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Introduction

The Hall Effect Sensors have many application areas
such as various protection circuits, analysis of magnetic
field or current distribution. However, the most widespread
application field of the Hall Effect sensors is the current
sensing. If current sensing will be analog, linear Hall
Effect sensors are preferred. The Hall sensor is placed to
air gap of core for sensing magnetic flux. When current is
passed through the conductor placed inside of the core,
magnetic flux arises from current in the core and the Hall
sensor generates a voltage proportional to the current. The
linear response of sensed current is rather convenient for
control feedback circuits [1, 2, 3, 4, 5].

The output voltage of sensor is same with the AC and
DC wave shape of measured current. The air gap of the
core isolates the sensor electrically and so, over current
damage or high voltage transient on sensor is prevented. It
also eliminates DC insertion loss [5].

The Hall Effect current transformer has a good
linearity, however depending on structure of the Hall
sensor, deviations may occur in offset voltages and defects
resulting from environmental factors cause deterioration of
linearity in current measurement. This study suggests more
linear measurement by using a real time parameter
estimation method.

Hall Effect current measurement

The Hall sensor based current measurement can be
realized as open loop or closed loop. While in open loop,
there is no secondary winding, in closed loop, Hall voltage
is transformed to current by means of a transistor circuit
and passed from a secondary winding. The purpose is
compensating of the magnetic flux created by primary
winding. The basic connection scheme of such a current
transformer is given in Fig. 1 [5].

The Hall sensor produces a voltage proportional to
the magnetic flux and the primary current. The output
voltage is amplified by an operational amplifier and
applied to a push-pull transistor circuit so it is transformed

to secondary current. In this way, a second magnetic flux is
created to balance primary magnetic flux in the core. The
secondary current is symmetric of the primary current and
secondary winding is generally coiled as 1000 turns [5-7].
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Fig. 1. Basic connection scheme of a closed loop current
transformer

The basic equation is

1y =Ngls. )

The magnetic flux density in air gap must not be
bigger than the maximum flux density that can be sensed
by the sensor [8, 9]. The magnetic flux density is
calculated with the following expression
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where B - the magnetic flux density (T); gz - the initial
permeability of the core; Np.lp — the primary mmf; I, -
the mean length of core (m); Iy — the length of air gap (m).
The effective permeability of core is calculated as flow [8—
10]
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Design example and application results

In this study, Allegro A 3515 linear Hall sensor is

preferred. The sensitivity of this sensor is 5x10% mV/T,
the operating voltage is 5V. The operating magnetic flux
range is £ 40 mT and = 80 mT [11].

For Np.lp =30AT, I, =542mm, I; =1.8mm and

4; =3000 values, the magnetic flux density is calculated

as 0.0207 T. In this magnetic flux density, the output
voltage of Hall sensor is 1.035 V. the effective
permeability of core is calculated as
ye=3.738x10‘5 H/m. The connection scheme of the

designed Hall Effect current transformer is given in Fig. 2
[12].
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Fig. 2. The connection scheme of the designed Hall Effect current
transformer

The voltage controlled current source is a circuit that
purifies the Hall sensor output voltage from quiescent
voltage output, amplifies and passes it through the
secondary winding as current. (Fig. 3) [12]. The quiescent
voltage output is generally half of the supply voltage
(Ve /2) [9, 11]. The quiescent voltage output was made

zero by adjusting the potentiometer in LM 741 subtraction
circuit. (Fig. 3) [13, 14].

+V, =+5V
+Vg =415V
Vg =-15V

Fig. 3. Voltage controlled current source

For voltage amplification, INA 110 KP
instrumentation amplifier by Texas Instruments Company
was preferred [15]. The value of external gain resistor
connected to input of the INA 110 KP is 81.58 kQ for 1.49
voltage gain ratio (G) and is adjusted by 100 kQ
potentiometer (Fig. 3).

OPA 633 KP buffer was connected to output of the
voltage amplification circuit to provide secondary current
S0 a voltage controlled current source was obtained by
driving the output of INA 110 KP with OPA 633 KP. [16,
17].

The secondary current is found with the following
expression

o G @
R +Zg

where Vy, indicates Hall sensor voltage, R, indicates
measurement resistor, Zg indicates secondary winding

impedance. The measurement voltage of the Hall Effect
current transformer is

Vy G

VL:|S><R|_OI’V|_= R +ZS.
L

RL. ®)

For the application, necessary air gap is established
on the Magnetics OF-42206-TC ferrite core and primary
and secondary windings are coiled. The core with Hall
sensor and upper side view of the electronic circuit is given
in Fig. 4 [13].

