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Hall Effect Sensor and Artificial Neural
Networks Application in Current Transformer

G.Gokmen, Y.Ozel, N.Ekren

Abstract— Nowadays, The open loop and closed loop Hall
Effect Current transformers are being widely used for industrial
applications because of AC, DC and complex waveform current
measurement capability. Current, power, magnetic field and distance
sensing and measurement are the most important application fields.
Especially, it facilities the flux density sensing of the magnetic
material inside for which the flux density measurement is very
difficult. In this study, linear Hall Effect sensor based closed loop
current measurement was carried out. The relationship between input
and output parameters (Primary MMF and measurement voltage) of
The Hall Effect current transformer was examined and estimation of
measurement voltage was carried out by means of the artificial neural
network.. When estimation results are compared to measurement
values, it is shown that the artificial neural network model produces
reliable estimates of measurement voltage of a Hall Effect current
transformer.

Keywords— Atrtificial Neural Network, Closed Loop Current
Transformer, Current Measurement, Current Sensing, Hall Effect,
Hall Effect Current Transformer

I. INTRODUCTION

NE of the most widespread application fields of the Hall

Effect sensors is the current sensing. The Hall Effect

current transformer is a kind of electronically
compensated current transformer based on the principle of
zero flux. These types of device are referred to as active
current transformer because of the use of electronic amplifier
and feedback circuits. If current sensing will be analog, linear
Hall Effect sensors are preferred. Core of the transformer is
made by using ferit or steel. The core is coated with plastic
layer to ensure isolation.

The Hall Effect current transformer uses a Hall sensor
placed in the split core to detect transformer ampere-turn
unbalance between primary and secondary circuits. The
unbalance represents an error in ratio and phase angle of the
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transformer. The largest of the errors is due to the core
magnetization current and magnetic reluctance caused by the
cutting of the core material. When current is passed through
the conductor placed inside of the core, magnetic field
established around it is caught by the core and a flux is circled
in the Hall sensor. The linear response of sensed current is
rather convenient for motor control feedback circuits and they
can be preferred for external measuring devices, telemetry
systems, monitoring applications [1],[2],[3].

The output voltage of sensor is same with the AC and DC
wave shape of measured current. Placement of the sensor in
air gap of the core isolates the sensor electrically and so,
damage of over current or high voltage transients on sensor is
prevented. It also eliminates DC insertion loss [1]. The
number of all measurements results obtained from
experiments is 60. 20 of this data were used for training, 20
of this data were used for validation, and 20 of this data were
used for testing the neural network. Based on experimental
results, the artificial neural network model produces reliable
estimates of measurement voltage of a Hall Effect current
transformer.

Il.  HALL EFFECT CURRENT MEASUREMENTS

The Hall sensor based current measurement can be realized
as open loop or closed loop. While in open loop, there is only
primary winding and it can be coiled as 1 turn for practical
applications such as clamp meter but to increase measurement
accuracy it should be coiled as multi turns. The Hall sensor
produces an output voltage proportional to primary current.
Generally intensity of output voltage is not adequate for
measurement and it is necessary to be amplified by an op-
amp.
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o +15V

0 -15V

Fig. 1. Basic connection scheme of an open loop
current transformer

In closed loop, operating principle is very similar to open
loop. Output voltage of the Hall sensor 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 schemes of open loop and closed loop Hall Effect
current transformer are given in Fig. 1. and Fig2. [1].

o +15V

o -15V

Fig. 2. Basic connection scheme of a closed loop current
transformer

The primary current to be measured creates magnetic
flux in the core. The Hall sensor produces voltage in
proportion to the magnetic flux in the core. In other words, the
primary current and output voltage of sensor is proportional.
The output voltage is amplified by means of the amplifier
circuit. Generally, an operational amplifier is preferred. The
amplified voltage is applied to a push-pull transistor circuit
and transformed to secondary current passed from the
secondary winding. In this way, a second magnetic flux is
created in the core. The secondary current is symmetric of the
primary current and its secondary winding is generally coiled
as 1000 turns. In this manner, secondary current create
secondary magnetic flux to balance primary magnetic flux.
[11.[4].[5]

The basic equation is;
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The measurement resistor is serial coupled to secondary
winding so Voltage of the measurement resistor will be
proportional to the primary current [1].

