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Real-time optimization of active loops for the magnetic field
minimization
Aldo Canova and Luca Giaccone*

Politecnico di Torino - Dipartimento Energia, Corso Duca degli Abruzzi 24, 10129, Torino, Italy

Abstract

This paper deals with the design and the final implementation of a low-cost active shielding system
for the mitigation of magnetic fields generated by electrical installations like power lines or substations.
In this paper a new working prototype is built and tested. It is shown that the developed control
strategy is effective also for field sources with complex geometries. Moreover, a real-time optimizer is
added to the control strategy in order to guarantee the minimization of the source field at any working
conditions of the source (i.e. different from the rated power). The control algorithm and the real-time
optimizer are fully described in the paper, moreover, their behavior is verified through simulations and
experimental tests.

Index terms— magnetic fields, mitigation, active shield, real-time control

1 Introduction

The magnetic field (B-field) generated by power-frequency electrical installations has provoked concern
in recent decades. Although there is no scientific evidence that prolonged exposure to electromagnetic
fields produces long-term effects [1], health effects related to short-term exposure have been established
and form the basis of both ICNIRP and IEEE exposure limit guidelines [1,2]. The current literature has
well explored the possible mitigation solutions for power lines identifying several options that are suitable
for overhead [3,4] and underground installations [5,6]. The literature covers also mitigation solutions for
more complex field sources and, in this case, the shield is often made by metallic plates [7—12]. Among
the currently available mitigation systems, one solution for having a strong mitigation of the B-field is
the use of active shielding systems [13]. This technique consists in a coil (or a set of coils) where an
alternating current (with a certain magnitude and phase) is injected by an external equipment in order
to generate a B-field which counteracts the original one, resulting in a mitigated B-field. This technique
has shown to be attractive not only for the reduction of the B-field in wide areas close to overhead
lines [14-17], but also in MV /LV substations [18,19] and other industrial applications [20]. However,
the need of an external power supply increases the complexity of the shielding system in comparison
with other mitigation techniques, so its properties must be selected carefully during the design process
of the active shield. In addition, the mitigation system must have a controller to guarantee the optimal
compensation at any time due to variations on the loading conditions of the field source. In this sense,
previous works employed control techniques based on the implementation of a proper transfer function
in an electronic system [20], which is generally an analogical system. Nonetheless, the introduction of a
microcontroller could extend the possibilities of control, which would be not limited to a transfer function
anymore. In this regard, this paper deals with the design and application of a low-cost microcontroller-
based system for the active shielding of the B-field generated by power lines and MV /LV substations. In

*Luca Giaccone is the corresponding author: P: +39 011 090 7124, F: 439 011 090 7199, @Q: luca.giaccone@polito.it



reference [21] a first prototype has been developed. In this paper the controller is improved by adding
new hardware and software features in order to provide better mitigation results. In particular, the new
prototype is more flexible and adaptable to different B-field sources and its loading conditions thanks to
the implementation of a “perturb and observe” control algorithm. In the following sections, the software
of the new prototype is fully described, and several numerical results are also presented.

2 Prototype description

A first prototype for the active shield was already developed and successfully applied to the mitigation of
the B-field generated by a three-phase line [21]. The whole system is designed by a two-stage procedure.
The first stage assumes standard working conditions (e.g. three-phase balanced system) providing the
geometry of the active loops that makes possible to minimize the magnetic fields in the desired region of
interest. The optimization is performed by genetic algorithms and all details can be found in [22]. The
second stage is the design of the control algorithm which guarantees the minimization of the magnetic
field also for non standard working conditions (e.g. three-phase unbalanced system). This paper focuses
on a significant improvement of the second stage. An new version of the control algorithm has been
developed with the following new features: i) possibility to drive n shielding loops, ii) possibility to
measure and analyze the B-field at m points, iii) possibility to run a real-time optimization tool called
“minimum field tracker” (details will be given later). The hardware is shown in Fig. 1.

