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Optimization of current sensors with Hall probe and 
Rogowski coil 

Abstract 

The main aim of this thesis is to understand the working of 2 magnetic current sensors, the 

Rogowski coil and Hal l sensor, and study the errors induced in these sensors due to geometrical 

asymmetries and changes in the position of the primary conductor. We created 2 mathematical 

models based on known analytical formulae to estimate the error in measurement due to the 

gap for the P C B Rogowski coil and the split core Rogowski coil for different positions of the 

primary conductor. The gap creates asymmetries in the geometry of the coil and the model 

showed that there is a drop in the induced voltage i f the primary conductor is placed close to 

the gap and the voltage induced in the coil is found to higher i f an external current carrying wire 

is placed close to the gap. We also created a mathematical model to estimate the error induced 

in Hal l sensor due to changes in the position of the primary conductor based on the number of 

sensing elements surrounding the conductor. The model shows that the impact of primary 

conductor position can be reduced by increasing the number of sensing elements around the 

conductor. These models were validated by comparing the results to equivalent finite element 

models and also by measuring the error with some physical experiments. 

Keywords 

Faraday's law of electromagnetic induction, Biot-Savart's law, Ha l l effect, mathematical 
modelling, finite element modelling. 
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Introduction 

A n electric current is a flow of charged particles, such as electrons or ions, moving through 

an electrical conductor or space. It is defined as the net rate of flow of electric charge through 

a surface. The moving particles are called charge carriers, which may be one of several types 

of particles, depending on the conductor. In electric circuits the charge carriers are 

often electrons moving through a wire. In semiconductors they can be electrons or holes. In 

an electrolyte the charge carriers are ions, while in plasma, an ionized gas, they are ions and 

electrons. The SI unit of electric current is the ampere, or amp, which is the flow of electric 

charge across a surface at the rate of one coulomb per second. The ampere (symbol: A ) is SI 

unit of current [3]. In most circuits the charge carries are electrons with a charge of 1.602*10" 
1 9 C . therefore, i f a current of 1A flows through a conductor, it means that 1/1.602* 10" 1 9 ~ 

6.242* 10 1 8 electrons w i l l flow through the cross section of a conductor in 1 second. 

It is impossible to directly count the number of electrons flowing through the cross section of 

the conductor. Hence, current flowing through a conductor is estimated by measuring other 

physical quantities (magnetic field or voltage) which have a clearly defined mathematical 

relationship with the amount of current flowing through the conductor. Based on the physical 

quantity used to estimate the amount of current flowing through the conductor, current 

measurement is classified into 2 categories, direct (shunt-based) current sensing and indirect 

(magnetic) current sensing. 

1.1 Direct (shunt based) current sensing 

The direct current sensing method is explained in the figure below. 

G N D 

Figure 1.1: Direct current sensing method [5] 
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The direct current sensing method is based on ohm's law (V = IR). The current to be measured 

is sent through a shunt resistor of known resistance and the voltage drop across the resistor is 

measured. This value is substituted in the equation of ohm's law and the equation is solved to 

find the value of current, even though this method of current sensing yields very precise and 

accurate results, it has the following disadvantages: 

• Some energy is lost as the current flows through the shunt resistor. 

• The sensing circuitry needs to be directly connected to the monitored system, which 

may not always be possible. 

• L o w dynamic range of current measurement. 

To overcome these disadvantages indirect (magnetic) current sensing method is used. 

1.2 Indirect (magnetic) current sensing 

The magnetic current sensing method is shown in the figure below: 

Figure 1.2: Magnetic current sensing method [5] 

The magnetic current sensing method uses the magnetic field created by the current carrying 

conductor to estimate the current in the conductor. It is based on Biot Savart law. 

Biot Savart law states that the magnetic field due to a tiny current element at any point is 

proportional to the length of the current element, the current, the sine of the angle between the 

current direction and the line joining the current element and the point, and inversely 

proportional to the square of the distance of that point. It can be represented mathematically by 

the equation below: 



Were, dl is a tiny vector in the direction of current. 

r is a vector between the tiny current element and the point at which the magnetic is to 
be calculated. 

dB is the magnetic field at the point. 

i is the current flowing through the element. 

uo is the coefficient of permeability (= 4n * 10"7 H /m for free space). 

Magnetic permeability is defined as the ratio of the magnetic induction to the magnetic 

intensity. It is a scalar quantity and is denoted by the symbol [i. Magnetic permeability helps us 

measure a material's resistance to the magnetic field or measure the degree to which a magnetic 

field can penetrate through a material [9]. 

Eq . (1.1) can be re-written in scalar form as shown below. 

\i0i*dl*r*sin(8) \i0i*dl*sin (8) 
dB = 

4n*r3 4n*r2 
(1.2) 

From eq. (1.2), it is possible to find the strength of magnetic field due to a straight wire as 
shown below. 

t 

0 

Figure 1.3: Diagram to calculate magnetic field at a given point [8]. 
note that and §2 are measured in opposite directions. 

applying Bio - savart's law, the magnetic field due to the current element dl at point P is, 

dB = 
\i0i*dl*sin (90-9) 

4n*r2 
(1.3) ••• 0 is angle between dl & r . 

r = cos (0) 

I = a tan (6). 

were a is the perpendicular distance of point P from the wire. 
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= a s e c 2 6 => dl = a s e c 2 6 d6 

dO 

Substituting the value of r and dl in eq. (1.3); 

j _ \i0i*a sec2 0d0 *sin (90-8) _ \i0i d0 cos 0 
4 - ( 7 c o s ( 0 ) ) 2 " " 

Integrating from c|>i to 4>2; 

b = r 0 ? dB = r 
J - 0 1 J -

47ia 

02 j ioicosfl = ü o i ( s i n ( 0 ) + s i n ( 0 )) ( L 4 ) 

Assuming that the wire is of reasonably long length, §i ~ §2 ~ 90°, we get; 

\B\ = Mot 
27ra 

(1.5) 

From the above equation, it can be seen that it is possible to estimate the amount of current in 

a conductor by measuring the intensity of magnetic field at a particular distance from the current 

carrying conductor. The sensors that are commonly used to measure the magnetic field around 

a current carrying conductor are listed in the flowchart below. 

MAGNETIC FIELD 
SENSORS 

H< lmT 

MAGNETOMETERS 

VECTOR SCALAR 

Protort Precession 
^Optically Pumped 

GAUSSMETERS 

_Hall Effect 
_ M agn etonesi stive 
_Ma£netodiode 
-Magnetotransistor 

Search Coil 
Fi ungate 

. _SQUID 
Magnetoresi stive 

Fiber-Optic 

Figure 1.4: Types of magnetic field sensors [4] 

Another important sensor which is used to measure a.c. current is the Rogowski coil , that works 

based on Biot Savart's law & faraday's law of electromagnetic induction. As we can see from 

the above derivation, the magnetic field intensity at any given point due to a current carrying 

wire depends on a lot of geometric parameters. Any change in these parameters w i l l change the 

strength of the magnetic field which could result in an error during current measurement. In 

our project we have studied the Rogowski coil and Hal l sensor in detail, and determined the 

error induced in the measurement of current due to a change in certain geometrical parameters 

like the positioning of the current carrying wire, or the geometrical design of these sensors. 



1.3 Significance of error estimation: 

Current measurement is commonly done for two reasons: 

• As part of energy measurement which is used for pricing. 

• Operational measurements and current protection used to check and the proper working 

of electronic appliances and ensuring that the current is under safe and permisible limits. 