In selection of core in which the Hall sensor will be
placed, there are two important criteria. These are
permeability of material and length of core respectively.
Besides, inner area of the selected core must be in size capable
of taking both the primary winding and secondary winding.
The air gap length is an important factor both in determination
of effective permeability and providing homogenous magnetic
flux in air gap. The magnetic flux density in air gap must not
be bigger than the maximum flux density that can be sensed
by the sensor [6],[7].

Fig. 3 Air gap and mean length of toroid core

In Fig. 3. The maximum flux is created when the
secondary current is 0 and calculated with the expression of

Ax 7 x107" x i x Ny x 1,
| +1y > 24

In this equation, B is the magnetic flux density (T),

M is the initial permeability of core determined by the core

B=

O]

manufacturer company, N, x I, is the primary mmf, |m is the
mean length of core and |g is the length of air gap. The

effective permeability of core is
Bxl,

Ny x I,
[61.[71.[8].

The main advantages of the Hall
transformer;
It can measure current wide bandwidth frequency, from
0 to 100 Hz.
It’s ability of taking burden is remarkably improved
and it has good accuracy at the condition that the
burden is either resistance or inductance
It has good surge and transient response, because the

e @)

Effect current
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Hall element needs very short time to build Hall
voltage, so it can measure pulse current.

- Transformer core magnetization has little effect on the
performance of the Hall Effect current transformer
because the principle of this current transformer is sero
flux in normal working condition, there are very small
flux in the core. It can not be saturation.

- It has higher ratio between performance and price than
ordinary current transformer [2].

A. 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 (5
mV/G), the operating voltage range is 4, 5V and 5, 5 V and
nominal operating voltage is 5V. The operating magnetic flux
range is + 40 mT and £ 80 mT (x 400 G and £ 800 G) and
operating temperature range is - 40 °C and + 150 °C [9].

If the mmf value is 30 At and primary winding turn is 1,
the primary current shall be 30 A. If the winding turn is 10,

primary current shall be 3 A. For | =54,2 mm, | =1,8 mm

and £ =3000 values, the magnetic flux density is
calculated as 0,0207 T. In this magnetic flux density, the

output voltage of Hall sensor with sensitivity of 5x10°
mV/T (5 m V/G) is 1,035 V. the effective permeability of core

is calculated as ,ue:3,738><10‘5 H/m. The connection

scheme of the designed Hall Effect current transformer is
given in Fig. 4 [10].

Hall VH Voltage VH)(G
sensor <P—— Controlled
Current Source
s
-
= VL
Fig. 4. 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 it and passes it through the secondary
winding as current. (Fig. 5) [10].
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Fig. 5. Voltage controlled current source

The quiescent voltage output is the voltage of the sensor
when there is no applied magnetic field and it is generally half

of the supply voltage (V.. / 2 and specially important for DC

current measurement [7],[9]. Cristaldi [11] proposes third
compensation winding except for primary and secondary
winding to compensate for the quiescent voltage. In this
method, third winding requires constant current to eliminate
the quiescent voltage of the Hall sensor but op-amps can
easily compensate for the quiescent voltage. In this study, for
compensation of quiescent voltage output LM 741 op-amp
and for voltage amplification INA 110 KP instrumentation
amplifier are preferred. With selecting gain resistor value as
81,58 kQ, voltage gain ratio is set to 1,49 [12],[13],[14]. The

expression of the external gain resistor (R ) is

40x10°
“61 “

G
In this equation G indicates voltage gain ratio of amplifier
[14]. The value of external gain resistor connected to input of
the INA 110 KP is 81, 58 kQ and is obtained by 100 kQ
potentiometer so voltage gain ratio is 1,49 (Fig. 5).

To provide secondary current in required magnitude in
closed loop operating condition, OPA 633 KP buffer is
connected to output of the voltage amplification circuit. A
voltage controlled current source is obtained by driving the
output of INA 110 KP with OPA 633 KP. [15], [16].

