Wide-range contactless adjustable current sensors of new design
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Abstract. A number of wide-range current sensor (CS) designs have been developed and analyzed to improve the accuracy and stability of current measurements in control and monitoring systems [1, 2]. The analysis of their operating principles revealed that conventional sensors with adjustable windings have low reliability due to the presence of sliding contacts, which cause mechanical wear and instability. To overcome these limitations, a new wide-range contactless current sensor configuration has been proposed. The sensor is based on an Archimedean spiral-shaped core made of diamagnetic and non-conductive material [3, 4]. The core is equipped with a primary winding, a movable magnetic conductor with a secondary winding, and a ferromagnetic fluid that enhances magnetic coupling. The vertical orientation of the spiral and its rotational adjustment ensure a smooth variation of the conversion ratio without breaking the primary circuit. This constructive solution prevents ferromagnetic fluid leakage and provides stable operation even during short-term power interruptions. The proposed design improves measurement precision, magnetic stability, and operational reliability compared to traditional sensors. Therefore, the developed contactless current sensor can be effectively applied in modern automated control and diagnostic systems that require high measurement accuracy and long-term stability [5]. 
INTRODUCTION
A number of design concepts for wide-range current sensors (CS) have been developed [1], [2], [3] to meet the increasing demands of modern control and monitoring systems. The analysis of their operation shows that sensors with continuously adjustable windings demonstrate low reliability due to the use of sliding contacts [4], [5]. These contacts, over time, lead to instability and measurement [9] errors.
It is well known that continuous adjustment of winding turns enables a wide measurement range, but the use of sliding contacts significantly decreases reliability [6], [7]. To overcome this limitation, this paper proposes a new type of wide-range current sensor with a contactless control mechanism [8]. The goal of this design is to eliminate mechanical contact and ensure a smooth, reliable adjustment of the conversion range [15]. 
It is known that by continuously adjusting the number of winding turns, it is possible to control the sensitivity of a wide range of current sensors [10], [11]. However, the presence of sliding contacts in such solutions reduces the overall reliability of the device [12]. Therefore, this study proposes a new design solution that allows contactless control of the measurement range [13], [16]. Figure 1 illustrates the developed wide-range current sensor [17].
EXPERIMENTAL RESEARCH
The proposed current sensor (CS) consists of a hollow fixed core (1) with a spiral made of insulating material wound around it [1], [7], [8]. The primary winding (2) is wound in a specific order on the core [9], [10]. The movable magnetic core made of ferromagnetic material (3) can rotate around the central axis (4). This movement is achieved using a rod (5) [11]. The signal is transmitted to the low-voltage winding (6), which is located in the empty cavity of the ferromagnetic conductor [12]. Additionally, the device contains a ferromagnetic fluid (7) that partially fills the hollow tube (1), which surrounds the movable core (3) [13]. The number of turns in the primary winding increases from the center of the core to its end for each unit of rotation angle of the movable core [14]. This sensor is classified as low-power and features air gaps [15], [16].
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FIGURE 1. Structural diagram of a wide-range current sensor (CS)

The operating principle of a broadband current sensor (CS) is as follows [17]. Ferromagnetic fluid under the influence of electromagnetic force accumulates due to the effect of magnetic fields. The ferromagnetic fluid gathers in parts of the hollow tube beneath the moving magnetic core [18]. When a moving magnetic conductor is moved in the direction of a spiral, the ferromagnetic fluid also moves accordingly [19]. The use of spiral hollow cores significantly conserves materials and results in low mass [20], [21].
The total magnetic resistance in the working magnetic flux path is determined by the following expression [22]:
 					(1)
where:
 – total nonmagnetic gap in the path of the working magnetic flux;
 – Air gap. Located between the driving magnetic core 3 and the spiral-shaped core (1);
 – thickness of the hollow spiral core 1;
 – magnetic constant;
 – magnetic permeability of steel and ferromagnetic fluid, respectively;
 - respectively in the path of the moving magnetic conductor, ferromagnetic fluid, and the working magnetic flux of the gap.
