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Abstract—The paper introduces a permanent magnet rotary-to-linear magnetic gear whose topology is derived based on the operating principle of a transverse flux VRPM machine. It is shown that when the number of poles per unit length on all three members, rotor, translator and stationary flux modulating ferromagnetic pieces, are the same, the proposed gear is essentially similar to a magnetic screw gear with discretised helical magnets. Using different number of poles and iron pieces per unit length provides alternative means for adjusting the gear ratio. The paper describes the design and construction of a demonstrator gear whose dimensions were optimised using finite element analysis. Performance results obtained from finite element analysis and experiment are presented and discussed.
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I. INTRODUCTION
M
AGNETIC gears have been the subject of significant research and development in the last 3 decades [1] [2] [3] [4]. Their contactless nature offers many potential advantages: low friction, noise and vibrations; reduced lubrication and maintenance requirements; and the possibility of physically isolating the input and output shafts. They also have an inherent overload capability. However, these advantages come at a significantly increased initial cost, which may be justifiable in some applications. Promising applications include direct-drive turbines [5], ship propulsion [6], electric vehicles [7], and wave [8] [9] and tidal energy [10] harvesting devices, amongst others.
Early magnetic gears were mostly designed to mimic available topologies of mechanical counterparts. Their development can be traced back to 1901, when Armstrong [11] introduced a “power transmitting device” that duplicates the structure of a spur gear, replacing the teeth with electromagnets on one rotating member and ferromagnetic poles on the other. Since then, variants of spur types [12] [13] [14] [15] [16] [17] [18] [19], worm gears [20] [21], and planetary gears [22] [23] [24]  have been developed. But all of these have much lower torque densities than their mechanical counterparts. 
[bookmark: OLE_LINK1]Most of the research and development effort has so far focused on rotary-to-rotary transmission magnetic gears. In 2001, Atallah and Howe [25] presented a coaxial magnetic gear that is similar in its basic configuration to those patented by Nuland in 1916 [26] and Martin in 1968 [27]. It is based on using ferromagnetic pieces to modulate the flux between the inner and outer members, which carry different numbers of permanent magnet (PM) poles. Since then, many other variants of the basic flux modulation concept, including linear-to-linear gear [28] and transverse flux configurations [29] have been introduced and reported in the literature [1]. Recently, variable reluctance variants have been introduced, where the inner rotor surface permanent magnet structure is replaced with a variable reluctance one, which was claimed to offer advantages of lower losses and torque ripple, and high-speed operation without the need for a retaining sleeve [30] [31] [32].  However, careful parametric sweep optimization by Hasanpour et al. shows that the reluctance magnetic gears tend to have lower efficiencies and more torque ripple in addition to having a lower torque density than PM variants [33].
In contrast, research and development of rotary-to-linear magnetic gears received less attention. The focus has been largely on screw magnetic gears that were introduced by Keller and Sibley in 1912 [34], Andrews in 1925 [35] and others. These mimic a lead screw mechanism with the screw thread replaced by helical magnets or variable reluctance structures interacting with magnets or variable reluctance structure on the ‘nut’ translator. In 1978, Paul [36], [37] described a magnetic device derived based on the principle of operation of a rectilinear reluctance motor [38]; it relies on the interaction between two mild steel helical threads on the inner and outer shafts; permanent magnets underneath the inner rotor helical thread provide the magnetic field excitation; a prototype was built to demonstrate the concept and establish its performance. 