Fig. 4. The core with Hall Sensor and upper side view of the
electronic circuit

Primary current of current transformer is increased by
0.05 A intervals and corresponding secondary currents and
measurement voltages are measured as DC and AC (50 Hz,
RMS) values, respectively. The environment temperature
is 27.3 °C. Transfer function of closed loop current
transformer is given in Fig. 5. Nonlinearity clearly is
shown especially 0-0.5 A area [12].
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Fig. 5. Transfer function of closed loop current transformer

It is the current value that we aim to measure actual
parameter and it requires converting measurement voltage
to current value. We know existence of a constant ratio
between measurement voltage (V| ) and primary current

(1p) [12]. This constant ratio (C) is 1.51723 (DC) and

1.52755 (AC) for maximum measurement voltage and
primary current values. When we multiply V, by this



constant ratio we can find out current ( IPc ) which we aim
to measure

IPC =C><VL. (6)

Examination of the linearity with real time parameter
estimation

If the equation of N,.I,=Ng.lg is provided

completely, the primary mmf - secondary mmf changing
curve is a regular increasing line. However, because of the
various reasons given below, this curve can not be
obtained completely:

a) Change in quiescent output voltage of linear Hall
sensors depending on the earth magnetic effect, sensor
supply voltage and temperature [9, 11, 12].

b) Change in sensitivity of Linear Hall sensors
depending on sensor supply voltage and temperature [11].

c) The tolerance of the semiconductor elements used
in voltage controlled current source. [14, 15, 17].

d) The linearity error depending on the selected core
materials, air gap, core losses, DC magnetic offset
(remanent magnetization of core material) [6].

e) Unbalance between the primary and secondary
windings [18].

f) Random errors in the measurement system.

When Fig. 5 is examined, it is seen that
Is =Np.Ip / Ng condition can not be obtained exactly.

This situation prevents us from carrying out accurate
current measurement. For a more accurate calculation,
mathematical expression of the transfer function of the
current transformer should be examined. For this aim,
equation parameters were found with real time parameter
estimation. This method facilitates determination of
physical parameters of the established model and making
of calibration [19].

Let’s find out expression of primary current
depending on measurement voltage and let’s express this

current as estimated primary current (lp ). If this
expression is third degree polynomial, equation is
P = LV + PV + 3V (7

To show the n data number, sum of squares of the
residuals S of the measured Ip and estimated Ip

primary currents is [19, 20, 21]

2
SZé[bi—(pl-VE+p2-VL2+P3-VLﬂ , ®)

where P, P, and p, parameters that will make this sum
to be the least are calculated with expressions of
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If necessary operations are made, the equations are
written in matrix form and P, P, and p, parameters are

left alone, Eq.(12) is obtained [19]
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All above calculations can be summarized as the
parameter estimation process in Fig. 6 [22].
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Fig. 6. The parameter estimation process

It requires reference primary current for real time
simulation. The primary current is applied as ramp
function. Input variable (primary current) and output
variable (measurement voltage) were transferred to Matlab
Simulink by PCI-1716 DAQ card. Graphical interface of
simulation circuit is given in Fig. 7.
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Fig. 7. Simulink circuit of real time parameter estimation

Matrix components in (12) were created in subsystem
1 and subsystem (Fig. 8). d, e, f, g, h denote ivzl
i i=1
Eivli zlv‘?, Z‘iV5 ZVG and i, j, k denote

n
ZVEJP, , ZVLZ.-IF‘, , respectively.
i=1 i=1
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Fig. 8. Simulink circuits of subsystem 1 and subsystem 2

Embedded Matlab function block allow various
Matlab functions to be used in simulink. Inputs of this
block are d,e,f,g,h,ij,k matrix components which are
previously created by Subsysteml and Subsytem2 and V| .