Sensors used for measuring current as part of energy measurement are expected to be extremely 

accurate as even small errors of 1-2% can add up over a huge number of customers and result 

in big losses for the company. Sensors used for operational measurements can be allowed to be 

less accurate as most appliances are designed to tolerate small changes in current. The 

reqirements for accuracy, for different current sensors is specified by the international 

electrotechnical commission (I.E.C). The accuracy requirements for Hal l sensors and Rogowski 

coils are specified by the standards IEC 61869-1, IEC 61869-6, IEC 61869-10, pro D C IEC 

61869-14. Based on the accuracy of sensors, they are also classified into different accuracy 

classes as shown below. 

Table 1.1: Accuracy classes of current sensors 

Accuracy 
class 

Ratio error e. ecor, 

1 % 

± phase error at primary current shown below 

Accuracy 
class 

Ratio error e. ecor, 

1 % Minutes Centiradians 
Accuracy 

class at current at current at current 
Accuracy 

class 

0,01 

V 
0,05 
'pr 

0 2/ 
' pr 'pr v 

pr 

0,01 

V 
0.05 
V 

0 21 
' pr 'pr 

pr 
0,01 

V 
0.05 
'pr 

0 2/ 
• pr 'pr V 1 x 

pr 
0,1 - 0.4 0.2 0,1 0,1 - 15 8 5 5 - 0 . 4 5 0 ,24 0 , 1 5 0 . 1 5 

0.2 - 0 . 7 5 0 ,35 0.2 0,2 - 30 15 10 10 - 0.9 0 ,45 0.3 0.3 

0 .2 S 0,75 0 , 3 5 0.2 0.2 0,2 30 15 10 10 10 0.9 0.45 0,3 0.3 0.3 

0.5 - 1.5 0 .75 0.5 0,5 - 90 4 5 30 30 - 2.7 1.35 0.9 0.9 

0 .5 S 1,5 0 , 7 5 0 .5 0 .5 0 .5 9 0 4 5 3 0 30 30 2 ,7 1.35 0.9 0 .9 0 ,9 

1,0 - 3,0 1,5 1,0 1,0 - 180 9 0 6 0 6 0 - 5,4 2 ,7 1.8 1,8 

3 - - 4 . 5 3 3 

Normally, current sensors used for pricing are expected to have an error of 0.2 to 0.5% while 

the sensors used for operational measurements are around 1 to 3%. based on the purpose of 

measurement, a sensor of required accuracy class is selected. Since, the accuracy of magnetic 

sensors can be affected by geometric parameters or surrounding magnetic fields, it is important 

to estimate the error that might be induced due to these factors and ensure that the sensor is 

designed in such a way, that the error is always within permisible limits. Our project contributes 

to this goal by estimating these errors for some assumed measuring conditions and shows how 

this error is expected to change, for different positions of the primary conductor or for some 

specific changes in the design of the sensor. 
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Rogowski coil 
The Rogowski coil is a passive transducer used for measuring alternating current. It is named 

after German physicist Walter Rogowski (7 M a y 1881 - 10 March 1947), who designed it for 

the measurement of a.c. current. It is an inductor coil that can be easily coiled around a current 

carrying conductor. It is capable of measuring large currents of several thousand amperes. A 

simplified image of the Rogowski coil is shown in the figure below. 

Figure 2.10: Rogowski coil [6] 

It works based in biot-Savart's and Faraday's law of electromagnetic induction. 

Electromagnetic induction is defined as the production of an electromotive force (e.m.f.), across 

an electrical conductor when it is placed in a changing magnetic field. Faraday's law states that 

this induced e.m.f is equal to the rate of change of magnetic flux flowing through the coil . It 

can be written mathematically by the equation below. 

g K = _ ^ I = _ M £ ! £ ( 2 . io ) 
v dt dt v ' 

Were, £ v is the induced voltage. 

(|)T is the total magnetic flux flowing through the coil . 

i p is the current flowing in the primary coil , (i.e., the wire whose current is to be measured). 

M is the coefficient of mutual inductance. 

The coefficient of mutual inductance is defined as the amount of e.m.f. induced in the secondary 

when the rate of change of current in the primary lA/sec . Its SI unit is Henry(H). 1H = 

— . It depends on the geometrical factors like the radius of coil , separation between 
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primary & secondary, orientation of the coils etc. The negative sign in eq. (2.10) indicates that 

the current flowing in the conductor due to this induced voltage wi l l create a magnetic field that 

opposes the change in the magnetic flux. This direction of magnetic field is derived by using 

lenz's law [7] which is based on the law of conservation of energy. 

2.1 Error study of Rogowski coil 

Since the coefficient of mutual inductance is based on geometric parameters, it is bound to 

change i f there is any change in the position of the primary conductor. Reports related to the 

design and accuracy of Rogowski coils have always highlighted that these changes can be 

reduced to negligible values, i f the coil is perfectly symmetric from all directions [10][11][12]. 

One of the common causes of asymmetry in Rogowski coils is the gap between the start and 

end of the windings or the gap between 2 windings in a split core Rogowski coils. These two 

types of coils are shown in the figures below. 

Figure 2.11: P C B coil with single gap Figure 2.12: Split core Rogowski coil 

In this project, we have estimated the errors induced in these coils during measurements due to 

these gaps. We have estimated this error in the following 3 ways: 

1. With the help of analytical formulae. 

2. Finite element modelling. 

3. Physical experiments. 

7 



2 . 2 Error approximation of PCB coil with single gap 

2.2.1 With the help of analytical formulae: 

We can see that it is not possible to analytically calculate these errors using eq. (2.10) as it does 

not include any geometrical parameters that affect the coefficient of mutual inductance. 

Faraday's law was mathematically re-written by Scottish physicist M r . James Clerk Maxwel l 

(13 June 1831 - 5 November 1879) in integral and differential form as shown below. 

6 E.dL = -— f B.ds (2.11) V x l = - - (2.12) 
rc dtJs v ' dt v ' 

Were, E is the electric field. 

B is the magnetic field, 

c is a given closed path. 

dL is a small vector that is tangential to the path at every point, 

s is the surface bounded by the path c. 

In eq. (2.11), i f c is the path followed by the wire of the Rogowski coil , and s is the area bound 

the coil , then; jsB.ds = (pT & §cE.dL = Ev. Using these equations, we have created a 

mathematical model, based on this equation to estimate the error due to the gap for the two 

types of coils shown in figure 2.11 and 2.12. 

We make the following assumptions to simplify the integration of the magnetic field through 

the coil: 

• The wire carrying current is of infinite length, i.e.; §i = §2 = 90°. 

• The wire carrying current has negligible diameter. 

• Every turn in the coil is assumed to be a closed loop. 

We need: 

error (e) = f(g, d, r, R, JV) 

Were, g is the gap in radians. 

d is the displacement of the primary conductor towards the gap. 

R is the outer radius of the coil . 

r is the inner radius of the coil . 

N is the number of turns in the coil . 

We know that, 
8 



_ ^V(disp) ^V{centre) 

^V{centre) 

From eq. (2.11), i f the coil is in the centre: 

d) = f B.ds = f R B.ds = f R ^ ° t p V K d x = ^ ° t p V K l n f-1 [21 , w is the thickness of the coil . 

S „ = = - ^ . n g ) ) = - « . ^ , n © t (2.13) 

Comparing eq. (2.13) to eq. (2.10), coefficient of mutual inductance when the coil is in the 

centre is: 

\i0W (R 
M = N* ^ — I n ' 

2n (i) 
Assuming i p is an alternating current of amplitude A & frequency f; 

ip = A * sin (2nft) 

Substituting the value of i p in eq. (2.13) we get: 

centre) = -N * ^ l n g ) | 04 * s in(2i r / t ) ) = - A M 2 i r / . ^ l n g ) c o s ( 2 i r / t ) . 