The primary current creates an EMF:
 						(2)
where:
 – the number of turns in the winding intended for measurement per each full rotation of the moving magnetic circuit;
- proportionality coefficient
RESEARCH RESULTS
The described current sensor (TC) is designed to change relatively small current values [1], [3], [6]. The technology of adjusting the measurement range (multi-range capability) is implemented by rotating the movable magnetic circuit without disconnecting the main circuit, that is, without changing the number of turns in the main circuit [7], [8]. Such a solution is especially important in systems where power supply interruptions are unacceptable [9], [18].
If the ferromagnetic circuit is disconnected, the liquid leaves the region where the windings [10] are located. As a result, after restoring the primary current, the sensor operates without the presence of ferromagnetic fluid, which leads to significant errors in the measurement process [11], [12]. Therefore, in this study, the task of increasing the stability of the current sensor was put forward [13]. The solution to the problem lies in the fact that in the developed wide-range current sensor, the core with a spiral-shaped cavity is made of diamagnetic and non-conductive material [14]. A primary winding is connected to this core according to the required functional law [15]. The sensor has a movable magnetic core with a secondary circuit winding, which encloses part of a hollow core containing ferromagnetic fluid [16], [17]. The sensor core is positioned in a spiral resembling an Archimedes spiral and can rotate [18]. The movable core is mounted on a vertical rod [19].
Using a vertically positioned Archimedes spiral increases the stability of the devices [20]. In this current sensor, the vertically moving magnetic core encloses part of the hollow core filled with fluid [21].
In this device, as the Archimedes spiral rotates, the ferromagnetic fluid is held in the lower part of the hollow spiral according to physical laws [22]. This part is enclosed by the measuring magnetic circuit [23].
The current sensor maintains stable characteristics when the electrical network is disconnected or restarted [19]. Because the ferromagnetic fluid always sits in the lower part of the Archimedean spiral and when the network operating mode is disrupted, it does not flow into the unnecessary part of the spiral, while the driving core moves only along the vertical rod [24]. 
Figure 2 shows the proposed current sensor [8].
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FIGURE 2. Developed wide-range current sensor: (a) front view, (b) side view, (c) spiral core at 90°, (d) movable magnetic core (cross-section)

This device is constructed in the form of a vertically arranged Archimedes spiral (1) made of an insulating pipe, on which the primary windings (2) are wound according to a certain law [10], on this core [11] a driving magnetic core (3) (has a secondary winding) is mounted, which covers the filled (with ferromagnetic fluid) part of the core (5).
The driving part (3) of this sensor moves up and down along the vertical rod (6) [12]. And the rotation of the spiral allows the auxiliary gear. (7 and 8) [13].Such a design solution simplifies the sensor's movement mechanism, increases measurement accuracy, and eliminates the leakage of ferromagnetic fluid [14].
A movable magnetic core 3 performs the function of forming a magnetic flux [15]. It has the shape of a hollow cylinder, the curved axis of which coincides with the axis of the wire wound around the hollow core 1 [16]. This magnetic core covers only one part of core 1, i.e., the part where primary winding 2 is located [17]. Therefore, the operating principle of the proposed current sensor (TS) does not fundamentally differ from previous analogues, but its design solution increases the level of accuracy and reliability [18], [19], [20].
As a result of this mechanical and electromagnetic interaction, the output signal of the current sensor changes proportionally to the core rotation angle [24]. Thus, the measurement range of the CS is expanded by means of mechanical contactless control, which significantly increases the reliability of the device [1], [7].
CONCLUSIONS
In conclusion, it can be said that the rigid arrangement of the hollow spiral in the proposed device, with the ability to rotate around a vertical axis designed in the form of an Archimedes spiral, provides a number of advantages.
Firstly, such a constructive solution prevents the leakage of ferromagnetic fluid from under the moving magnetic conductor, which ensures the mechanical stability of the system.
Secondly, the current sensor (TC) maintains its specified operating mode even in cases of short-term power outages and restoration.
As a result, the proposed design significantly increases the stability, reliability, and measurement accuracy of the TS operation and allows for a wide range of measurements based on the principle of contactless control.
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