A detailed description of the minimum field tracker (MFT) algorithm will be given in the rest of
the paper, here we briefly recall the basic working principle of the active loops developed in [21]. The
simplest layout of the active loops system is based on the following expressions:

Bj = Bj,s + Bj,sh = des + /Bszh (1)
I, =9I, (2)
All of the above quantities are complex numbers, more precisely, they are phasors when related to
magnetic fields or currents. Subscript j is used to identify the jth component of the field. Bj; is the
total field at a given point, Bj,s is the magnetic flux density created by the source and Bj,sh is the
compensation field created by the shield. I is a current selected to represent the source field. For a
three-phase system one can select arbitrarily the current of phase 1, 2 or 3. &; is the ratio between Bj,S
and I, it depends only on the geometry of the source under standard working conditions. I, is the
shielding current flowing in the active loop and Bj is the coefficient that links the shield current to the
compensation field Bj75h. For a system with only one loop Bj is a scalar quantity, however, in systems
with more than one loop a single current I, can represent the behavior of a group of loops. For this
reason, also Bj is presented here as a complex number. &; and ﬁ_j are both computed at the end of the
first stage design when the geometry of the active loop is known (more details in [22]). Equation (1) is a
general expression that gives the total field for all possible working conditions of the source (described by
I) and the shield (described by I,). For a given value of I, the shielding current that makes it possible
to minimize the total field is provided by (2). The optimal shielding current is identified by the variable
I !, and the link between the source current and the optimal shielding current is called ;. Once again,
7; is obtained at the end of the first stage design described in [22].

The first prototype was based only on the above mentioned two equations. Its working principle is
explained in Fig. 2. Basically, at a given instant of time, the shielding current and the time derivative of
the total magnetic flux density are measured in time domain. The magnetic flux density is then obtained
by time integration and provided to the microcontroller that calculates the phasors associated to the
total magnetic flux density and the shielding current. Equation (1) is then used in cascade to estimate
the source current and to adjust, according to (2), the shielding current.



2.1 Experimental validation

The performance of the prototype was analyzed on a simple case study tested under controlled conditions.
A 6 meter long power line were assembled in a laboratory and an active shield made of only one loop
were designed [21]. Some measurements were carried out along the inspection line to check the validity
of the optimal solution and the performance of the control system. The main results are reported in
Table 1, where data are related to a source current equal to I, = 25 A. As it can be observed, the results
are in good agreement with the analytical calculations derived from the optimization procedure, hence
validating the rationale on which the whole system is based: design, modeling and control system. The
small differences observed are mainly caused by possible deviations in the 3D model in comparison to the
actual installation. For this reason, a “perturb and observe” algorithm has been developed to improve
the effectiveness of the shielding system.

3 Perturb and observe algorithm

As mentioned earlier, a “perturb and observe” algorithm has been implemented in the prototype under
analysis. This technique has been preferred among other possibilities because it is characterized by a
very low price-performance ratio [23]. Its goal is the searching of the actual optimal shielding current
under conditions that are different from the design ones. In fact, the setpoint calculated offline by the
optimization process might not be perfect due to: i) simplifying assumption on the 3D model that,
consequently, it is not exactly compliant with the actual geometry and/or the properties of the materials.
ii) Loading condition of the power line that differs from the rated one. For instance: unbalanced load or
partial load working conditions.

In addition, the measures of the B-field and I, might be affected by errors that lead to a setpoint
different from the optimal one. To overcome these issues, the new algorithm perturbs the parameter ¥
during the runtime and it evaluates the effect on the total B-field in order to search the best setpoint. This
new algorithm has been named “minimum field tracker”. Its approach is similar to the maximum power
point tracker (also known as MPPT) used in the inverters for photovoltaic applications [23] but, instead
of working on a scalar quantity (which is the duty cycle of the buck converter for the MPPT), it works
on a complex number (7). The variables that are perturbed during the runtime are: i) the magnitude of
7 for each shielding loop, ii) the angle of 7 for each shielding loop. For example, an active shield with one
loop has 2 optimization variables, the magnitude and the angle of the single available 4 values. The MFT
algorithm starts perturbing a first variable (for instance the magnitude of ) and it observes the variation
of the B-field. Actually, the MFT observes the ratio B—field/I; called performance indicator to take
into account possible variation of the load profile during the observation time. In fact, the normalization
of the B-field with the module of the current I, makes it possible to compare the magnetic flux density
at different loading conditions. The MFT proceeds checking if the performance indicator increases or
not. If it is increased, the MFT changes sign to the perturbation and it observes the B-field again,
otherwise it continues to perturb the variable with the same sign. These operations are repeated until a
stable condition is reached and, after a given delay, the loop start again perturbing another variable (for
instance the angle of 4). A more schematic explanation of the MFT working principle is given by the
pseudocode in Fig. 4.