Outputs are parameter matrix p (pl, P, p3) and real

time estimated primary current value I

( pl.\/|:o> + pZ.VL2 +p, V|, ). Matlab command window in
Embedded Matlab function block is given below:

function [IpE,p]= fcn(d,e,f,g,h,i,j,k, VL),
% Coefficients Matrix,
m=[h,qg.f;g,f.e;f,e,d],
n=inv(m),
o=[i;j;KI,
% Parameters,
p=n*o,
r=transpose (p),
t=[VL"3;VLA2;VL],
IpE =r*t.
Parameter matrix from (12) is

| [h g f1 i
P, =19 F el x|] (13)
p3 f e d k

and estimated primary current value at end of the
parameter estimation is

v
b, x| V2. (14)
Vi

IpE=[p, b,

Estimated primary current and residual for DC an AC
measurements are given in Fig. 9 and 10.
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Fig. 9. DC simulation result: a — estimated primary current; b —
residual
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Fig. 10. AC simulation result:
— residual

a — estimated primary current; b

Because of the dimension of the parameter square
matrix estimated primary current can be obtained after 3
seconds. Transfer function can be rearranged after
parameter estimation resulting a much more accurate
transfer function (Fig. 11).
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Fig. 11. New transfer function of Hall effect current transformer

Fig. 12 a) shows errors between reference primary
current and calculated primary current depending on V|

measurement voltage, Fig. 12 b) shows errors between
reference primary current and estimated primary current
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Fig. 12. Errors in measurements. a) Before estimation b) After
estimation

Obtained parameters and estimated primary current
values are shown in Table 1.

It is seen that AC error is bigger than DC error in
both before and after estimation procedure because AC
primary current naturally induces an error current in
secondary winding. This phenomenon is operating
principle for traditional current transformer but causes non
zero output in the Hall sensor in our current transformer
resulting a deterioration balance between two mmf’s. R?
value determines compatibility between primary current
and calculated primary current or estimated primary
current.



Table 1. Obtained parameters and estimated primary current
values

DC AC

P1 P2 ps [IPE(A) | Py P, | ps |IpE (A)
0 0 2 0.153 0 10 1 0.152
34.956 |-6.982 |2.282 | 0.202 |-10.435 |0.836 |1.856 | 0.197
22.480 |-5.635 (2.251 0.255 0.011 -0.356 |1.886 0.250
11.423 |-4.0594 [2.202 | 0.304 |-0.982 |-0.210 [1.881 | 0.300
6.399 -3.1642 (2.167 0.351 -1.380 |-0.138 (1.878 0.349
5.665 |-3.0068 [2.160 | 0.401 |-1.262 |-0.163 [1.879 | 0.399
4,787 -2.7866 (2.148 0.452 -0.990 |-0.231 (1.883 0.448
3.893 |-253 [2.132 | 0503 |-0.372 |-0.406 [1.894 | 0.498
3.130 -2.2825 (2.114 0.553 -0.069 |-0.503 (1.901 0.549

