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Abstract. In order to improve the dynamic measurement capability of magnetohydrodynamics 
(MHD) angular rate sensor (ARS) furtherly, this paper gives the error analysis of MHD ARS under 
the influence of a non-uniform magnetic field. In this work, the numerical simulation using 
3D-Magnetostatic and FLUNET coupled with User Defied Function (UDF) is made. It is found that 
the inhomogeneity effect on the velocity fluctuations is not outstanding, whereas the effect on the 
electric potential is considerable. Sinusoidal curve fitting method is introduced to characterize the 
sensor output errors. The results indicate that the random error of the sensor output may be generated 
by the magnetic field inhomogeneity especially at the peak and valley of angular vibration. This 
finding can provide a reference for the optimization of the sensor design. 

Introduction 

The magnetohydrodynamic (MHD) angular rate sensor (ARS) has been developed and 
demonstrated in a range of applications [1] for no mechanically moving parts and low power 
consumption. The sensor with ultralow noise is capable of monitoring angular vibrations of 
acquisition, tracking, and pointing support structures used in space experiments over thousand hertz 
range of frequency. [2] For impact resistance and low cost, the MHD ARS is also suitable for making 
accurate measurements of the inertial motions of head kinematics test [3], high-g sled  and other 
automotive safety researches[4]. In order to improve the dynamic measurement capability furtherly, 
some evaluations of the MHD ARS have been studied. Martin et al.[5] showed that the head angular 
accelerator in impact testing could be obtained by the differential of MHD ARS but the results had 
poor consistency. Merkle et al.[6]  indicated that the MHD ARS had large discrepancies from the 
benchmark in determining the angular displacement and attributed the problem to the scale factor 
drift. These tests necessitate the sensor’s modeling and error analysis. Pinney et al.[7] showed the 
coherence function method to give the noise floor of the sensor for predicting the angular position 
error. Laughlin et al. [8] described the tested frequency response curves and proposed a simplified 
model of MHD ARS, which ignored some error sources in theory. Xu et al.[9] presented the 
numerical simulation results and draw the conclusion that the sensor output could not be calculated at 
a single magnetic field value, but the effect of the non-uniform magnetic field on the measurement 
was not given. Many researches have shown that the fringing magnetic field has influence on the 
MHD characteristics[10] . This paper will perform the study to reveal the details of the flow fields or 
electromagnetic field under the influence of a non-uniform magnetic field in MHD ARS. 

Modeling of MHD ARS  

Working principle The basic principle of the MHD ARS is the electromagnetic induction 
phenomenon of conductive fluid. As shown in Fig.1, the upper ring is filled with conductive fluid and 
a permanent magnet is fixed with the case. The top and bottom sides are parallel insulating plates with 
height h , whereas inside and outside walls are concentric conducting cylinders with radii ri and ro. 
When the case installed with a measured object rotating with an angular velocity Ω, the fluid remains 
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relatively stationary with respect to the inertial frame due to inertia and mobility. Then the fluid 
moves through the rotating magnetic flux B and a radial electromotive force ϕ  is generated. 

 
Fig.1 Schematic diagram of MHD ARS’s principle  

Ignoring the secondary flow and induced magnetic field, the relation between the output and 
angular velocity can be expressed as equation (1) [8]:  
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Where l is the width of the channel, R is the equivalent radius and can be obtained by R=(ri+ro)/2 
and M is Hartmann number, which means the ratio of electromagnetic force and viscous force. 

Governing Equations The motion of the conductive fluid and electromagnetic field in the MHD 
ARS is governed by the following equations in non-inertial system:  
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Wheres  is electrical conductivity, ρ is mass density, ν is kinematic viscosity coefficient and µ  is 

magneto conductivity. The total magnetic field, the electric current density, the pressure field and the 
relative velocity field are defined by B , j , p and u  respectively.  