If the conductor is not in the centre; 

Zv(disP) = lliA2Tif * i ^ l n g j ) cos(27T/t) (2.14) 

Were, Ri & r; are the perpendicular distance between the conductor and the inner and outer side 

of each loop. 

••• * . = J ( f i • cos ( » / 2 + 2 ^ 2 ) - d )» + (S s i „ ( S / 2 + s=£2=2»2 

& r, = J ( r . cos ( » / 2 + 2 ^ 2 ) - d )» + ( r s t a ( « / 2 + « ^ 

e = 
(Ef = 1 ^ 2 * / * ^ l n g ) cos(27r/t)) -AM2ir/ . fig: lng)cos (2ir/t) 

NA2nf* ^ l n ( * ) c o s (2rc/t) 

After simplification, we get 

_ G f = 1 l n ( ^ ) ) - l n ( f ) 
- ( 2 - 1 5 ) 

In (7) 

Substituting the value of Ri and n in eq. (2.15): 



We have plotted eq. (2.16) for R = 20mm, r = 13.25, d= [0.5, 11] and N =152 and the gap [3°, 

10 ] and got the following result. 

Graph 2.11: Gap v/s Displacement v/s Error 

From the graph it can be seen that error increases with increase in displacement and increase in 

gap-

Error due to magnetic field by a wire close to the coil: 

Gap also makes to coil vulnerable to errors, due to the changing magnetic field of any wire 

carrying alternating current close to the outer diameter of the coil . This error is maximum when 

the wire is close to the gap. If the distance between the wire and the outer end of the coil is 

known, then we can estimate the voltage induced in the coil using eq. (2.14) as shown below. 

Ev = A2nf * ̂ I f = 1 In g j ) cos(27r/t) (2.14) 

In this case, i f d is the distance between the outer edge of the coil , then 

Rt = J ( * * cos ( * / 2 + 2 = ^ 2 = 2 ) - (d + + (* s i n ( £ / 2 + » = ^ > ) ) 2 

& rt = J ( r * cos ( * / 2 + ^ Z 2 2 ) - (d + R)Y + ( r s i n ( ^ / 2 + 

10 



Substituting, R; & r; in eq. (2.14); 

Ev = A2nf * 

Graph 2.12: Distance v/s Gap v/s Induced voltage 
Note: the conductor is outside the sensor hole, distance is measured from outer diameter. 

A s expected, the graph shows that the induced voltage increases with increase in gap and 

reduces as the wire moves away from the coi l . Eq . (2.16) and eq. (2.17) are derived with some 

simplifying assumptions. To check i f these assumptions have any impact on the accuracy of 

our results, we wi l l compare these results with a finite element model and results obtained by 

physical experiments. 

2.2.2 By finite element modelling 

Steps to create a finite element model are as follows: 

1. Geometry creation on any C . A . D . software like Creo, Solidworks, Fusion 360 etc. 

2. Specifying solution type. 

3. Applying boundary conditions. 
11 



4. Creating solution setup and setting mesh parameters (discretization of the given 

problem). 

5. solving the model for required results. 

Geometry creation: 

The complete geometry of the coils shown in figure 6 and 7 is actually reasonably complicated. 

We have created a simplified model of these coils with the same number of turns, and the same 

value of internal and external radius using Creo 9.0.0.0. The steps for creating this geometry in 

creo are explained below. 

1. Create an arc of mean radius with a gap similar to the real coil shown below. 

Figure 2.13: arc created with mean radius and given gap 

The gap is approximated by importing a schematic of the coil into Creo as shown in the figure 

below. 

Figure 2.14: Measuring the gap (~ 5.4°) 
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2. Creating a hollow ring using surface sweep using the arc as path with the given inner 

and outer radius. 

Figure 2.15: Ring created using sweep command 

3. Create another surface that is wrapped helically around the ring. 

Figure 2.16: 2nd sweep 

The 2 n d sweep is created by establishing a relationship between the dimensions of the sketch 

and T R A J P A R parameter. 
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Relations 

File Edit Insert Parameters Utilities Show 

Figure 2.17: Relationship between sd6 and sweep 

The T R A J P A R parameter goes from 0 to 1 through the given sweep path. Sd6 is the angle of 

the line with the vertical. Applying the relation as shown in the figure, we can ensure that the 

2 n d surface makes 152 turns around the ring. 

4. Finding the intersection between the surfaces using intersect command. 

Intersect 

References Properties 

mi =1 ii m I t B ra I S M o \ m «i <sl 3 

CP COIL_FOR_LONGER_WIRE.PRT 
Hj Design items 
C? RIGHT 

Select surfaces to intersect. 

Figure 2.18: Intersection between the swept surfaces 
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5. Sweeping across the given path of intersection. 

Figure 2.19: Sweep along the intersection 

^ mm 
' m m 
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The coil was swept with a hexagonal cross-section to improve to reduce the computational time 

of the analysis. 

6. Creating coil terminals. 

Figure 2.21: C o i l terminals 

These terminals are required for setting up boundary conditions. 

7. Exporting to model to fusion 360. 

Figure 2.22: C o i l in fusion 360 
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We import the coil to fusion 360 for 2 reasons: 

Figure 2.23: Final coil 

• It is easy to delete the reference surfaces created in steps 2 and 3. We can simply select 

the surface body and delete it. 

• We can save the file in ". step" format which can be imported to Ansys maxwell for 

assigning the boundary conditions and solving the model. 

8. The coil is imported to Ansys Maxwel l , and the current carrying conductor is first placed 

in the centre of the coil. The conductor is created using the "draw cylinder" command 

with a radius of 1mm. 

1 
Figure 2.24: C o i l with the conductor in centre 
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The following steps were followed to import the coil click on: 

Maxwel l 3D => modeller => import => select the coil => open. 

The image below, shows the main part of the Ansys Maxwel l G.U.I , it is useful for 

explaining the further steps in the analysis. 

menu bar 
ribbon bar 

«isys EteiuoriKS Desktop 2021 R2 coil 152 Maxwell JDDcsignl ID Modeler SOLVED Icoil 152 Max«ell3DOesi 
file Edit View Project Draw Modeler Maxwell 3D Icois Window Help 

B B a ( f B 9 !• Remce Unused Defind ons \£_ Di 
KEciOtfin.i.cns-

© A 

"I -< I ; II ' 
•j ft HMMBUMfU 

_J [1. • ••' .r . 

project 
manager 
window 

properties 
window 

• A foil_tQ'_lor>9«_wir 
- J> Soldi 

- * 

<«lmpo 

E * Region 

Coordinaif Sfftemi 
Global 

model 
tree 

main window 

status bar 
Vesiige Mi-»g« 

message manager 
window 

progress window 

0 aw « L O - C D P 

Figure 2.25: Ansys Maxwel l G.U.I . 
Specifying solution type: 

Our problem is a magnetic transient problem. To setup the solution type click on: 

Maxwel l 3D (from the menu bar at the top of the screen) 
11 

Solution type => magnetic => transient 

Solution Type: Projectl - Maxwell3DDesign1 

M a g n e t i c : 

E l e c t r i c : 

(~ M a g n e t o s t a t i c 

(~ E d d y C u r r e n t 

(S 1 T r a n s i e n t 

A - P h i F o r m u l a t i o n 

(~ E l e c t r o s t a t i c 

(~ D C C o n d u c t i o n 

I n c l u d e I n s u l a t o r F i e l d 

(~ E l e c t r i c T r a n s i e n t 

O K ] C a n c e l 

Figure 2.26: Specifying solution type 
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Applying boundary conditions: 

(i) Assign a material for the coil and the conductor. To do this right click on the 

imported body in the model tree and click on 'assign material'. A material selection 

window wi l l appear as shown below. Select copper and click 'ok'. 