The inspection point used as feedback for the MFT can coincide with the one used for eq.(1) but
this is not always possible and neither mandatory. If the complexity of the source increases usually more
than one feedback point can be used. Although the definition of the number and the position of such
inspection points is hard to be generalized, one chief criterion can be considered. The measurement at
the inspection point is used to assess the source current Iy by means of (1). Therefore, it is mandatory
to not collocate the inspection points too close to the shield otherwise Bj =S Bj78h. If that happens, the
assessment of the source current becomes very inaccurate or even not possible.



3.1 Experimental test

The MFT algorithm has been tested experimentally on the laboratory setup described in Fig. 3. The
MFT is stressed setting intentionally a wrong value for the 4 parameter: the optimal design suggests the
use of this value 7,,s = 0.631 exp(j2.56) whereas the initial value is deliberately set to 59 = 0.35exp(j1.8).

The test carried out is summarized by Fig. 5. On the x coordinate it is represented the cycles of
the control algorithm (to evaluate the absolute time one has to multiply by the conversion factor 0.2
sec/cycle). In the first part of the experiment the shielding system is off and the magnetic flux density
(red curve to be read on the left y-axis of Fig. 5) is approximately 5 uT. At the 25th cycle the active shield
is turned on (but the MFT is off) and the B-field decreases immediately to 4 uT. Since we intentionally
set a non-optimal value of 4 this is not the best performance of the shield. At the 50th cycle the MFT is
turned on and it perturbs first the angle and then the magnitude of 4 until a stable condition is reached.
The perturbation has to be read on the right y-axis of Fig. 5. At the end of the process the B-field is
lower than 1 puT. The final value of 4 corresponding to the stable condition is 4 = 0.69 exp(j2.59). It is
worth noting that the final value is very close the optimal one: 7,,; = 0.631 exp(;2.56).

4 Effectiveness of the MFT on complex sources

A previous work discussed the possibility to use active loops on complex field sources like substation [22].
Satisfactory results were obtained and, therefore, the active loops can be considered as an alternative
shielding solutions also for complex field sources. In reference [22], however, the authors considered a
magnetic field source at its rated power with possible homogeneous variation of the loading condition.
This is a strong limitation because a complex substation can be divided in more than one section that
could be operated independently. A simple example is provided in Fig. 6 where a substation with two
630 kVA MV/LV cast resin transformers is shown. The standard design takes into account all the
components at their rated power but several other working conditions can be found. For example, if
the two transformers supply two independent loads, an extremely different condition would be: one
transformer at the rated power and the other transformer working at no load conditions. Theoretically,
for each working behavior there is an optimal shield configuration but, of course, only one has to be
designed. In this section we will show that the MFT algorithm makes it possible to overcome the
limitations assumed in [22].

Fig. 6 represents the geometry of an actual substation that includes: two 630 kVA MV /LV cast resin
transformers, one MV switchgear with seven cells and one LV switchgear. The active shield is made of
4 loops represented in black color. They are all located on the wall corresponding to y = 4 m because it
was forbidden by the local distributor to use the other walls. The represented geometry comes from an
optimization procedure [22] based on the working configuration at rated power. The goal is to minimize
the average B-field in a target volume that extends beyond the wall at y = 4 m. In this paper we present
the B-field on the inspection plane the corresponds to the surface of the target volume which is closest
to the substation. This surface lays on the wall at ¥y = 4 m and it is represented in violet color in Fig. 6.

First the working condition at rated power is analyzed. Fig. 7 shows the B-field created by the source
at rated power on the inspection plane. Fig. 8 shows the reduction obtained by the active loops system
optimized for such working condition. It is noticeable the significant reduction obtained.

Now let us analyze a considerable variation of the working condition by turning off one of the trans-
former (the left one in Fig. 6). The source field on the inspection plane becomes the one represented
in Fig. 9. As already mentioned, a new working condition would require a new optimal design. Even if
it is impossible to modify the geometry of the active loops system in the reality, we evaluated this new
confutation and we tested its performance. The reduction of the B-field is shown in Fig. 10.