The secondary current is found with the expression of

_VyxG ©)
R +Zg

In this equation, V|, indicates Hall sensor voltage, R,
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IS

indicates measurement resistor, Zg indicates secondary

winding impedance. As the Hall sensor voltage is proportional
to primary current, the secondary current will be proportional

to the primary current. So the measurement voltage (V, ) will

be proportional to the primary current.
V. =1l4xR,

If

(6)

I, x N, / Ngexpression is used instead of I,
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expression of the primary current depending on measurement

voltage can be found.

v lexNe o
Ny
| =V|_><NS
P
N, xR,

()

For the application, necessary air gap is established on
the Magnetics OF-42206-TC ferrite core and primary and
secondary windings are coiled. The parameters of designed
Hall Effect current transformer are given in Table 1.

TABLE 1.THE PARAMETERS OF DESIGNED HALL EFFECT CURRENT

TRANSFORMER

Parameter Symbol Value
Hall Sensor
Sensitivity S 5x104 mv/T
Mean Core Length | 54,2 mm
Hall Sensor
Sensitivity gH Sx104 mvIT
Mean Core Length | 54,2 mm

m

Air Gap Length |g 18 mm
Initial 3000
Permeability Hi
Effective 3,738x10-5 mVIT
Permeability He
Primary Winding
Turns N P 10
Measurement
Resistor RL ek

The core with Hall sensor and upper side view of the
electronic circuit is given in Fig. 6 [10].
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Fig. 6. 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. The direct current and
sinusoidal alternative current RMS values are measured
respectively. The environment temperature is 27,3 °C. The
change of measurement voltage with primary current is given
in Fig. 7 [10].
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1.2} /
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Measurement Voltage (V)

0.4+ /
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15 2 25
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Fig. 7. Primary current -measurement voltage
change for Closed Loop Current Transformer
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I1l. NEURAL NETWORK

Neurally inspired models, also known as parallel distributed
processing (PDP) or connectionist systems, de-emphasize the
explicit use of symbols in problem solving. Processing in
these systems is distributed across collections or layers of
neurons. Problem solving is parallel in the sense that all the
neurons within the collection or layer process their inputs
simultaneously and independently. In connectionist systems,
processing is parallel and distributed with no manipulation of
symbols as symbols. Pattern in a domain are encoded as
numerical vectors. The connections between components, or
neurons, are also represented by numerical values. Finally, the
transformation of patterns is the result of a numerical
operations, usually, matrix multiplications. These “designer’s
choices” for a connectionist archicture constitute the inductive
bias of the system [17]. The basis of neural networks is the
artificial neuron, as in Fig 8-(a). An artificial neuron consists
of: input signals (xi), a set of real value weights (wi), an
activation level (Y wixi), a threshold function (f).

X, L} XLL
X —=3

W, W,
=0 s >0
o« bias—_3
L

@ o)

Fig 8 (a) An artificial neuron, (b) the perceptron net

The earliest example of neural computing is the
McCulloch-Pitts neuron [18]. The inputs to a McCulloch-Pitts
neuron are either excitatory (+1) or inhibitory (-1). The
activation function multiplies each input by its corresponding
weight and sum the results; if the sum is greater than or equal
to zero, the neuron returns 1, otherwise, -1. McCulloch and
Pitts showed how these neurons could be constructed to
compute any logical function, demonstrating that systems of
these neurons provide a complete computational model.

Although McCulloch and Pitts demonstrated the power of
neural computation, interest in the approach only began to
flourish with the development of practical learning algorithms.
Early learning models drew heavily on the work of the
psychologist D. O. Hebb[19], who speculated that learning
occurred in brains through the modification of synapses. Hepp
theorized that repeated firings across a synapse increased its
sensitivity and the future likelihood of its firing. If a particular
stimulus repeatedly caused activity in a groups of cells, those
cells come to be strongly associated. In the future, similar
stimuli would tend to excite the same neural pathways,
resulting in the recognition of the stimuli. Hebb’s model of
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learning worked purely on reinforcement of used paths and
ignored inhibition punishment for error, or attrition. Modern
psychologists attempted to recreate Hebb’s model but failed to
produce general results without addition of an inhibitory
mechanism [20, 21].