Select Definition X 

Materials j Material Filters | 

Search Parameters 
Search by Name 

(ii) 

Search Criteria 
d by Name C by Property 

| Relative Permittivity 

Libraries | 7 Show Project definitions |~~ Select all libraries 
[sys] Materials 

/ Name Location Origin Relative 
Permeability 

Bulk 
Conductivity 

Mac 
Cos 

copper Project Materials 0999991 58000000siemens/m 
copper SysLibrary Materials 0999991 58000000siemens/m 0 
corning_glass SysLibrary Materials 0 0 
cyanate_ester SysLibrary Materials 0 0 
diamond SysLibrary Materials 0 0 
diamond_hi_pres SysLibrary Materials 0 0 
diamond_pl_cvd SysLibrary Materials 0 0 
Dupont Type 100 HN Film (tm) SysLibrary Materials 0 0 
Duroid (tm) SysLibrary Materials 0 0 
epoxy_Kevlar_xy SysLibrary Materials 0 0 
ferrite SysLibrary Materials 1000 OOlsiemens/m 0 
FR4_epoxy SysLibrary Materials 0 0 

View/Edit Materials... Add Material... Clone Material(s) Remove Material(s) Export to Library... 

OK Cancel Help 

Figure 2.27: Material selection window 

Creating region of analysis. Cl ick on create region command in draw tab of the 

ribbon bar. 

Figure 2.28: Region of analysis 
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(iii) To apply A . C . current through the conductor and calculate the induced alternating 

voltage, we need to define the conductor and coi l as windings in Ansys Maxwel l . 

To do this: expand the project in the project manager window => right click on 

excitations => add winding. 

1. double click on the added winding, a new w i l l open as shown in the figure. 

Winding X 

(iv) 

General | Defaults ] 

Name: 

Parameters 
Type: 

Current 

Resistance: 

Inductance: 

Voltage: 

Windingl 

Current • I <m Solid C Stranded 

|2.5*sin(2*pi*1000*time) 1 

1° |ohm zl 
1° |nH zl 
1° |mV zi 

Number of parallel branches: ^ 

Use Defaults 

OK Cancel 

Figure 2.29: Applying current to the first winding 

Similarly, create another winding for the coil , change the type to voltage and click 

'ok'. 

Assign coil terminals: select the face at the beginning of the conductor => right click 

on " W i n d i n g l " => assign coil terminals. 

a new dialog box appears as shown in the figure. 

r Coil Terminal Excitation 

General | Defaults | 

Name: 

Parameters 

|CoilTerminal1 

Number of Conductors: Jl~ 

Swap Direction 

Use Defaults 

OK Cancel 

Figure 2.30: C o i l terminal 
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4. Set the "numbers of conductors" = 1, set the direction of coil terminal and click 'ok'. 

This process should be repeated for the ends of the primary conductor and the ends 

of the coil . The direction of all four coil terminals is shown in the figures below. 

Creating solution setup and setting mesh parameters: 

Figure 2.31: Direction of coil terminals for primary conductor 

Figure 2.32: Direction of coil terminals for Rogowski coil 

To approximate the geometry with reasonable accuracy we apply the surface approximation 
and surface priority as mesh parameters to the coi l . 

To apply these parameters, follow the steps as shown below: 
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select the coil from the model tree => right click on "body 1" => assign mesh operation => surface 

approximation/surface priority for T A U . 

A new dialog box w i l l open as shown in the figure below 

Surface Approx imat ion X 

Name: SurfApproxl Surface Representation Priority for TAU X 
Curved Surface Meshing — 

C Use Slider S Manual Settings Convert to Slider Value 

\7 Surface Deviation | 0.01 

p" Normal Deviation |*2 

f 7 Aspect ratio 11.5 

J mm 
[deg T[ 

1 Sur fP r i o r i t y l Name: 

Sur face Representat ion Priority for T A U — 

C Normal 

(• High- Use only for critical sur faces. 

OK Cance l 

OK Cancel 

Figure 2.23: Setting surface approximation 

Figure 2.34: selecting surface for T A U 
meshing 

To create solution setup: right click on "analysis" in the project manager window => add 

solution setup. The following dialog box wi l l open: 

In our case, we have an alternating with an amplitude of 2.5 A and frequency of 1kHz. To get 

x Solve Setup 

General j Save Fields | Advanced j Solver | Expression Cache | Defaults | 

Name: [EHIfffl p" Enabled 

Transient Setup 

Stop time: 

Time step: 

I* |ms J»J 

|S0 

HPG and Analysis Options... 

Figure 2.35: Solution setup 

results for 2 periods, we need to analyse the model for 2 ms and we calculate the induced voltage 
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in the coil with a time step of 50 us. After setting these parameters, move to "save fields" tab 

and add parameters as shown in the figure below. 

- A d d i t i o n a l field s a v e t imes ... — 

(~ N o n e 

<• E v e r y [ i - s t e p s from: [F~ ; 

C C u s t o m 

P rev i ew ... 

Figure 2.36: Saving the solution at every time step 

This ensures that the solution calculated at the end of every time step is saved. 

solving the model for required results: 

To find the voltage induced in the coil at every time step; right click on "results" in the project 

manager window => create transient report => rectangular plot, 

a new dialog box w i l l open as shown in the figure below. 
r 

S report: coil_152 - Maxwell3DDesign 1 - Winding Plot 1 - lnducedVoltage(Winding2) X 
Context 

Doma in : 

| s e t u p l : T r ans i en t d 
I S w e e p 

|None zl 

IFFT Options 
Machine Options, 

T r a c e j F a m i l i e s | F a m i l i e s D i s p l a y | 

P r imary S w e e p : ["Time ^ ] | 

X: \7 Default | T i m e 

Y; InducedVo l tage(Wind ing2) 

All 3 
-\ 

Range 

Funct ion. . . 

Ca tegory: 

Update R e p o r t — 

p" Real t ime Update T 

Va r i ab l e s 

Output •-•'ariablf 

Loss 

M isc . So lut ion 

Demag Percen i 

Des ign 

Express ion Cac 

Express ion Cor 

Quant i t ] 

L f W i n d i n g l 

L (Wind ing2 

L ( W i n d i n g l 

L (Wind ing2 

FluxLinkags 

FluxLinkagE 

InducedVo 

InducedVol 

j ľ n n i i t ŕ^ i i rrea 

Funct ion: 

<none> 

abs 
1 acos 1 

a cosh 

ang_deg 

ang_deg_va l 

ang_rad 

arg 

asin 

Output Var i ab l es . . . Options.. N e w Repor t App ly T r a c e A d d T r a c e Close 

Figure 2.37: Specifying the required result 

Select category: winding, quantity: induced voltage (winding 2), function: none. Cl ick on apply 

trace. Similarly, we also select input current (winding 1) to see how the induced voltage varies 

with current. Right click on the project and click "analyse all". The voltage induced in the coil 

and the current flowing through the conductor at every time step is shown in the graph below: 
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Wind ing Plot 1 Maxwell3DDesign1 Ansys 

0 . 0 0 0 . 2 0 0 . 4 0 0 . 6 0 0 . 8 0 1 .00 1 .20 1 .40 1 .60 1 .80 2 . 0 0 

Time [ms] 

Graph 2.13: Induced voltage when the primary conductor is in the centre 

as seen from the graph: 

the maximum induced voltage = 301.58 uV. & V r m s = 218.34 uV. 