2.679 -2.1194 |2.101 0.603  0.0381 |[-0.541 |1.904 0.598
2.269 -1.9557 |2.087 0.653 [0.184  |-0.598 [1.909 0.649
1.980 -1.8289 |2.075 0.703  10.247  |-0.625 |1.911 0.698
1.769 -1.7284 2.065 0.754 10.316  |-0.657 [1.914 0.749
1.552 -1.6171 |2.052 0.804 ]0.335 |-0.667 |1.915 0.800
1.411 -1.5391 |2.043 0.855 [0.317  |-0.657 [1.914 0.849
1.268 -1.4543 |2.032 0.905 ]0.342 |-0.671 |1.916 0.899
1.141 -1.374  |2.021 0.954 ]0.352  |-0.677 [1.917 0.950
1.051 -1.3138 |2.012 1.006  [0.340 |-0.670 [1.916 0.999
0.959 -1.2489 |2.002 1.055 |0.345 |-0.673 [1.916 1.050
0.887 -1.1953 |1.994 1.106  [0.341 |-0.670 [1.916 1.099
0.824 -1.1459 ]1.985 1.157 ]0.347 |-0.674 [1.916 1.150
0.756 -1.0901 |1.975 1.207  [0.344 |-0.672 [1.916 1.199
0.699 -1.0408 |1.966 1.258 |0.346  |-0.674 [1.916 1.250
0.648 -0.995 |1.957 1.308 [0.341 |-0.670 [1.915 1.301
0.602 -0.9513 1.948 1.359 [0.332 |-0.662 [1.914 1.351
0.559 -0.9092 ]1.939 1.408 [0.327 |-0.657 [1.913 1.402
0.523 -0.8732 ]1.931 1460 |0.318 |-0.648 [1.911 1.451
0.488 -0.8359 |1.923 1511 [0.311 |-0.640 [1.909 1.502
0.453 -0.7985 1.914 1.560 |0.304 |-0.633 [1.907 1.552
0.424 -0.7653 |1.906 1.612  [0.296  |-0.624 [1.905 1.603
0.395 -0.7313 |1.897 1.663 |0.288 |-0.615 [1.903 1.654
0.367 -0.6975 |1.888 1.713  [0.279 |-0.604 [1.900 1.704
0.340 -0.6647 |1.879 1.763 |0.270  |-0.593 [1.897 1.755
0.318 -0.6357 |1.871 1.814 [0.260  |-0.580 [1.894 1.806
0.296 -0.6069 |1.863 1.866  [0.250  |-0.567 [1.890 1.857
0.274 -0.5767 |1.854 1916  [0.239  |-0.553 [1.886 1.906
0.254 -0.5485 |1.845 1.966  [0.230  |-0.541 [1.882 1.959
0.235 -0.5223 |1.837 2.017 10.220  |-0.526 |1.878 2.009
0.217 -0.4961 |1.829 2.068 [0.209  |-0.511 [1.873 2.060
0.201 -0.4707 ]1.820 2.118 ]0.200  |-0.496 |1.868 2.112
0.185 -0.4464 ]1.812 2.168 [0.189  |-0.480 [1.863 2.163
0.171 -0.4236 |1.804 2218 10.179  |-0.463 |1.857 2.214
0.158 -0.4023 |1.797 2.269 [0.168  |-0.447 [1.851 2.264
0.145 -0.3812 |1.789 2319 ]0.158 |-0.431 |1.846 2.315
0.134 -0.3622 |1.782 2.369 [0.149  |-0.415 [1.840 2.368
0.123 -0.3438 |1.775 2419 10.140 |-0.399 |1.834 2.417
0.113 -0.3264 |1.768 2469 ]0.131  |-0.383 [1.828 2.469
0.105 -0.3101 |1.762 2520 ]0.122  |-0.367 |1.821 2.519
0.096 -0.294  1.755 2.569 [0.113  |-0.351 [1.815 2.570
0.088 -0.2795 |1.749 2.618 ]0.105 |-0.336 |1.809 2.619
0.082 -0.2664 |1.744 2.668 [0.098 |-0.322 [1.803 2.669
0.076 -0.2545 |1.738 2716 10.091  |-0.309 |1.797 2.719
0.071 -0.2444 11.734 2.765 10.086  |-0.297 [1.792 2.768
0.066 -0.2351 |1.730 2.814 10.080 [-0.286 |1.787 2.816
0.062 -0.2271 1.726 2.862 [0.076  |-0.277 [1.783 2.864
0.059 -0.2207 |1.723 2909 10.072 |-0.269 |1.780 2.911
0.057 -0.216  |1.721 2.957 10.069 |-0.263 [1.777 2.958
0.056 -0.2126 |1.719 3.004 ]0.068 |-0.260 |1.775 3.004

H to indicate the average value of the primary

currents, The mathematical expression of I, and R* are
[19]

— 1N
Ni=1
.n (Ig —1p)° i(IH_IPE)Z
R2=1—'§1_ or R2=1——'§1_ (16)
_Z('P,—'PC)2 Z(IH_IF’E)Z
i=1 i=1

Before estimation, R? values for DC and AC
measurements are % 96.2739 and % 93.5235 respectively.
After estimation R? values for DC and AC measurements
are % 99.9805 and % 99.9884 respectively.

Conclusions

In this study, a Hall Effect current transformer
measuring DC and AC current is designed. A voltage
controlled current circuit that will ensure necessary current
in a closed loop is established and related measurements
are carried out. However, it is seen that errors originate
from the Hall sensor, electronic circuit components and
other factors. This situation causes deterioration of
linearity in measurement results.

With application of the real time parameter
estimation, the mathematical model is obtained depending
on measurement voltage and the primary current. By using
the proposed model, a more linear current measurement
can be carried out without using external compensation
circuit [23, 24]. Real time observation allows experimenter
to examine linearity during the experiment. Compatibility
between the reference primary current and measurement
voltage increase to % 99.9805 for DC and % 99.9884 for
AC measurements.

For further studies, it will be useful to study linearity
of the Hall Effect current transformer by means of different
analysis methods for theoretical and practical applications.
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magnetinius efektus jutiklio montavimo vietoje, jautrumo paklaidas, atsirandancias dél temperatiros ar Serdies. Todél matavimo
rezultatams reikia pritaikyti matematinés analizés metodus. Suprojektuotas srovés transformatorius su Holo efektu. I8tirtas
charakteristiky tiesiSkumas jvertinant realius parametrus. Taikant maziausiyjuy kvadraty metoda, padidéjo matavimo tikslumas. 1l. 12,
bibl. 24, lent. 1 (angly kalba; santraukos angly, rusy ir lietuviy k.).
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