In the late 1950s, Frank Rosenblatt devised a learning
algorithm for a type of single-layer network called a
perceptron [22]. In its signal propagation the perceptron was
similar to the McCulloch-Pitts neuron; see, for example, Fig.
8-(b). The input values and activation levels of the perceptron
are either -1 or 1; weights are real valued. The activation level
of the perceptron is given by summing the weighted input
values, >xiwi. Perceptrons use a simple hard-limiting
threshold function, where activation above a threshold results
in an output value of 1, and -1 otherwise. The perceptron uses
a simple form of supervised learning. After attempting to
solve a problem instance, a teacher gives it the correct result.
The perceptron then changes its weights in order to reduce the
error.

Perceptrons were initially greeted with enthusiasm.
However, Nils Nilsson[23] and others analyzed the limitations
of the perceptron model. They demonstrated that perceptrons
could not solve a certain difficult class of problems, namely
problems in which the data points are not linearly separable.
Although various enhancements of the perceptron model,
including multi-layered perceptrons, were envisioned at the
time, Marvin Minsky and Seymour Papert, argued that the
linear separability problem could not be overcome by any
form of the perceptron network.

A. Selecting the ANN Architecture

Experimental data used in the study are totally 60 data used
in modeling were used during the training of the network
while 20 of them were used to test the system.

Data were organized so that more reliable results could be
obtained and changed into numerical values in order for the
network to understand them. Before the separation of the data
to be used during the training and testing, data selections were
carried out randomly. Thus, the system is trained with data
reflecting the parameters of the whole system and random data
were selected to be able to achieve the best result.

As training algorithm that determines the application
process and one of the significant factors, back propagation
algorithm  Levenberg-Marquardt was used. Marquardt
parameter accelerates the zero error approach of the neural
network. In return for the given input, the output calculated by
the network is compared with the real (desired) output. The
gap between the output of the network and the real output is
calculated as error. The average of the total of the fault is
attempted to minimize. This value to be minimized MSE
(Mean Squared Error) enable the network to have smaller
weight and performance values that is one of the factors
affecting the training performance. In this study, the best
result was obtained by the use of mean squared error function.

Activation function that is to affect the results to reflect the
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modeling best was determined after the normalization process
of input and output data in order to prevent the adverse effects
following the excessive swinging results that were fed by the
network. In the neural network models, the minimum error
value was achieved with the use of tangent hyperbolic
activation function. Different training algorithms and
activation functions were selected in order to evaluate the
result correctly and to be able to compare them.

The training process has been stopped when the error has
become stable.

In the test, an unknown input pattern has been presented to
the ANN, and the output has been calculated. Linear
regression between the ANN output and target is performed.

Choosing the number of layer parameters to a feed forward
back propagation topology is the art of the ANN designer.
There is no quantifiable, best answer to the layout of the
network for any particular application. There are only general
rules picked up over time and followed by most researchers
and engineers applying this architecture to their problems.
The first rule states that if the complexity in the relationship
between the input data and the desired output increases, then
the number of the processing elements in the hidden layer
should also increase. The second rule says that if the process
being modeled is separable into multiple stages, then
additional hidden layer(s) may be required. The result of the
tests has showed that the optimal number of neurons in the
first layer can be chosen as 16 also, the activation function has
been chosen as a hyperbolic tangent sigmoid function for all
of the layers [15], [16],[20],[21].

B. ANN Model Results

As a result of comparing the test results or the formed single
and multi-layer artificial neural networks, multi-layer artificial
neural network learned better values that those of single layer
ones.