Now we run the same simulation again after moving the primary conductor near the gap (11 

mm away from the the centre) as shown in the figure below. 

Figure 2.38: Primary conductor moved near the gap 
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The result of this simulation is shown in the graph below. 

Wind ing Plot 1 
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Graph 2.14: Induced voltage when the primary conductor is near the gap 

A s seen from the graph 

the maximum induced voltage = 271.96 uV. & V r m s = 196.93 uV. 

271.96-301.58 
therefore error = = 9.8% 

301.58 

substituting the values of gap = 5.4°*7t/180 ~ 0.0942 and R = 20 mm, r = 13.25 mm, d = 11 mm 

and N = 152 in analytical formula we get: 

/ 0 .0942 , ( 2 7 T - 0 . 0 9 4 2 ) ( £ - l ) \ \ 2 , , „ . / 0 .0942 , ( 2 7 T - 0 . 0 9 4 2 ) ( £ - l ) V n \ 
, t c o % \ - — + \ 1 5 2 - 1 h 1 1 ] + ( " . 2 5 . S l I l ( — j — 4 1 S 2 _ ^ >y 

\J(13-2S*C 
^0.0 9 42 , ( 2 7 T - 0 . 0 9 4 2 ) ( t - l ) ^ " . . /'0.0 9 42 ( 2 7 T - 0 . 0 9 4 2 ) ( i - l ) \ . , 

+ ( 1 3 . 2 S . S I n ( _ _ + i i S 2 _ i A Y) 

' V13 .2S / 

l n ( — ) 
V13 .2S / 

100 = - 2 . 0 2 % 

A n d peak induced voltage based on eq. (2.17) is: 

Ev = 2.5*27r* 1000* 

2n L l = l [ U 

(l3.25*cos(00942/2 + ( H z M g ( h l ) ) _ 1 1 ) + ( 1 3 . 2 5 s i n (0.0942 / 2 + ( ^ - o . 0 9 4 2 ) C - i ) ^ ^ 

1 = 308.22 uV 

A s we can see from the above results, the error calculated in the finite element model is much 

higher than the error calculated by the analytical formula. The reasons behind this difference 

are discussed in section 4 of this thesis. 
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2.2.3 Experimental measurement of error 

Requirements: 

• Siglent SDG1032X - Generator (for generating A . C . signal) 
• Amplifier. 
• C . N . C . bench for positioning of the primary conductor. 
• N.I . measuring card. (For analog to digital conversion) 

Method: 

The basic setup of our experiment can be explained using the figure below. 

signal 
generator Amplifier 

shunt * 
Primary conductor- . rogowski 

coil 

I pr im 

Usec 
A/D Convertor 

Figure 2.39: Schematic diagram of experiment 

The signal generator is used to create a signal of 1 kHz and it is amplified to an amplitude to 

2.5 A by the amplifier. This current is passed through the primary conductor and the voltage 

induced in the coil are measured and recorded using the measuring card. The sampling 

frequency of the A / D converter i.e.; the measuring card is set to 50 k H z to avoid problems 

related to aliasing [13]. This process is repeated for different positions of the primary conductor. 

The primary conductor and the coil are mounted the C . N . C . bench as shown in the figure below. 

Figure 2.40: C . N . C . bench used for positioning the conductor 

26 



The C . N . C . bench is programmed to move the conductor to different positions before the start 

of every measurement. The complete setup of our experiment is shown in the figure below. 

Figure 2.41: Complete setup of the experiment 

Results: 

The primary current and induced voltage measured at different points are shown in the graphs 

below. 
• • 
PCBwithGap_sin1 kHz_brassRod1 mm9_sensor90degrotated_CNCpositioi 

P I 4.803 

Graph 2.15: Primary Current (peak to peak) 
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• 6 .36 

Graph 2.13: Induced voltage (peak to peak) 

A s we can see from the above graphs both measurements are affected by noise. To filter out 

this noise we calculate V R M S (root mean square induced voltage) and then calculate the error at 

every point. The graphs show the calculated V R M S at every point is shown below. 

- 2.17 

Graph 2.17: V R M S of induced voltage 
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The error calculated at every point based on V R M S voltage values are shown below. 

g 
2 

0 . 

i— 
<u 

>»— 
<i> - 0 . 5 v 

<u 

at 
- 1 - 1 

o 

> - 1 . 5 . - 1 . 5 . 

O 
- 1 0 

Distance x (mm) 

1 0 - 1 0 

Graph 2.18: Error induced due to gap 

The maximum error induced to the gap is found to be about 1.51%. 

2.3 Error approximation of split core Rogowski coil 

2.3.1 With the help of analytical formulae 

To calculate the total induced voltage, we w i l l calculate the voltage induced in each half as 

shown below. (Assumptions are same as considered in section 2.2.1) 

y - 1 

^ c o s | < ^ ) - d ) + ( R s i n ( ^ ^ ) + 5 / 2 ) 2 
\ 

( 2 7 T - f l ) ( t - l ) 

) C O S ( 2 T T / 0 (2.18) 

N 
SV2 = A2nf*^Zl1\n 

R*COS 71+ 

V ( f ) -

9 / 2 ) 

A 

r*cosl n+^jffr—H-dl +(rsinl n+ —i]+a/2) 

cos(2nft) 

7 
(2.19) 

Were, d is the in displacement of the conductor away from the centre and towards the gap. 
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A is the amplitude of applied current. 

f is the frequency of applied current. 

g is the gap between the two cores. 

R & r are the outer and inner radius of the coil . 

To calculate the error induced due to a given gap g, we calculate the sum of induced voltages 

at d = 0 and compare it with the voltage induced when the conductor is kept close to the gap (d 

#0). 

(£t?l + £v2)~ (£vl@d=o+ £v2@d=o) 
e 12.20) 

Plotting eq. (2.20) for R = 20 mm, r = 13.25 mm, w =3 mm and amplitude of A . C . current 2.5 

A we get the following result. 

1 

0 

- 1 

5 -2 t 
£• 

VLi -3 
-4 

- 5 

0 . 5 

- 1 5 

gap 

1 5 displacement of conductor towards the gap (mm) 

Graph 2.19: Error due to gap in split core Rogowski coil 

To find the voltage induced by a wire near the gap substitute d = d+R in eq. (2.18) and eq. 

(2.19) as shown below. 

/ 
R*cos ( 7 T ) ( £ - I ) \ 

( 2 7 T - f l ) ( t - l ) 

) COS(2TTft) 
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N 
EV2= A l n f ^ H ^ n 

V 

\ 
cos(2nft) 

I 

plotting the induced voltage for the same dimensions of the coil we get a result shown in Graph 

2.20. The result is very similar to graph 2.12, but the induced voltages are higher because of the 

higher thickness of the given split core coil . 

Graph 2.20: Induced voltage due to conductor near gap 
Note: The distance between the gap and the conductor is measured from the outer diameter 

of the coil. 

2.3.2 By finite element modelling 

B y following the steps as discussed in section 2.2.2, We can create another finite element model 

for the split core Rogowski coil . However, in this case we have to create 2 separate windings 

to represent the 2 halves of the split core coil as shown in the figure below. 

Figure 2.42- Geometric representation of split core Rogowski coil 
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The second winding is created by mirroring the first winding through the x plane as shown in 
the figure below. 

.1.-1-1 _,_ C. ^1 r o i OII.CL! •>. JWUCII1 1,̂ 1 1 C l ^ O I ^ H C U3C U l l l ) ; 

| Annotate Tools View Flexible Modeling Applications | Mirror | 

• x 
< OK | Cancel 

References Options 

Figure 2.43: Creating second half using mirror command 

the gap was measured to be between 1 to 2 mm. hence, the mirror plane is placed at a distance 

of 0.75 mm from the right most plane to create a gap of 1.5 mm as shown in the figure below. 