Emerging applications such as energy harvesting [9] [39],   have provided stimulus for recent research and development of rotary to linear magnetic gears [40], including more recent patents, e.g., [41] [42]. In 2011, Wang et al. [43] presented an analysis of a permanent magnet two start screw rotary-to-linear magnetic gear featuring helically disposed magnets on both the rotor and the translator, similar to that patented by Vitale in 2001 [42]. Subsequently, Pakdelian et al. [44], [45] investigated multiple start screw variants of the magnetic screw, and introduced the name TROMAG; they built a demonstrator with a two start magnetic screw and reported in [45] that “strips of magnets, made of a mixture of Nd-Fe-B and some elastic material(s) are employed” and that “the remnant flux density of the employed magnets is roughly 0.45 T”, which is significantly weaker than sintered magnets, but  their flexibility made it easier to construct a PM helix. Recently, the Pakdelian group presented a quasi-Halbach magnet TROMAG [46] and a reluctance variant in which one of the member is furnished with a variable reluctance structure and the other member has helical PM poles confined to the active force producing section of the magnetic gear [30], which economises on magnet material and minimises “leakage flux” produced by magnets outside the active section [47].
Kouhshahi and Bird et al. [48], [49] presented an alternative linear to rotary magnetic gear that combines the principle of a magnetic screw with a helical magnet on the rotor with that of rotary and linear magnetic gears [25] [28] incorporating a layer of flux modulating ferromagnetic rings between the rotor and an outer stationary flux concentrating cylindrical structure comprising ferromagnetic rings sandwiched between rings of axially magnetised permanent magnets. The flux-modulating stationary ferromagnetic pieces are skewed. In addition to adding more degrees of freedom for adjusting the gear ratio, namely the number of ferromagnetic pieces and number of poles on the rotor and stationary outer member beside the PM helix pitch and number of starts in a conventional screw, this magnetic gear, like the reluctance TROMAG described in [30], has the advantage of confining the use of PM material and flux within the active force producing section. Kouhshahi and Bird et al. also introduced a version of the gear without translator skewing [50]; the outer stationary member is skewed instead.
In this paper, we extend our previously published ICEM2020 conference paper [51] where we introduced a rotary-to-linear magnetic gear that was inspired by a 2-phase variable-reluctance permanent magnet (VRPM) transverse flux machine that was reported in [52] and [53]. The paper makes several original contributions. It describes in detail how the rotary-to-linear magnetic gear is derived from the transverse flux machine and then it illustrates that it is essentially similar to a magnetic screw or a TORMAG with a discretised, piece-wise permanent magnet helix on the translator, an analogy that provides further insights into its operation. After introducing several possible variants, the paper proceeds to describing an experimental demonstrator and presents the results of three-dimensional (3D) finite element analysis (FEA) parametric studies that were used to select near optimum dimensions of the magnets and cores of the demonstrator. The torque and force FEA calculations are validated using experimental measurements.
Section II shows how the magnetic gear topology is derived from the transverse flux VRPM machine and establishes the links with PM magnet screw or TROMAG topologies reported by Wang et al. [43], Pakdelian et al. [44], [45] and Kouhshahi and Bird [48], [49] and others. Section III presents the results of a 3D finite element analysis (FEA) parametric study that were used to determine the near optimum dimensions of demonstrator. The design and construction of a demonstrator is described in section 4, which also presents experimental results to validate the FEA calculations. Discussion and conclusions are in sections V and VI, respectively. 

