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Abstract 

Modulation of a three phase inverter may generate serious torque ripples as a result of the 

small inductance of a coreless motor. In this paper, a control system with a LCL filter is first 

proposed to change the dynamic characteristics of the system and a torque control method of 

this specific system is proposed. First, the current command of four-leg system is alternating. 

Aiming at this issue, a robust tracking error cancellation controller which obtain high 

precision tracking and high dynamic performances is adopted. Second, the back EMF of 

motor contains harmonic component. Therefore, a new control method based on four-leg 

converter is proposed. This method can reduce power consumption of reaction wheel by 

controlling the zero sequence current interact with the harmonic of back EMF. Third, a new 

controller combining current feed forward and speed feedback is designed to improve the 

rapidity and accuracy of the torque. At last, simulation has been put into effect so as to prove 

the correctness and feasibility of this method. 
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1. Introduction 

Reaction wheel is a key component of a satellite attitude control system. The wheel adjusts 

the attitude by means of the momentum exchange. So the precision of the output torque of the 

reaction wheel may affect the precision of satellite attitude directly [1-2]. In order to reduce 

power loss of the motor, most reaction wheels are driven by coreless motor. As a result, 

modulation of a three phase inverter may generate serious torque ripple. Besides, the torque 

command outputted by the attitude control computer is periodic and the reaction wheel 

operates alternately in acceleration and deceleration. Thus the dynamic characteristics of 

reaction wheel are of great significance. 

A control system combining Buck converter and three-phase inverter is used in [3]. The 

control method of this system is PAM. However, this method uses DC side current as the 

feedback and controls torque indirectly. The accuracy of output torque is not ideal. Especially 

in the energy consumption braking phase, due to the small inductance characteristics of the 

motor, the modulation of DC side will cause current fluctuations. A reaction wheel system 

driven by PMSM is used in [4-6]. With three phase current as feedback, it completely 

eliminates the commutation torque ripples caused by square-wave drive. However, a core 

stator is used, so it does not apply the requirements of modern aerospace. 

To acknowledge the tracking control of high-precision reaction wheels, a control system 

with a LCL filter and PMSM is proposed. Due to the introduction of the filter, a controllable 

rectification control system is proposed where three-phase current is feedback and torque 

control method is used. In addition, because of the zero-sequence current and zero-sequence 

counter electromotive force, a driven system based on four-leg is applied. It improves the use 
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ratio of the current by engendering effective torque through the impact of zero-sequence 

current and zero-sequence counter electromotive force. 

Fault-tolerant application is studied in [7]. Besides, four-leg converter has the ability to 

control zero-sequence current. Thus a control scheme composed of four-leg and LCL filter is 

proposed and the zero-sequence will generate positive torque together with harmonic back 

EMF. The LCL filter is used to eliminate the torque ripples. In the control system, the current 

references are alternating, so PID controller can’t eliminate the steady-state error of current. 

Repetitive current control is used to reduce torque-ripple in PMSM but the algorithm is 

complex. Therefore, a robust tracking error cancellation controller is used in this paper. At 

last, a new controller combining current feed forward and speed feedback is designed to 

improve the rapidity and accuracy of the torque. 

 

2. Mathematical Model 

The three-phase inverter is widely used in ac drive and reactive power compensation. 

It adopts the structure of three bridge arms, which can generally give power supply to 

motors with three-phase balanced load. But for a specific application field, the three-

phase loads are changeable, which requires that the output is connected to the ground. 

So a control system with a LCL filter driven by four-leg converter is adopted. Then a 

bridge arm can be added to form the midpoint to acknowledge that. It has high straight 

utilization rate of current and its dc input capacitance is small. 

The control system with a LCL filter driven by four-leg converter is shown in Figure 

1. 

In order to calculate conveniently, the math model of four-leg converter will contain 

the inductor L and capacitor C of the filter. The model of PMSM will  contain the 

equivalent value of the filtering inductance L1. 

 

2.1. Model of Four-Leg Converter 

After a feed forward decoupling, the mathematical model of four-leg converter can 

be written as [1-3]. 
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Figure 1. Control System with a LCL Filter Driven By Four-Leg Converter 
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Where [Id1  Iq1  Io1]
T
  and  [dd  dq  do]

T
  are the values in d-q-o coordinate frame of [Ia1  Ib1  

Ic1]
T
 and the duty cycle of PWM [daf   dbf  dcf]

T
. 

After decoupling, the four-leg converter is as effective as three Buck DC-DC converters. 

Thus the controller of d-axis, q-axis and o-axis can be design independently. 

 

2.2. Model of Reaction Wheel Driven by PMSM 

Assuming that the back EMF of the reaction wheel contains third harmonic, then the 

mathematical model of reaction wheel driven by PMSM in d-q-o coordinate frame can be 

express as (4) and (5), 
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Where [Vd  Vq  Vo]
T
 and [Id  Iq  Io]

T
 are the values of  [Va  Vb  Vc]

T
 and [Ia  Ib  Ic]

T
  in d-q-o 

coordinate frame, [Ld  Lq  Lo]
T
 is the sum of the equivalent inductance of L2 and machine 

winding.θe is the electrical position. Ψf andΨ3 are respectively the amplitude of first and 

third harmonics of flux linkages respectively. 