Figure 2.44: Mirror plane 
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The final geometry after converting to ".step" format, importing to Ansys maxwell and placing 

primary conductor placed in the centre of the coil is shown in the figure below. 

Figure 2.45: Final geometry for analysis 

We added 3 windings and the coil terminals for each of these windings are shown in the figures 

below. 

Figure 2.46: C o i l terminals for winding 
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Figure 2.47: C o i l terminals for winding 2 

Figure 2.48: C o i l terminals for winding 3 

The result of this simulation is shown in the graph below. 

Wind ing Plot 1 Maxwell3DDesign1 Ansys 

0 . 0 0 0 . 2 0 0 . 4 0 0 . 6 0 0 . 8 0 1 .00 1 .20 1 .40 1 .60 1 .80 2 . 0 0 

Time [ms] 

Graph 2.21: Induced voltage in the 2 windings when the conductor is in the centre 
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From the above graph 2 . 2 1 

Peak induced voltage = 3 0 2 . 9 0 + 3 1 2 . 5 7 = 6 1 5 . 4 8 u V , V R M s = 4 4 2 . 6 0 uV. 

Peak induced voltage calculated using eq. ( 2 . 1 8 ) and eq. ( 2 . 1 9 ) = 5 7 2 . 6 4 uV. 

Figure 2 . 4 9 : Conductor moved near gap 

Now we move the primary conductor close to the gap by 11 mm as shown in the figure 2 . 4 9 . 

The result of this analysis is shown in the graph below. 

Wind ing Plot 1 Maxwell3DDesign1 Ansys 
2.50 300.00 

200.00 

100 

— 0.00 

-100.00 

-200.00 

-300.00 
0.00 0.20 1.80 2.00 

Graph 2 . 2 2 : voltage induced in each winding when the conductor is near the gap 

A s shown in the graph 

Peak induced voltage = 2 7 0 . 1 3 + 2 8 2 . 5 4 = 5 5 2 . 6 8 uV, V R M S = 3 9 7 . 6 7 uV. 

Therefore, error induced due to gap e = ( 5 5 2 6 8 6 1 5 4 8 ] * ifJO = — 1 0 . 2 % 
' ° ^ V 6 1 5 . 4 8 / 
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error calculated based on analytical formula using eq. (2.20) = - 1.773% 

2 . 3 . 3 E x p e r i m e n t a l m e a s u r e m e n t o f e r r o r 

The experimental setup used to measure the error is same as what is described in section 2.2.3. 

the only difference is that the split core coil is mounted on the C . N . C . bench as shown in the 

figure below. 

Figure 2.50: Split core coil mounted on the C . N . C . bench 

Results: 

The induced voltage and primary current measured at different positions of the primary 

conductor are shown in the graphs below. 

4.799 

Graph 2.23: Primary current measured at different primary conduc­
tor positions (peak to peak) 
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Distance x (mm) Distance y (mm) 

Graph 2.24: Induced voltage measured at different primary conductor 
positions (peak to peak) 

A s we can see from the above graphs the measurments are again affected by noise, hence we 

calculate the root mean square voltage at every point and then use these values to find the error. 

• 4.08 

Graph 2.25: Root mean square voltage calculated at different positions of the pri­
mary conductor 
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The error calculated at every point based on V R M S is shown in the graph below. 

Zoom In 

Distance x (mm) Distance y (mm) 

Graph 2.26: error calculated for different position of the primary conductor 

The experimental results show that the error is maximum when the conductor is closest to the 

gap, and it is measured to be about 1.87%. 

Hall sensor 
The Hal l sensor is named after the American physicist Edwin Hal l who first discovered the 

effect of a magnetic field on a current carrying conductor. He discovered that there is a potential 

difference (the Hal l voltage) across an electrical conductor that is transverse to an electric 

current in the conductor and to an applied magnetic field perpendicular to the current[l]. The 

main cause of this effect is the magnetic force component of the Lorentz force equation given 

below: 

F = qE + q(vxB) (3.10) 

Were, q is the charge on the particle (= -1.60217663 x 10-19 C for an electron) 

v is the velocity of the charged particle 

The Lorentz force equation can be used to calculate the net force acting on a charged particle 

moving through an electric and/or magnetic field. From the above equation, it is clear that the 

amount of magnetic force (FB) acting on a charged particle depends on the velocity of the 

charged particle and magnetic field in which the particle is moving. 
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\K\ = q \v\\B | s i n ( 0 ) 

Were, 0 is the angle between the velocity of the particle and the magnetic field. 

from the above equation, it is important to note that the amount magnetic force acting on the 

charged particle also depends on the angle between the velocity vector and the magnetic field 

vector. 

We can get a clear understanding of the Hal l effect from the figures below 

® ® I ® ® 

4 
Figure 3.10: Hal l effect 

The figure shown above shows the forces acting on an electron in the Ha l l sensing element. 

Initially only the magnetic force (FB) acts on the electron. Assuming that the magnetic field is 

perpendicular to the face of the sensing element, the magnetic force (FB) acts in the downward 

direction as shown in the figure. Over a period of time as the electron density increases on the 

lower side of the sensing element, the potential difference is created between the lower & upper 

half of the sensing element. This potential difference creates an electric field which pushes the 

electron in the upward direction with force (Fe) as shown in the figure. The force Fe increases 

with the increasing potential difference and finally becomes equal to F B . A t this point we get a 

constant measurable voltage between the upper and lower half of the sensing element. This 

voltage is known as the Hal l e.m.f. (£H). We can calculate £ H as shown below. 

We know that, EH = I E I* W (3.11) 

were, W is the width of the conductor. 

v FF = —Fa 

:. qE = -q(vxB) (3.12) 
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\E\=\v\*\B\ sin (0) (3.13) 

Let the current flowing through the sensing element be I, we know that: 

I = nq\v\*A (3.14) 

Were, n is the charge density of the material i.e., number of free electrons/cubic meter. It is 

material property. 

n= 8.49*1028 electrons/m3 for copper. 

A is the cross-sectional area perpendicular to the direction of flow of current. A = W*t. 

t is the thickness of the sensing element. 

Substituting the value of I v I from eq. (3.14) in eq. (3.13) 

\E\ = —*\B | s i n ( 0 ) (3.15) 
nqA K ' 

Substituting eq. (3.15) in eq. (3.11), 

EH= — *| B I s in(0) *W = —*\B\ s in(0) (3.16) 

From eq. (3.16) we can see a directly proportional relationship between £ H and the magnitude 

of magnetic field. This relationship is used to estimate the strength of the magnetic field which 

is in turn used to estimate the current flowing in the primary conductor using Biot-Savart's law. 

However, it is important to note that the amount of Hal l voltage induced in the sensor depends 

on the distance between the sensing element and the primary current carrying conductor. From 

eq. (3.16) we can also see that £ H also depends on 0 , which is the angle between the velocity 

vector, i.e., the vector in the direction of applied electric field and the magnetic field. Therefore, 

we can conclude that The current measured by the Hal l sensor is also susceptible to changes in 

geometric parameters just like the Rogowski coil . 