II. Principle of Operation
Fig. 1 illustrates the construction of an inner rotor version of the VRPM transverse flux machine reported in [52] and [53]. For clarity, the outer housing is removed and only a few of the c-cores are shown. Four rows of heteropolar magnet arrays are mounted on the surface of the inner rotor. An array of laminated c-cores encloses each phase coil; the number of c-cores per phase equals the number of rotor PM pole pairs. In this version of the machine, the magnets of the two phases are aligned, but their respective c-cores are shifted by 90 electrical degrees: when the c-cores of one phase (phase 1 in Fig. 1) are aligned with the d-axis, the c-cores of the other phase (phase 2 in Fig. 1) are aligned with the q-axis of the magnet poles. When vector control is used, below base speed with  the current in phase 1 will be zero, while the current in phase 2 will be maximum when the rotor is in the position shown in Fig. 1, to maximise the torque per amp.
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Fig. 1.  An illustration of a two-phase inner rotor VRPM machine showing a partial number of c-cores for clarity. The stator housing that holds the c-cores is also not shown.

Fig. 2 shows a 2-pole version of the machine; this figure reveals the poor utilisation of magnet material in this case, which improves by increasing the number of poles, the key to maximising the torque density of this class of machine (up to a point beyond which flux leakage negates the gains). Nevertheless, the 2-pole machine provides a better starting point for the development of the magnetic gear proposed in this paper. 
The alternating current in the coils generates an alternating magnetic field in the airgaps opposite the c-cores, which has maximum strength when the c-cores are aligned with the q-axis of the rotor magnets to produce maximum torque as explained earlier. Now imagine that the c-cores are cut to become I-cores as illustrated in Fig. 3, the coils are removed and arrays of heteropolar magnets are made to pass over the outer ends of the I-core. As the magnets pass by, alternating flux will travel through the corresponding airgaps. If the linear array of magnets corresponding the I-core of the two phases are shifted spatially by 90 electrical degrees such that the d-axis of one array is aligned with the q-axis of the other, then the flux pattern will be essentially the same as that produced by the two-phase coils. Thus, we have a rotary-to-linear magnetic gear. However, clearly the utilisation of materials in this machine is rather poor.
But we can take advantage of the fact that unlike the coils, which generate homopolar flux in all their c-cores, the magnets generate flux in each set of I-cores independently. This means that we can add another set of I-cores per phase on the opposite side with their flux provided by an array of magnets that are shifted by 180 electrical degrees. Furthermore, we can move the I-cores of both phases to be in the same plane to interact with the same rotor magnets. Additionally, we can duplicate the structure in the axial direction to enable the production of greater force and torque as shown in Fig. 4. 
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Fig. 2.  A 2-pole variant of the VRPM machine.

When bar magnets are used on the translator as shown in Fig. 4, the I-cores provide a low reluctance interface between the rectangular geometry of the translator and the cylindrical rotor. And if the number of poles on the translator (within the active part) is different from the number of poles on the rotor (along the axial direction), the I-cores will be needed to modulate the flux and create flux harmonics on either sides that match the corresponding pole number. This in effect creates a gear that is like that proposed by Kouhshahi and Bird et al. [48], [49], but with the ferromagnetic rings replaced with I-cores.


[image: A picture containing LEGO, toy

Description automatically generated]
Fig. 3. A rotary-to-linear magnetic gear derived from the 2-pole VRPM machine.
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Fig. 4.  The final topology of the rotary-to-linear magnetic gear derived from the 2-pole VRPM machine using bar magnets on the translator.

One can also envisage a cylindrical version of the machine as shown in Fig. 5a. When considering the operation of the gears in Fig. 5a as the starting point, it becomes evident that the I-cores are not actually essential to the function of this configuration in which the translator and rotor have the same number of axial poles and I-cores are not needed to modulate the flux to produce different harmonics with different matching pole numbers on either side. They may therefore be advantageously removed as illustrated in Fig. 5b to eliminate the associate core losses and replace the two gaps with one, which increases flux, force and torque at possible additional cost of arc magnets compared to bar ones. 
It is interesting to consider an unrolled version of the gear in Fig. 5b without the I-cores. Fig. 6, shows only two rows of magnets on the rotor. One can clearly see that the magnets on the translator form a discretised helix. In other words, what we have here is a machine that is similar to that described by Pakdelian [44], [45] and others, with the helix constructed using discrete magnets. Thus, the link between the two topologies is established.
Furthermore, we can also envisage having a rotor with multi-peripheral poles as shown in Fig. 7. In this case, the translator magnet arrays will form a polygon whose number of sides equals the number of peripheral rotor poles. The greater the number of peripheral poles, the closer the approximation to a helical disposition of the I-cores and magnets.
With reference to Fig. 8, which defines the main dimensions of the magnetic gear, the ratio of angular speed   of the rotor to the linear speed  of the translator is given by
	
	
	(1)


where  is the number of rotor peripheral pole pairs and  is the translator’s pole pitch. Neglecting losses, under ideal conditions, the input and output power will be equal, which gives the following relationship between translator force  and rotor torque :
	
	
	(2)
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Fig. 5.  Final topology of a rotary-to-linear magnetic gear with arc magnets derived from the 2-pole VRPM machine, a) with I-cores, b) without I-cores.
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Fig. 6.  Unrolled cylindrical magnetic gear without ferromagnetic I-cores.
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Fig. 7.  A rotary-to-linear magnetic gear with 6 peripheral rotor poles.

