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Abstract. Controllable weak magnetic field can be generated using circular Helmholtz coils. 
However, it is complex to calculate the internal magnetic field distribution. This paper mainly 
expounds the formation mechanism and the simulation method of controllable weak magnetic field. 
A simulation model is established based on MATLAB. The simulation results demonstrate its 
effectiveness. 

Introduction 
In high latitude area, the geomagnetic horizontal component gets so weak. As a result, the 

existing various magnetic navigation equipment can hardly work. Using artificial controllable 
magnetic field to neutralize geomagnetic horizontal component is proved to be an effective way to 
simulate this weak-magnetic environment under laboratory conditions. 

Controllable weak magnetic field can be generated using circular Helmholtz coils. Its 
strength and uniformity can be guaranteed, but the internal magnetic field distribution is complex to 
calculate. To establish a simulation through theoretical analysis and run Dynamic simulation using 
MATAB will provide theoretical support for the experimental research. 

MATLAB is a scientific computing software launched by Math works for numerical computing 
and graphics processing. It has comprehensive functions, friendly interface and good opening. In 
the international academic community, MATLAB has been validated as an accurate, reliable 
calculation of standard software; in the engineering sector, MATLAB is often used to solve some 
practical issues and mathematical model. 

This paper chooses MATLAB as software tool, using the simulation mode established, to make 
numerical calculation of the magnetic field strength for any point inside the Helmholtz coil and to 
picture its distribution curve. The results will provide a more thorough and intuitive understanding 
of the Helmholtz coils magnetic field. 

Generation mechanism of controllable weak magnetic field 
The circular Helmholtz coils are used here to produce controllable magnetic field, which are 

made of two coaxial circular coils (with same radius). According to the law of electromagnetic 
induction, current in the coils could produce magnetic field in center area, and its direction accords 
with right-hand screw rule. 
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Figure 1. Model for Circular Helmholtz Coils 

 
Figure 1 is a model for circular Helmholtz coils. According to the Biot-Savart law, when the 
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current intensity is I, a certain current element IdI on coil 1O will produce certain magnetization 

intensity dB
d

 at a point P in space: 
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In Formula 1, vector rmeans the radius vector for IdI to P. 0µ is the permeability of vacuum, 
which is 74 10 /T m Aπ −× ⋅ . 

The dB
d

 integral of  dI  can obtain the magnetic field intensity by circular current at any point 
in space. A simulation model can be established according to Formal 1 using the coordinate system 
in Figure 1. 

Divide the circumference of O1 into K segments. When K is big enough, each segment can be 
seem approximately as a current element. The starting point and end point of segment k corresponds 
an angle of kθ  and 1kθ +  .     

Calculate the magnetic field strength of each segment on Point P, and then add all K segments up 
to obtain the total magnetic induction intensity of Coil O1. Due to the symmetry, that of Coil O2 
can be obtained from the translation of O1. The vector sum of the two coils’ magnetic intensity 
makes the total   magnetic induction intensity of Helmholtz Coils on Point P. 

To Segment k on Coil O1. Using the coordinate system above, the coordinate of its start point 
and end point is: ( / 2, cos , sin )k kR R Rθ θ−  and 1 1( / 2, cos , sin )k kR R Rθ θ+ +− . 

The midpoint coordinate is:  

 1 1(cos cos ) (sin sin )[ , , ]
2 2 2

k k k kR RR θ θ θ θ+ ++ +
− .      

Use this midpoint to approximately replace the spatial location of that current element, and also 
to be the start point of its radius vector. To P(x,y,z), radius vector r from the midpoint of current 

element dl
d

 to it is described as Formula 2:  

    (2)                                                                                    

The length of r  can be calculated through Formula 3: 
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Take Formula 2 and 3 into Formula 1 to obtain the analytic formula of the magnetic field 

intensity dB
d

on Point P from Segment k. Its three component along the coordinate axis is as 
Formula 4. (Next Page) 

Through the summation operation to k in the Formula 4, we can get the total magnetic field 
intensity on Point P from Coil O1. 

Due to the space symmetry, the magnetic induction intensity of Coil O2 is Equivalent to that of 
Coil O1 with a translation alongside the positive direction of axis X at a distance of x=R. Add up 
the magnetic intensity of two coils to get the total magnetic field strength on Point P from the 
Helmholtz Coils. 

Through looping summary of each component of the coordinate of P(x,y,z) , we can study the 
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magnetic distribution on any point inside the Helmholtz Coils. 

  (4)                                     

Simulation Results  
For the analysis of the uniformity, the magnetic field uniformity index is defined as:  
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The simulation model is deduced from formula 1, and it can be used to investigate the magnetic 
field strength and uniformity at any point in center space. 

Simulation parameters are as follows: Radius of coils 0.5R m= , the number of turns 20N =  , and 
the excitation current 1I A=  . 

The simulation results are as Fig. 2. 

 
(a) Bx                  (b) By 

 
Figure 2. Magnetic field distribution on XOY plane 

 
Figure 2 shows the magnetic field distribution on the center plane XOY by the simulation model. 

In Fig. 2(a), there is a large flat region which means the existence of a large uniform magnetic field 
in center area. In Fig. 2(b), the vertical component stays 0 in a large range, which means that the 
resultant vector is alongside the axis direction. 

Because the magnetic strength on the center axis of the coil have more clear and explicit 
expressions, we can choose these points as samples to test the simulation model. The magnetic field 
intensity at a point (x, 0, 0) on the center axis is: 

2 2
0 0

3 3
2 22 2

2 22 2
2 2

x
NI R NI RB

R RR x R x

µ µ⋅ ⋅
= +

      + + + −      
         

 

Choose some points on center axis and compare the theoretical value (TV) and the simulation 
value (SV) .The results are as Tab.1: 
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Table.1 Results Comparison on center axis 

X /cm TV / 510 T−  SV/ 510 T−  
0 3.5967 3.5967 
10 3.5904 3.5904 
25 3.4018 3.402 

 
The data comparison results in Tab.1 shows that, the simulation model can effectively simulate 

the magnetic field distribution of Helmholtz coils. 
Take the center point O as reference point, and set 2%ξ < . Use our simulation model to calculate 

the magnetic strength on different points of different planes and compare the simulation values to 
the reference value.Fig.3 shows the range of uniform area on different plane and its variation trend. 

 
 

 
(a)Z=0          (b)Z=10cm 

 
(c)Z=20cm       (d)Z=30cm 

 
Figure 3. Range of uniform area on different planes 

 

 
 

Figure 4. Space boundary of uniform area 
 
Fig.3 shows the comparison of the uniform magnetic field area on different simulation planes. 

The results show that, the magnetic field can be uniform within a large range in center space. The 
range decreases to both sides along the Z axis. Fig.4 shows the space boundary of uniform area. We 
can see from the figure that, the space boundary is overall approximately cylindrical, while the 
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variation trend is similar to Fig.3. 

Conclusion 
MATLAB is a practical software with the functions of numerical calculation and dynamic 

simulation. With an effective simulation model, it can provide accurate data and Intuitive graphics 
for further analysis and experimental research. 

The simulation results show that, the simulation model established in this paper has certain 
reliability. It can effectively describe the magnetic distribution of the Helmholtz Coils and be used 
to simulate the controllable weak magnetic environment. 
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