Thus the electromagnetic torque of a surface-mounted PMSM is, 

 3

3
(3 )

2
e f q e o

T = P ψ I + ψ sin θ I  (6) 
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Where the first item and the second item are the electromagnetic torque generated by the 

current of q-axis and o-axis respectively. 

 

3. Control Method 
 

3.1. Current Loop Design 

The current is minimized to generate same torque when the current is co-linear with the 

EMF. Id is kept to zero as it doesn’t produce electromagnetic torque. Thus, the magnitude of 

current is, 

2 2

q o
I = I + I                                                                                    (7) 

From (6), the torque is given by, 
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Then we can derive from (8) that if the current references are same with (9) under the 

torque reference T*, the magnitude of current will be minimum. 
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The current references Iq* and Io* are sine functions. Iq* is sixth harmonic and Io* is third 

harmonic. The traditional PID controller doesn’t have the ability to track periodic signal with 

zero steady-state error and the algorithm of internal model control is complex although it is 

effective. Therefore, in order to improve the dynamic tracking feature of current loop, a 

robust tracking error cancellation controller shown in Figure 2 is proposed.  
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Figure 2. Robust Tracking Error Cancellation Controller 

In Figure 2, Gib(s) is a PI controller, 1
i
τ s +  is a low-pass filter where Wi is the feed-back 

factor. The controller will improve the tracking precision and speed of current loop using a 

positive feedback of current error εi. Considering the speed of reaction wheel and 

frequency of PWM, the parameter of the controller is chosen as Wi=0.5, ιi=0.0001. 
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3.2. Feed Forward and Feedback Controller 

By using current feedback controller, the system can only realize electromagnetic torque 

emersion of torque command and doesn’t have the ability to compensate disturbance. By 

using speed feedback controller, the accuracy of output torque will be improved. However, 

the delay of speed loop is very large as a result of large inertia of reaction wheel motor. 

Therefore, a control method combining current feed forward and speed feedback is proposed. 

The control scheme is shown in Figure 3. 

It can be derive from (8) that, 
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In order to make the proportion of Id the same as Iq and make the current be co-linear with 

the EMF. The following function should be satisfied. 

( ) ( )i is T s
G = G                                                                     (11) 
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Figure 3. Control System 

 

4. Computer Simulation 

In order to verify the effectiveness of the proposed method, Matlab/Simulink simulation 

has been put into effect. Some major parameters are shown in Table 1. 

Table 1. Major Parameters 

Specifications Units 

Number of poles 12 

Moment of inertia, J 3.183×10
-6

kg.m
2
 

Operated Speed 6000r/min 

Armature inductance, Lm 5μH 

Phase resistance, Rm 0.2Ω 

Inductance of the filter L=1mH, L2=0.2mH 

Capacitor of the filter, C 4.7μF 

Third harmonic of EMF 20% 

 

As is shown in Figure 4 to Figure 7, response curve of the reaction wheel when the torque 
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command T=0.02Nm is given at t=1s. Figure 4 is the comparison of the q-axis current 

response for PID controller and robust tracking error cancellation. The result shows that PID 

controller leads to lower dynamic characteristics and steady-state error goes larger with the 

increase of rotational speed. By using a robust tracking error cancellation controller, the 

current loop has higher dynamic response and the tracking error keeps little. This is because 

PID control method doesn’t have the ability to track an alternating command without steady-

state error, while the robust tracking error cancellation controller may improve the dynamic 

characteristic by applying a positive feedback of current error. 

 

 

Figure 4. Comparison of Current Error for Tow Controllers: PID and Robust 
Tracking Error Cancellation. 

 

 

Figure 5. Current of the Reaction Wheel Driven By Four-Leg and Three-Leg 
Converter 

What are shown in Figure 5 and Figure 6 are respectively winding current and power 

consumption of the reaction wheel driven by four-leg and three-leg converter. Using the 

method in this paper, the peak current and average current are lower. Thus the system driven 

by four-leg has greater efficiency. This is because the zero-sequence current is controllable in 

the four-leg system and can generate positive torque. 
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Figure 6. Power Consumption of the Reaction Wheel Driven By Four-Leg and 
Three-Leg Converter 

 

 

Figure 7. Torque Tracking Curves of the Systems Using the Control Method of 
Current Mode, Speed Mode and Feed Forward + Feedback 

The torque tracking curves of the systems using the control method of current mode, speed 

mode and feed forward and feedback are shown in the Figure 7. The system using current 

mode has fast dynamic characteristics. But it does not eliminate the influence of disturbance 

torque. Speed mode can restrain the internal disturbance, but the dynamic characteristic of the 

system is poor because of the great rotary inertia of the motor and low sample rate of speed. 

Current feed forward and speed feedback controlling method can be used to balance the 

advantages of current mode and speed mode. 

 

5. Conclusion 

In this paper, a new control scheme is proposed aiming to realize high-precision torque 

control of the reaction wheel. A robust tracking error cancellation controller is adopted and a 

high precision tracking and high dynamic performances are obtained. By using a robust 

tracking error cancellation controller, fast current tracking performances without steady-state 

error are obtained. The consumption of reaction wheel is reduced thanks to the four-leg 

converter. At last, the control method combining current feed forward and speed feedback 

resolves the contradiction between quickness and accuracy of the reaction wheel torque. 
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