III. Finite Element Analysis
Analytical methods and 2D FEA models similar to those described in [43] and [44] were used to make some initial estimates of torque and force of candidate configurations and geometries and to gain some insights into design trade-offs. But while these methods are quick, they tend to significantly overestimate torque and force due to neglecting end effects and not taking into consideration the 3D nature of the device.   Three-dimensional FEA was therefore used to aid the selection of magnets with near optimal dimensions, determine the optimal dimensions of the iron core, as well as determining the thickness of the back of core of a demonstrator using off-the-shelf magnets. Fig. 8 shows the principal dimensions of the demonstrator. Considering the magnet demagnetisation results reported in [45], the thicknesses of the rotor and translator magnets were selected to be the same. Based on available off-the shelf magnets and overall size considerations, the rotor diameter  and the active length of the translator were selected to be 30 mm and 40 mm, respectively. The number of translator poles in the axial direction was selected to be 4 (. The translator’s back iron thickness and thickness of the rotor yoke were made large enough to carry the flux without undue saturation. 
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Fig. 8. Principal dimensions of the demonstrator.

Ansys Maxwell 3D FEA was used to conduct a parametric study, varying magnet and I-core dimensions. The 2D FEA studies mentioned earlier and subsequent iterative 3D FEA studies showed the key magnet and I-core parameters shown in Fig. 8 were largely independent in the range of practical values determined by manufacturing considerations and dimensions of available magnets. It is therefore sufficient to consider the effect of each parameter independently, but we fixed the other parameters to sensible values, e.g. the gap,  was fixed at 1 mm as determined by manufacturing tolerances, the width of the magnet, was chosen to match those available in the catalogue and the heigh of the I-cores,  was chosen to be the practical minimum.
Fig. 9 shows an example of radial and axial flux distributions at a particular position (model geometry is shown in Fig. 8). 
Fig. 10 shows the torque and force variation as a function of rotor angle for the near optimal design variant. The rotor zero angle is selected to be the point when the force is zero; the position depicted in Fig. 9. The force varies sinusoidally as expected, but the torque curve exhibits some distortion due to reluctance torque resulting from the interaction of rotor magnets with the partially saturated I-cores.
Figs. 11-16 show the dependence of pull-out torque and force on magnet thickness, magnet coverage (the ratio of , air gap and I-core dimensions. As expected, torque and force increase as magnet thickness and coverage increase but with diminishing returns. Increasing the airgap reduces torque and force, so does the thickness of the I-core,  due to increased reluctance. However, the length of the I-cores and their thickness  have an optimum value at which the torque and force are maximum. Initially, the torque and force increase as  and  increase as expected, but then flux leakage between magnets on the rotor and translator starts to dominate; ultimately the I-cores short circuit the flux when they touch each other at which point the torque drops to nearly zero.  
Based on the graphs in Figs. 11-16 and available off-the-shelf magnets, the near optimal dimensions were selected as shown in Table 1. A magnet thickness of 5 mm was chosen, at the point beyond which force and torque gains start to diminish as can be seen in Fig. 11. A magnet coverage of 100% was chosen to simplify the construction even though a coverage of about 90% gives slightly greater torque and force (Fig. 12). An airgap of 1 mm was chosen to provide a clearance that is compatible with achievable tolerances. The dimensions of the I-core were selected as close as possible to torque and force maxima in Fig. 14-16, while considering available materials and manufacturing constraints.
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Fig. 9. Flux distribution when the rotor position is 90 degrees.
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Fig. 10. Torque and force versus rotor position obtained from 3D FEA ().

[image: ] 
Fig. 11. Pull-out torque and force versus magnet thickness ().
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Fig. 12. Pull-out torque and force versus magnet coverage, the ratio of the magnet width to pole pitch (
).
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Fig. 13. Pull-out torque and force versus air gap ().
[image: ]
Fig. 14. Pull-out torque and force I-core thickness ().
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Fig. 15. Pull-out torque and force I-core length ().
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Fig. 16. Pull-out torque and force I-core height ().

Fig. 17 shows torque and force ripple estimated using 3D FEA when the initial rotor angle is 50 degrees, and the initial translator position is zero. Subsequent rotor and translator positions were kept in accordance with the gear ratio of 20 mm per revolution as calculated using equation (1). The torque and force ripple are significant, at about 30% and 40% of the mean values, respectively. Clearly, there is room for improvement here by optimising the I-cores dimensions and possibly increasing the number of translator sides, for example – see the discussion section.