Now, coming back to the impossibility of changing the geometry of the active loops system once it is
designed, we are going to show what happen if the active loops system optimized under rated conditions
is used to mitigate the magnetic flux density created by only one transformer (and its related cables)



in the substation. This result is shown in Fig. 11. It is apparent that the shield is not providing any
mitigation and, on the contrary, the B-field is increased at some points of the inspection plane.

Finally, starting from the condition of Fig. 11 the MFT is activated and, after some cycles, the sable
condition of Fig. 12 is obtained. Fig. 12 shows a significant reduction factor. This result should be
compared with the one obtained using the optimal active loops system for this configuration represented
in Fig. 10. Even if the MFT is unable to reach the reduction factor of the optimal configuration, it makes
possible a significant reduction that is comparable to the optimal one. Moreover, the MFT guarantees
that the B-field will never be increased by the active loops.

5 Conclusions

This paper presents the new features of a previously developed prototype of a low-cost active shielding
system. The prototype is based on a low-cost control hardware (= 100 €), and now it has been improved
by extending the hardware and the firmware features. A perturb and observe algorithm called minimum
field tracker has been developed. The MFT makes more flexible and adaptable the shielding system
to complex B-field sources, like MV /LV substations, where the loading conditions may vary without
homogeneity in all the components. The performance of this new algorithm is analyzed in two situations:
three-phase line in flat configuration and MV /LV substation. The results show that the MFT algorithm
is able to improve the mitigation results by compensating possible differences between the data employed
in the design stage and the actual installation.

On the other hand, since the active shield is designed considering the most common loading conditions
of the B-field source or the rated loading conditions, the control algorithm has to react to changes of
the working point of the source. In this situation, the new algorithm has proven to be quite efficient,
recalculating the right shielding currents to be injected in the active shield which was optimized for very
different loading conditions. This leads to a shielding factor which is comparable to the optimum one.
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Table 1: B-field expressed in u'T with and without shielding system

simulation measure simulation measure

x (m) source source total total
field field field field

0 1.910 2.078 0.346 0.430
0.5 1.743 1.867 0.338 0.356
1 1.358 1.385 0.263 0.279
1.5 0.959 0.957 0.179 0.168
2 0.654 0.648 0.117 0.120
2.5 0.447 0.443 0.078 0.072
3 0.311 0.340 0.053 0.070
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Fig. 1: Prototype of the active shield controller
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1: # Initialization

2: selection of the initial variable (%) to be perturbed
3: set initial sign for the perturbation

4: register the B-field at the feedback point

5. register the module of I, = I

6: compute the performance indicator PI = B—field/I
7: # Begin perturb and observe loop

8: sign_changes = 0

9: while sign_changes < N do

10: variable perturbation

11: register the variation of the B-field at the feedback point
12: register the value of Iy = I,

13: compute the performance indicator PI = B—field/ I
14: if PI is increased then

15: change sign to the perturbation

16: sign_changes = sign_changes + 1

17: end if

18: end while

19: sign_changes = 0

20: selection of the next variable to be perturbed
21: go to line 9 after a given delay

Fig. 4: Pseudocode of the MFT working principle. In this paper the value of N is equal to 5 (line 9 of
the code) and the delay is equal to 0.2 ms (line 21 of the code)

12
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Fig. 5: Experimental test of the MFT algorithm on a three-phase power line. Up to the 25th cycle the
active shield is off. B-field values at the inspection point is represented in red and had to be read on
the left y-axis. The other two curves represent the percentage perturbation of the v parameter and they
have to be read on the right y-axis. From the 25th cycle to the 50th cycle the active shield is on and the
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13



y axis

Fig. 6: Geometry of the substation (red, blue and green conductors represents the phase 1, 2 and 3,
respectively). The active loops are represented in black color and the inspection plane in violet.
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Fig. 11: Mitigation of the B-field on the inspection plane when only one transformer and its related
distribution/cables are active. Value in pT. In this case the active loops system optimized at rated
power is used. It is apparent that the mitigation is not satisfactory and the B-field is even increases at
some points.

19



Z axis (m)
o [+]

N

25
10
2
1.5
1
0.5
0 0
0 2 4 8 8 10 12 14
)

X axis (m

Fig. 12: Mitigation of the B-field on the inspection plane when only one transformer and its related
distribution/cables are active. Value in pT. In this case the active loops system optimized at rated
power is used. The map of the B-field represents the sable condition obtained by turning on the MFT.
The improvement with reference to Fig. 11 is noticeable.

20