3.1 Error study of Hall sensor 

From eq. (1.4) we know that B is inversely proportional r. i.e., the magnetic field reduces i f the 

distance between the primary conductor & the sensing element increases. This means that i f the 

primary conductor cannot be placed precisely, at a known particular distance from the sensing 

element, then the induced Hal l voltage cannot be used to accurately estimate the amount of 

current flowing in the primary conductor. We can compensate for this error by surrounding the 
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primary conductor with multiple sensing elements. A n example for this type of Hal l sensor is 

shown in the figures below. 
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Figure 3.11: Ha l l sensor with multiple sensing 
elements 

Figure 3.12: Equivalent schematic dia­
gram 

Figure 3.12 shows the equivalent schematic diagram for the sensor. The orange circle represents 

the misplaced primary conductor and the blue lines represent the sensing elements. Ideally, the 

primary conductor should be placed exactly in the centre and the Hal l voltage induced in every 

sensing element w i l l be the same. Therefore, the total induced voltage is the voltage induced in 

one sensing element multiplied by the total number of sensing elements. However, as we can 

see in this case, i f the conductor moves away from the sensors on the left it also moves closer 

to the sensors on the right. Hence, the drop in the induced voltages on the left is somewhat 

compensated by the increase in the induced voltages on the right. However, this compensation 

is not perfect and the final induced voltage is still different from voltage induced i f the primary 

conductor is exactly in the centre. This difference depends on the displacement of the primary 

conductor from the centre and the number of sensing elements surrounding the conductor. In 

the upcoming sections we have again estimated this error with the help of analytical formulae 

and verified our results with a finite element model and physical experiments. 

3.1.1 Estimation of error using analytical formulae 

We need: 

error(e) = f(N, d, r, R) 

Were, N is the number of sensing elements. 

d is the displacement of the conductor with respect to the centre. 
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r is the distance between the primary conductor & the closer end of the sensor, i.e., the 

inner radius i f the conductor is exactly in the centre. 

R is the distance between the primary conductor and the further end of the sensor, i.e., 

the outer radius i f the conductor is placed exactly in the centre 

Assumptions: 

• Wire is of infinite length. 

• Wire has negligible diameter 

We know that, 

_ ^H(disp) — £-H(centre) 

£-H(centre) 

From eq. (3.16), 

ZfKcentre) = N * ^ & £ H ( d i s p ) = £ f = i ^ > Assuming 0 = 90° 

I B I is not constant over the length of the sensing element, however, we can get a decent 

approximation of mean flux density from the formula below: 

I «1=2 

Were, <p is the total magnetic flux flowing through the sensing element. 

A is the area of the face perpendicular to the magnetic field. 

fyN '<Pi ~\ _ NId)  
KLi=1nqtA) nqtA 

Niep  
nqtA 

After simplifying the above equation, we get 

e= (3.17) 

For a given sensing element; 

0 = jRB.dA = f ^ d x = ^ l n ( % 2 ] (3.18) 

were, w is the thickness of the sensing element. 
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Substituting eq. (3.18) in eq. (3.17); 

e = 
( Z f = 1 ^ l n ( g ) ) - W ( ^ l n ( f ) ) 

W ^ l n ( * ) 
27r yrJ 

(3.19) 

Were, Ri & r; are the perpendicular distance between the conductor and the inner and outer side 

of each sensor. 

2ni, 

rt = J ( r * c o s ( 2 7 r y ^ ) - d)2 + (r sin^71'-/^))1 

Q & i - i l - l n e 

e = 
(r*cos( 2 7 r y N )-d) 2 H +(rs in (2^V N ) ) 2 V 2 U ' 

Simplifying the above equation, 

(r*cos( 2 7 r l / N )-d) + 0 " s in ( 2 7 r l / N ) ) 2 ' 

W ( l n g ) ) 
(3.20) 

We plotted the above function for R = 8.25, r = 7.75, d= [0,6] and N increasing from 4 to 16. 

Displacement of condcuctor (mm 
6 Number of sensing elements 

0 4 

Graph 3.1: Conductor displacement v/s number of sensing elements 
v/s error 
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It is important to note that eq. (3.20) assumes that the conductor is displaced only along the x-

axis. If the conductor is displaced in some other direction, then the formula to calculate error 

wi l l change as shown below. 

Rt = * c o s ( 2 7 r 7 j V ) - d * cos (0)) 2 + (R sin(2ni/N) - d * sin (0)) 2 

rj = J ( r * c o s ^ 7 " / ^ ) — d * cos (0)) 2 + ( r s i n ^ 7 " / ^ ) — d * sin (0)) 2 

Were § is the angle between the direction of displacement and x-axis. 

Substituting the values of R i and n eq. (3.19) is modified as: 

ffifei 1« ( i ))-w( ln(-)) 
J(r*cos(27rVw)-d*cos (0)) 2+(rsin( 2 7 rVw)-d*sin (0)) 2 

Wdn(f)) 
(3.21) 

For a given value of d = 6 mm, i f we plot the above function for R = 8.25, r = 7.75, a= [0, %/2] 

and N increasing from 4 to 16, we get the following result. 

Graph 3.12: Alpha v/s number of sensing elements v/s error 

using eq. (3.18) we can also calculate the net flux inducing a voltage in the sensor, due to a 

current carrying wire that is outside the sensor radius. When the current carrying wire is inside 

the sensor radius, the magnetic field direction on the left and right side of the current carrying 

wire are opposite to each other. Hence, each sensing element has to be oriented in such a way 
44 



that the voltage induced in all of them are positive. If the current carrying wire is placed outside 

the radius of the sensor, then the magnetic field w i l l not flip completely in the two halves of the 

sensor. Hence, negative voltages are induced in some of the sensing elements. In an ideal 

condition this negative voltage should be equal to the positive voltage and the net induced 

voltage should be equal to zero. However, this compensation is not perfect and there is always 

a net induced voltage in some direction. The net flux due to a current carrying wire near the 

sensor is derived below. 

Were, Rt = * cos(^ni/N) - (d + R))2 + (Rsm(2ni/N))2 

rt = J ( r * c o s ( 2 7 r 7 j V ) - (d + R))2 + (rsm(2ni/N))2 

d is the minimum distance between the conductor and the outer edge of the sensor. 

••• 0r = IJLi ^ ? In d' ; = ) (3-22) 
CR*cos(27rVw)-(d+i?))2+(i?sin(27TVw))2 

27T (r*cos(2ni/N)-(d+R))2+(rsin(2ni/N))2 

Plotting the above equations for the same values of R, r and current i p = 2.5 A we get the 
following graph. 

Graph 3.13: Conductor displacement (d+R) v/s no. of sensing elements v/s net flux. 
Note: the primary is outside the sensor hole but the distance is measured from the centre 

of the sensor hole. 

45 



A s we can see from graph 3.13, increasing the number of sensing elements is also helpful for 

reducing the induced voltage in the sensor, due to surrounding magnetic fields. 

Error due to change in 0: 

From eq. (3.16) it is clear that £H also depends on sin(0), were 0 is the angle between magnetic 

field and the applied electric field of the sensing element. From eq. (3.16) we can find the error 

for 0 ^ 90° as shown below. 

£ H s i n (0) - £ H 

e0= 

••• e@ = sin(0) — 1 

If n = no. of tilted sensors & N = total no. of sensors, then the net error is given by: 

_ n(s in (0) - 1) 
€ @ = JV 

3.1.2 Estimation of error by finite element model 

to verify our analytical results, we create a simple finite element model with a current carruing 

conductor and 4 surfaces as shown in the figure below. 