TABLE I
PRINCIPAL DIMENSIONS OF THE DEMONSTRATOR

	Parameters 
	Symbol
	Value

	Magnet width 
	w
	10 mm

	Magnet thickness (on translator)
	d
	5 mm

	I-core height 
	h
	2 mm

	I-core and translator width
	l
	20 mm

	I-core thickness
	t
	6 mm

	Inner and outer core-backs thickness 
	hc
	8 mm

	Air gap length
	g
	1 mm

	Translator active length 
	LT
	40 mm

	Rotor length
	
	100 mm

	Rotor diameter
	D
	30 mm

	Pole pitch
	[image: ]
	10 mm

	Magnet coercivity 
	
	838 kA/m

	Magnet remanent flux density
	
	1.23 T

	Number of rotor peripheral pole pairs 
	
	1

	Number of rotor peripheral I-cores (and slots) per peripheral pole
	
	2

	Number of translator and rotor axial poles in active section
	
	4

	Number of I-cores per pole in the axial direction
	
	1
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Fig. 17. Torque and force ripple calculated using 3D FEA of a magnetic gear with the dimensions shown in Table I. The initial rotor angle is set to 50 degrees; the rotor and translator are subsequently advanced in accordance with the gear ratio or 20 mm per rotor revolution.





IV. Demonstrator
To validate the concept and investigate practical implementation aspects, an experimental demonstrator as shown in Fig. 18 was designed and constructed using off-the-shelf magnets. A solid model of the demonstrator without the frame, non-magnetic I-core spacers and bolts is shown in Fig. 19. The dimensions of the demonstrator are as shown in Table 1, but the magnet thickness on the rotor was selected to be 10 mm to avoid machining the available off-the-shelf magnets. The rotor shaft and translator’s back of core were made of steel 1020. The four active parts of the translator were held together using aluminium end plates that also hold the slider bearings. 
To enable high-speed operation, the I-cores need to be laminated or be made of soft magnetic composites and separated by a non-conducting material. But in the demonstrator, which was designed to verify low speed operation and measure its static force and torque characteristics to validate the FEA, the I-cores were made of mild steel 1020 and separated by aluminium plates; the stack is held together by four bolts. 
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Fig. 18.  A photograph of the demonstrator mounted in the static force and torque measurement rig.
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Fig. 19.  A solid model of the demonstrator without the frame, non-magnetic I-core spacers, bolts and load cells.


Static force and torque were measured using load cells as shown in Fig. 18. Rotor angle was set manually to predetermined positions defined by an array of holes on the angle disk. The translator’s position, which can be adjusted using a screw-nut arrangement, was measured using a ruler.   In addition to the static torque measurement, slow speed operation was also verified.
Fig. 20 shows the static torque versus rotor position. Fig. 21 shows the corresponding translator force versus rotor position. Note that the FEA curves in Fig. 20 and 21 are a bit higher than the FEA curves in our ICEM2020 paper [51], which due to human error used the FEA values obtained for a magnetic gear using 5 mm thick magnets on both the rotor and the translator instead of 10 mm thick magnets on the rotor. The FEA values are generally higher than the experimental values, which is probably due to the uncertainty of material characteristics. 
Mechanical tolerances, e.g., airgap tolerance and the relative positioning of the magnets and the I-cores are possible reasons for the observed differences between the FEA and experimental values. The latter, the relative position of the magnets and I-cores, in particular is  known to have a detrimental effect on performance, especially in magnetic gears where the iron-cores are used to modulate the flux to produce flux harmonics to match different number of poles on either side  [49] [54]. The tolerances in the demonstrator are mm. Three-dimensional FEA was carried out to investigate the effect of shifting the I-cores axially from their nominal position as shown in Fig. 22. When shifted by 0.1 mm, the torque and force change by 0.4% and 2%, respectively. The effect of tolerances does not seem to be detrimental in the proposed device because it has one I-core per pole in the axial direction, i.e., the force is produced by the fundamental flux, not one of the harmonics.
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Fig. 20.  Torque versus rotor angle.
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Fig. 21.  Force versus rotor angle.
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Fig. 22. Effect of I-core position tolerance on torque and force.

The torque peaks at 70 degrees, not 90 degrees as expected, which is due to a combination of saturation of the I-cores and cogging torque. The force peaks at nearly 90 degrees. The characteristics in Figs. 20 and 21 suggest that the ratio of torque/force is largely independent of the load up to about 60 degrees. However, at higher angles, we observe significant load dependency. In practice, this will be acceptable as gears are not usually operated close to their pull-out loads.

