulation 

result is shown in Figure 6, where UFRC is turned on when t = 1 sec. When the rotational speed is 4500 rpm and UFRC 

is turned on, the system reaches marginally stable, which means that the system may lose its stability when the 

rotational speed is below 4500 rpm. As you can see, the result is slightly different from the linear model. Thus, only 

when the speed is higher than 4500 rpm, the parameter set ɛ = 1007.1, θ = -0.1188 can be used. For speed below 4500 

rpm, we need to design another set of UFRC controller parameter. 

 
Figure 5 Parallel mode dominant pole locations under                 Figure 6 Rotor displacement while rotating at 4500 rpm 

         different rotation speed (UFRC on, ɛ=1007.1, θ=-0.1188)                           (ɛ=1007.1, θ=-0.1188) 

Following the same baseline, the UFRC controller parameters are chosen as ɛ = 200, θ = -0.0477. Figure 7 shows the 

dominant pole locations of the parallel mode under different rotation speed with ɛ = 200, θ = -0.0477. Similarly, the 

system loses its stability when the rotation speed falls below a certain number, which in this case is 2700 rpm. 

However, the dominant poles are very different from those without notch filter even at high speed, which means that 

the system characteristics change a lot after turning on UFRC. The simulation result with the nonlinear model is shown 

in Figure 8, where the UFRC is turned on when t = 1 sec. The system reaches marginally stable when the rotational 

speed is 2950 rpm, which is also slightly higher than the result obtained from the linear model. For the sake of safety, 

the first set of UFRC controller parameter is used when  5000 rpm (higher than 4500 rpm) and the second set is 

used when 5000RPM3100 rpm (higher than 2950 rpm). The URFC controller parameters for different speed 
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ranges are shown in Table1. 

 
Figure7 Parallel mode dominant pole locations under                 Figure 8 Rotor displacement while rotating at 4500 rpm 

         different rotation speed (UFRC on, ɛ=200, θ=-0.0477)                             (ɛ=200, θ=-0.0477) 

 

Table 1 UFRC controller parameters for different rotation speed range 
 

Rotation Speed [rpm] ɛ θ 

5000  1007.1 -0.1188 

3100 ~ 5000  200 -0.0477 

3100  0 0 

 

5. Numerical simulation 

The rotation speed during simulation is shown in Figure 9. According to ISO1940-1, under the speed of 20000 rpm 

the maximum admissible eccentricity value is 3×10
-3mm. Therefore, the eccentricity of the rotor is set to ex=3×10

-3mm, 

ey=0. The simulation result is shown in Figure 10, where the rotor response is shown in sensor coordinates. Initially, the 

rotor floats from its initial position to the center without rotating. Then the rotor rotates at the speed shown in Figure 

9. As can be seen in the zoomed view of Figure 10, the maximum and minimum displacement values of the one with 

UFRC are almost the same and are around 2 2

x ye e . The same observation can be found in all other three plots, which 

means that the rotor is rotating around its principal axis (center of mass), causing the centroid of the rotor to oscillate. 

 
Figure 9 Rotation speed [RPM] versus time 
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Figure 10 Sensor coordinate response versus time 

 

6.Conclusion 

In this study, a UFRC controller structure has been proposed. While using the decoupling control law as the 

levitation control, the UFRC controller can be easily designed. In addition, the stability of the system can also be easily 

verified. The UFRC controller design was shown in the paper, and its performance was  verified through numerical 

simulation. From the simulation, the designed UFRC controller was proved to be effective. 
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