ANN simulators have been trained different epochs. The
training process has been stopped when the error has become
stable. Variation of the total absolute error through the epochs
was shown in Fig 9 and Fig 10.
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Performance is 4 46732e-007, Goal is 1e-007

“alidation
o Train

Performance

L L . L L . . L
a 10 20 30 40 a0 60 70 a0 90 100
Epoch Mumber

Fig 9. Train steps of closed-loop Hall Effect current transformer
for DC current measurement

Performance is 1.00164e-007, Goal is 1e-007

Walidation :
i Train

Performance

20 25 30 3 40 45
Epoch number

10 15

Fig 10. Train steps of closed-loop Hall Effect current
transformer for AC current measurement

ANN output datas with the target data for under DC voltage
were shown Fig 11 and ANN output datas with the target data
for under AC voltage are shown Fig 13.
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Fig 11. Variation of the ANN output data with the target data for
under DC voltage.

Targets T

Fig 12. Linear regression results between the ANN output and
target voltage regression for under DC voltage

Linear regression between the ANN output and target was
performed. Linear regression results were shown Fig 12 for
DC voltage and linear regression between the ANN output

and target measurement voltage was given Fig 14.
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Fig 14. Linear regression results between the ANN output and
target voltage regression for under AC voltage

IV. CONCLUSION

In this study, ANN is used for examination of compatibility
of input and output parameters of closed loop Hall Effect
current transformer

After ANN learning and test steps founded regression
coefficients (R= 0. 99977 for DC current measurement,
R=0.99976 for AC current measurement) shows that target
and ANN output values were very related each other. The
regression analysis was shown for learning step in Figure 5, 6,
7 and 8. These coefficient shows that target and ANN output
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values were very related each other. So the ANN model
produces reliable estimates of measurement voltage values of
A Hall Effect Current Transformer. ANN facilitates
determination of physical parameters of the established model
and making of calibration. The results have also pointed out
that ANN can implement many other data prediction efforts
easily and successfully.

For further studies, AAN can be used for determination of
linearity of the Hall Effect Current Transformers without
using classical approaches such as the least squares method
also can help to make projection of bigger -current
measurement

REFERENCES

Honeywell Inc., “Hall Effect Sensing and Application” Micro Switch
Sensing and Control, Chapter 5, pp 33-41, 2002.

A. Xin, B. Hai, S. Jiahua, Y. Yian, “The Hall Current Transformer
Modeling and Simulation”, Proceedings of IEEE International
Conference on Power System Technology, Vol.2, Beijing, pp 1015-
1020, August 1998.

N. Khan, Z. Saleem, C. C. Hoong, “ An Experiment on Internet Based
Telemetry”, Proceeding of the 6™ WSEAS International Conference on
Electronics, Hardware, Wireless and Optical Communications, Corfu
Island, Greece, pp 68-78, February 2007.

D. Azzoni, B. Rudiger, F. Michel, G. Harmut, H. Hans-Dieter, K.
Jirgen, N. Andreas, V. Alfred, “Isolated Current and Voltage Transduser
Characteristic ~ Applications  Calculations”, = LEM  Corporate
Communications, pp 20-22, 1999.

Amploc Current Sensors, “Engineer’s Reference Handbook”, pp 1-8,
2002.

Magnetics Division of Spang & Company, “Magnetics Cores for Hall
Effect Devices” Technical Bulletin HED-01, pp 1-6, 1997.

J. Gilbert, J. Devey, “Linear Hall Effect Sensors”, Application
Information, Application Note 27702A. Allegro Microsystem Inc., pp 1-
12, 1998.

Magnetics Division of Spang & Company, “Power Design”, Design
Application Notes, Section 4, pp 12-13, 2006.

Allegro Microsystem Inc., “3515 and 3516 Ratiometric Linear Hall-
Effect Sensors”, Data Sheet 27501.10B, pp 1-10, 2005.

G. GoOkmen, “Design and Calibration of Electronic Current
Transformer”, Phd. Thesis of Applied Science In Electrical Education,
Institute of Pure and Applied Sciences, Marmara University, May 2006.
L. Cristaldi, A. Ferrero, M. Lazzaroni, M. Ottoboni, “A Linearisation
Method for Commercial Hall Effect Current Transducers”, IEEE
Transaction on Instrumentation and Measurement, Issue 5, Volume 50,
pp 1149-1153, October 2001.