Simulation 
The magnitude of the magnetic field B in the conducting field in the annulus is obtained using 

3D-Magnetostatic, which is shown in Fig.2 (a). The inside and outside radii are respectively 4mm and 
16mm. The height of the fluid ring is 4mm. It can be seen that the magnitude at the bottom is larger 
than at the top. The magnitude along the radial direction descends from the inside to the outside. 
These results can be attributed to the different distances from the permanent magnet and the 
inhomogeneity of magnet. The average value of the magnitude is 0.18T and the inhomogeneity of the 
magnetic field Bγ is about 72.5% calculated according to the equation (6). 

Bγ=(Bmax-Bmin)/Baverage                                                                                                                         (6) 
The numerical simulation of the fluid motion is employed using FLUENT coupled with the User 

Defied Function (UDF).  The MHD ARS is always required to sense angular vibration, so the angular 
velocity in the simulation is chosen at Ω=sin(2π▪f▪t) (f=10Hz). The simulation under the non-uniform 
magnetic field shown in Fig.2 (a) is made compared with under the magnetic field at the average 
value B= Baverage=0.18T. The maximum velocity at different radii from ir  to or in the two situations 
are compared in the Fig.2 (b). It can be found that the influence of the magnetic field inhomogeneity 
on the velocity fluctuations is not significant. However, the measurement of MHD ARS mainly 
depends on the generated voltage. The electrical potential at the plane θ=0 in the two situations are 
presented in Fig.3. The sharp contours shown indicates that the electrical potential is dramatically 
influenced by the magnetic field especially at t=1/4T and t=3/4T. At the same radius, the electrical 
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potential at the bottom is larger than at the top.  

 
Fig.2 (a) Magnitude of the magnetic field B in the conducting fluid in the annulus. 

(b) Simulation results of the velocity along the radial direction in conducting fluid in the annulus 
respectively under non-uniform and uniform magnetic field 

 
Fig. 3 Contours of electric potential at the moment t=1/4T, 1/2T, 3/4T and T 

under uniform and non-uniform magnetic field 

The output voltage in the two situations between the inside and outside electrodes is illustrated in 
Fig. 4. The fitting curves of the wave function f(x)=Asin(ωx+Φ) are obtained according to the 
simulation results. The R-square of fitting results under the uniform field is 0.9958, while it under the 
non-uniform magnetic field is 0.9763. By contrast, we can find that the error generated by the 
magnetic field inhomogeneity mainly occurs in at the peak and valley moment, which can also be 
confirmed in Fig.3.  

 
Fig. 4 The generated voltage under uniform and non-uniform magnetic field 

Table1 .The R-square of the fitting curves at different inhomogeneity of magnetic field 
inhomogeneity of magnetic field  R-square 

72.5% 0.9763 
54.8% 0.9801 
37.2% 0.9865 
19.4% 0.9906 

uniformity 0.9958 
To reduce the inhomogeneity of magnetic field, the magnetic circuit is adjusted by changing the 

height of the fluid ring and adding some magnetic material. To verify the effect furtherly, the 
R-square of the fitting curves at different inhomogeneity of magnetic field are presented in Tab.1, 
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when rotating at Ω=sin(2π▪f▪t) (f=10Hz) in simulation. It is apparent that the R-square increases as 
the inhomogeneity decreases. We can draw the conclusion that the inhomogeneity of magnetic field 
may generate the random error in the MHD ARS measurement, which should be paid full attention. 

Summary 
We have investigated the influence of the non-uniform magnetic field on the MHD ARS by the 

modeling and numerical simulation. The inhomogeneity effect on the velocity fluctuations is found to 
be not outstanding while the effect on the electric potential is considerable. The output fluctuations 
can be evaluated by the R-square of fitting curves. The random error may be generated by the 
magnetic field inhomogeneity especially at the peak and valley of angular vibration. The design of 
magnetic circuit in the MHD ARS should be optimized in the sensor to give the quantization error 
analysis in the actual experiment. 
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