V. DISCUSSION
In the demonstrator, the translator’s gap shear stress is 40 kN/m2, which is significantly below those reported for magnetic lead screws and similar devices which are reported to achieve shear stresses of 80-230 kN/m2 [45], [49]; it is an order of magnitude lower than mechanical devices which were reported to have shear stress values ranging from 4 MN/m2 for pneumatic devices to 83 MN/m2 for hydraulic ones [49]. Using stronger magnets and reducing the gaps to say 0.5 mm would increase the shear stress of the demonstrator by about 25%, to 50 kN/m2 according to Fig. 13. Further improvement can also be achieved by increasing the number of translator polygon sides as illustrated in shown in Fig. 7, which increases the number of segments of the magnet helix and in turn the shear stress as was shown by Pakedlian et al. in [45]. Further improvement could be achieved by selecting I-core dimensions close to their optimal values as suggested by Figs. 14 to 16. Removing the I-cores all together will indeed result in greater force as it allows a further reduction of the total airgap, by having one instead of 2 airgaps and eliminating flux reduction due to I-core reluctance which can become significant due to partial saturation. This will also eliminate I-core losses. Arc magnets will need to be used instead. 
The development of this proposed rotary-to-linear magnetic gear was initially motivated by finding a more efficient and quieter alternative to the ball screw used to couple an oscillating mass to a rotary electric machine in the wave energy harvesting device described in [9]. Its shear stress is however similar to that of direct-drive linear machines, which may be a simpler alternative that merits evaluation for this application. But there are many other applications which simply require conversion of rotary-to-linear motion or vice versa, for which the proposed device may be suitable.
As seen in Fig. 17, the demonstrator exhibits significant torque and force ripple. This is partly due to the pole-slot combination (one I-core, hence one slot per pole in the axial direction, and 2 peripheral slots per pole). It also arises as a result of the discretization and non-uniform magnetization of the PM helix as discussed by Wang and Gao et al. [55]. The former could be reduced by carefully sizing the slot opening and magnet width to minimise permeance variations seen by the magnets as they move, as proposed by Ackermann et al. [56], for example. Increasing the number of translator polygon sides to achieve a close approximation to an ideal PM helix as illustrated in Fig. 7 will also help reduce torque and force ripple. Skewing of the magnets or the I-cores is another possible method for reducing torque and force ripple.
The starting point for the development of the magnetic gear demonstrator was the VRPM transverse flux machine. Insights into the similarities of its principle of operation to that of magnetic screws with and without iron modulators were gleaned later. One of the insights is that we can reduce the amount of magnet material on the rotor by using the central I-cores as the translator. This will also have the added benefit of confining the flux to the active section [47].
In common with magnetic couplings and gears, the proposed device has significantly lower stiffness and damping than mechanical counterparts. This can result in significant oscillations and high transient forces that can cause the device to lose synchronism. These oscillations can be reduced by careful analysis of the dynamics of the whole system including the electrical machine and load taking into account nonlinearities and the design of appropriate control systems [57], [58], [59].

VI. Conclusions
The proposed magnetic gear, which was derived from the VRPM transverse flux machine is, upon close examination, fundamentally similar to that of a magnetic screw with helical magnets. In effect it was shown to be equivalent to magnetic screw gear with a discretised magnet helix. 
The same topology allows an additional design variable, namely having different number of poles (along the axial direction) on both the rotor and the stator, and the selection of an appropriate number of I-cores to modulate the flux. This results in a gear that is essentially like that proposed in [48], [49] [50], but with the ferromagnetic rings replaced with I-cores, which will enable a finer adjustment of the gear ratio. 
The demonstrator, which was optimised using 3D FEA considering manufacturing and available magnet dimensional constraints, the translator’s gap shear stress is 40 kN/m2, which is significantly lower than that of magnetic screws, but there is scope for improvement by further topology and dimension optimisation. 
The I-cores reduce the force density due to the double gap, and they will incur core losses and increase torque and force ripple, but they can be used advantageously as flux modulators to provide fine adjustment of the gear ratio. Furthermore, they can be advantageously made the translating member, which will economise on magnet material that will be confined to the active section, thus reducing stray flux. 
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