Figure 3.13: Geometry for analysis 

Similar to previous analysis, a current of 2.5 A is applied to the primary conductor. After 

following similar steps as shown inprevious analysis like creation of regoion etc. The total 

magnetic flux through the 4 surfaces is calculated using field calculator as shown in the figure 

below. 
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he total flux calculated = 6.359* 10" 1 2Wb 

-Named Expressions — 

Name Expression 

S u rf ace_Fo rce_D e n s ity <SurfaceForceDensityx,SurfaceFürceDensit^y,SurfaceForceDen 

MagJDisplacement M ag (S m • oth (< Ux, Uy, U z >)) 

D i s p lace rn e nt_Ve cto r Smooth(<UxUy,Uz>) 

Dernag_Coef Smooth(DemagCüef) 

FLUX lntegrate(Surface(Facelist1), Dot(<BxBy,Bz>, Surface Normal)) 

Delete 

Delete All 

Add ... 

Library: Load From... 

Copy to stack 

Save To.. 

Sd:-6.35983337694623E-12 
Sc l : FLUX 

Figure 3.14: Total flux through the given 4 surfaces 

From eq. (3.22) the total value of flux = 6.25*10" u Wb 

Now we repeat the same analysis with the conductor moved 6 mm away from the centre. 

Figure 3.15: Conductor moved away from the centre 

flux through the 4 surfaces was calculated to be 4.08E-12 Wb as shown below. 

- N a m e d Expressions — 

Name Expression 

Surface_Force_Density <SurfaceForceDensityx,SurfaceForceDensityy,SurfaceForceDens 

Mag_Displacement M ag (S m o oth (< Ux, Uy, U : >)) 

Displacement_Vector Smooth(<UxUy,Uz>) 

Demag_Coef Smooth(DemagCoef) 1 total_flux_final lntegrate(Surface(Facelist1), Dot(<BxBy,Bz>, SurfaceNormal)) 

Delete 

Delete All 

A d d . Copy to stack 

Library: Load From.. Save To.. 

S c l : 1.08032737793177E-12 
S c l : total flux final 

Figure 3.16: total flux for displaced conductor 
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^ 4 ^ 3 5 9 _ 

6.359 

Error calculated using eq. (3.21) 

G f = 1 l n ( : 

e = 

(8.2S.cos( 2 7 "/ 4 )-6»cos (5))2 + (8.2S*sin(2 7 r'/4)-6*sin (f)) 2 

(7.7S*cos(27r'/4)-6*cos (^))2 + (7.7S*sin( 2 n :y 4)-6*sin ( |)) 2 

= - 2 4 . 0 5 % 

3.1.3 Experimental measurment of error 

The experiment is conducted using the same setup as described in section 2.2.3. The Hal l sensor 

with 4 sensing elements is mounted on the C . N . C . bench as shown in the figure below. 

Figure 3.18: Hal l sensor used for the experiment 
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Results: 

The Hal l sensor is more susceptible to noise as compared to the Rogowski coil since the induced 

voltage is a direct function of flux and not its derivative. Hence, to accurately measure the error 

we had to filter the measured induced voltage signal using discrete fourier transform in 

M A T L A B . Inudced voltage after filtering out other unwanted frequencies is shown in the figure 

below. 

0.25 

0.2 

^ 0.15 

L U 

U i 
=> 0.1 

0.05 

X 0 
Y 0.209376 

X 5.99999 
Y 0.159128 

25 30 15 
x (mm) 

Graph 3.14: Induced voltage measure at different distances from the centre 

The measured value of error: 

. 0-159-0.209 ^ 
0.209 

Conclusion 
The current measured by magnetic current sensors like the Rogowski coil or the Hal l sensor 

can be affected by geometric parameters and surrounding magnetic fields. These errors can be 

mitigated by avoiding any type of geometric asymmetry in these sensors. The project covers 

different methods of estimating the error induced due to geometric asymmetry when the 
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position of the primary conductor is changed. The number of sensing elements in Hal l sensor, 

number 

of turns in Rogowski coil and the gap between windings in the coil can all impact on the 

magnitude of this error. We have estimatied this error using analytical formula, finite element 

modelling and also measured this error with some physical experiments. The results from each 

of these methods are summarized in this table below 

Table 4.1: Summary of results 

Analytical model Finite element model 
Experimental 
measurement 

error 

Induced 
voltage/ net 
flux error 

Induced 
voltage/ net 
flux error 

Induced 
voltage/ 
net flux 

Hall sensor 24.05% 
6.25E-11 
Wb 35.80% 6.35E-12 Wb 23.90% 0.209 V 

Rogowski 
coil (single 
gap) -2.02% 314.57 pv -9.80% 301.58 uv -1.51% 306.93 uv 
split core 
coil -1.77% 572.64 uv 10.20% 615.48 uv 1.87% 577 uv 

From the above table we can see that the analytical model agrees well with the experimental 

results. However, the finite element model seems to overestimate the error and mostly 

underestimates the induced voltage and flux. The inaccuracy in the finite element model is 

probably because of improper generation of mesh. The software used for meshing (Ansys 

Maxwell) only allows us to add some basic meshing parameters which are not enough to create 

a mapped mesh. Meshing the model in some other meshing software and importing it to 

maxwell may yield better results. 
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List of Attachments 

File Name Description 

Data_Processing_Hall.m Plots processed data for Hal l sensor experiment. 

Data_Processing_Rogow 
ski_Coil .m Plots processed data for Rogowski coil experiment. 

Hall_Analysis_at_the_ce 
ntre.aedtz 

Finite element model to find flux through 4 given surfaces 
when conductor is in the centre. 

Hall_Analysis_near_the_ 
circumference, aedtz 

Finite element model to find flux through 4 given surfaces 
when conductor is near the edge of the sensor hole. 

Hall_data.mat Measured and processed data for the Hal l experiment. 

Hall_direction_analysis. 
m 

M A T L A B script for analytical calculation of error for 
different directions of conductor displacement. 

Hall_error_Calculation. 
m 

M A T L A B script for analytical calculation of error for 
different values of conductor displacement. 

hall_net_flux.m 
M A T L A B script for analytical calculation of net flux when 
the conductor is outside the sensor hole. 

Induced_voltage_PCB_c 
oil .m 

calculates the voltage induced due to an external current 
carrying wire placed near the gap. (single gap P C B coil) 

Induced_Voltage_split_c 
ore.m 

calculates the voltage induced due to an external current 
carrying wire placed near the gap. (split core coil) 

Measuing_setup_hall.m M A T L A B script used to measure and process the data of the 
Hal l experiment. 

Measuring_setup_Rogow 
ski.m 

M A T L A B script used to measure and process the data of the 
Rogowski coil experiments. 

Merene_body_mesh2.m 
M A T L A B script used for setting different positions of 
primary conductor for Rogowski coil experiments 

Merene_body_mesh4.m 
M A T L A B script used for setting different positions of 
primary conductor for Hal l sensor experiments. 

PCB_coil_conductor_in_ 
the_centre. aedtz 

finite element model of P C B coil with conductor in the centre. 

PCB_coil_conductor_nea 
r_gap. aedtz 

finite element model of P C B coil with conductor near the gap. 

PCB_Coil_data.mat 
Measured and processed data for the single gap coil 
experiment. 

PCB_Coil_error_calc.m 
M A T L A B script for analytical calculation of error, (single 
gap coil) 

Split_core_coil_Data.mat Measured and processed data of split core coil experiment. 

SPLIT_CORE_conducto 
r_in_the_centre. aedtz 

finite element model of split core coil with conductor in the 
centre 

SPLIT_CORE_conducto 
r_near_gap.aedtz 

finite element model of split core coil with conductor near the 
gap-
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Split_core_error_calc.m 
M A T L A B script for analytical calculation of error (split core 
coil). 

Note: Due to size related constrains the ansys files are uploaded without the results, and some 
".mat" files are uploaded after downsampling the measured signal. 
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