National Semiconductor Corporation, “Op-Amp Circuit Collection”,
Application Note 31, pp 1-4, February 1978.

National Semiconductor Corporation, “An Application Guide for Op-
Amps”, Application Note 20, pp 1-3, February 1969.

Burr-Brown  Corporation,  “INA110  Fast-Settling  FET-Input
Instrumentation Amplifier”, PDS-645E, pp 1-10, September 1993.

R.,M. Stitt, B. Burt, “Boost Amplifier Output Swing with Simple
Modification”, Application Bulletin AB-016, Burr-Brown Corporation,
pp 1-2, September 1990.

Burr-Brown Corporation, “OPA633 High Speed Buffer Amplifier”,
PDS-699B, pp 1-9, October 1993.

Y. Ozel, “Determination of Electrical Energy Production with Different
Coals and their Performances by Using Artificial Intelligence
Technique”, Ph. D. Thesis of Applied Science In Electrical Education,
Institute of Pure and Applied Sciences, Marmara University, December
2006.

W.S. McCulloch, W. Pitts, “A logical calculus of the ideas immanent in
nervous activity”, Bulletin of Mathematical Biophysics, 5:115-133, 1943
D.O. Hebb, “The Organization of Behavior”, Wiley, New York, 1949

N. Rochester, J.H. Holland, L.H. Haibit, W.L. Duda, “Test on a cell
assembly theory of the actuation of the brain, using a large digital

[1]
[2]

(3]

[4]

[5]
(6]
(7

(8]
(9]

[10]

[11]

[12]
[13]
[14]

[15]

[16]

[17]

[18]

[19]
[20]

49

computer”, In J.A. Anderson and E. Rosenfeld , ed. Neurocomputing:
Foundations of Research. Cambridge, MA: MIT Press, 1988,.

P. Quinlan, “Connectionism and Psychology”, Chicago, IL: University
of Chicago Press, 1991.

F. Rosenblatt, “The perceptron: A probabilistic model for information
storage and organization in the brain”, Psychological Review, 65: pp.
386-408.

N. J. “Nilsson, Learning Machines”, New York: Mcgraw-Hill, 1965.
G.F. Luger, W.A. Stubblefield, “Artificial Intelligence Structures and
Strategies for Complex Problem Solving”, third ed., Addison Wesley
Longman, USA, 1998.

J. Santos, J. Marques de Sa and L. Alexandre, “Neural Networks Trained
with the EEM Algorithm: Tuning the Smoothing Parameter”, WSEAS
Transactions On Systems Issue 4, Volume 4, pp. 295, April 2005.

C.G. Dias, |.E. Chabu, M.A. Bussab, “Hall Effect Sensor and Artificial
Neural Networks Applied on Diagnosis of Broken Rotor Bars in Large
Induction Motors”, Computational Intelligence for Measurement
Systems and Applications, Proceedings of 2006 IEEE International
Conference , Page(s):34 — 39, July 2006

A. T. Timaji, Z. Heidary, B. Tafaghidinia, “Teaching to Computer Based
on Neural Network Model”, WSEAS TRANSACTIONS on SYSTEMS
Issue 4, Volume 3, pp. 1436, June 2004,.

[21]

[22]

[23]
[24]

[25]

[26]

[27]

Yelda Ozel, was born in 1977. She received B.S, M.S and PhD degrees from
Marmara University. She has been working as a teaching assistant at Marmara
University. Her current interests are artificial intelligence techniques,
renewable energy and electromagnetic fields.

Gokhan Gokmen, was born in 1974. He received B.S, M.S and PhD degrees
from Marmara University. He has been working as a teaching assistant at
Marmara University. His current interests are measurement method, signal
processing techniques, vocational education.

Nazmi Ekren, was born in 1966. He received B.S degrees from Y Id z
University, M.S degrees from Marmara University and PhD degrees from
Istanbul University. He has been working as a Assistant Proffesor at Marmara
University. His current interest are lighting and control, energy planning,
energy economicy.



