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Abstract

:

In doubly fed induction generators (DFIGs), the rotor is excited through slip-ring and brush assemblies. These slip-ring and brush assemblies often require frequent routine maintenance, which affects the reliability of the DFIG. Alternatively, a contact-less energy transfer system, such as a rotary transformer, can be utilized in place of the slip rings. In DFIGs, the rotor frequency is very low, under 5 Hz, and this can lead to a huge rotary transformer since the transformer size is inversely proportional to its operating frequency. However, in a rotor-tied DFIG, whereby the rotor is connected directly to the grid whilst the stator is connected to a back-to-back converter, the rotor frequency becomes the grid frequency and can lead to a reasonably sized rotary transformer. In this paper, the design methodology of a three-phase rotary transformer that can be used in rotor-tied DFIG applications is proposed. The rotary transformer is coupled to the power windings of the rotor-tied DFIG and can improve its reactive power capabilities. The proposed methodology is validated with finite element analysis in 3D and can be used for an efficient design process with the proposed error correction. The proposed methodology is then applied in the design of a 6 kVA rotary transformer. Remarkable practical results are presented to demonstrate the effectiveness of the methodology. The rotary transformer is subsequently coupled to a rotor-tied DFIG and an acceptable performance is demonstrated for the entire system.
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1. Introduction


The recent increase in both the adoption and the size of wind turbines has lead to the investigation of new generator topologies. In newer wind turbines, wound rotor machines (WRMs) are being employed as an alternative to permanent magnet (PM) machines. They offer significant advantages, such as the ability to regulate flux in the machine, which can control the power factor [1]. WRMs are cheaper to construct since they do not require the use of permanent magnets [2]. Doubly fed induction generators (DFIGs) remain the most popular generators employed in wind energy conversion systems [3]. DFIGs offer variable speed and power factor control, which makes them well suited for wind turbine applications. One of their primary drawbacks is poor reliability due to the use of slip-ring and brush assemblies [4,5].



Alternatively, the brushless DFIG (BDFIG) can be used in place of a DFIG [6,7,8,9,10,11,12]. The BDFIG does not have slip-ring and brush assemblies and does not suffer from the same reliability issues as the DFIG. However, the BDFIG is more complicated to design and manufacture. There are primarily two types of BDFIGs: the double stator BDFIG ([6,11]) and a rotary-transformer-based BDFIG ([7,10]). The rotor frequency of a BDFIG utilizing a rotary transformer is very low and thus a large rotary transformer would be required to transfer power to the rotor. A rotor-tied DFIG (RDFIG) has been proposed as a viable alternative to conventional DFIGs since it offers better performance and can have an improved usage of the rotor core [10,13,14]. In the RDFIG configuration, the rotor winding is connected directly to the grid while the stator is connected to the back-to-back converter transformer. Therefore, the rotor frequency is equal to the grid frequency. This provides for a better-sized rotary transformer when compared to a conventional DFIG topology since the transformer size is inversely proportional to the transformer frequency. It also allows the converter to operate the RDFIG around the synchronous speed, as a DC coupling through a rotary transformer is not possible in a standard DFIG. The converter rating for an RDFIG is similar to that of a conventional DFIG.



In a rotary transformer, an air gap is necessary to facilitate movement between the stationary and the rotating part. The existence of the air gap in a rotary transformer results in an increased leakage inductance and decreased magnetizing inductance [15,16,17]. This leads to larger magnetization currents and worse voltage regulation for rotary transformers when compared to similarly rated conventional transformers.



It has been demonstrated in the literature that it is possible to couple rotary transformers to standard DFIGs as shown in Figure 1 [7,18,19]. The inclusion of a rotary transformer on a rotor-tied machine allows for better grid fault ride through capabilities due to the increased inductance [20,21]. The rotor-tied DFIG has been shown to increase the reactive power generation range compared to traditional DFIGs [13]. Traditional and novel low-voltage ride through (LVRT) mitigation techniques such as a crowbar circuit should still be used in conjunction with the rotary transformer [13]. For example, LVRT compensating techniques that can be used are the dynamic voltage restorer (DVR), which is a series compensating technique, and the series grid side converter (SGSC) approach [22,23,24]. In [24], an SGSC connected at the Y-point of the DFIG system is proposed. This can be realized in the rotary-transformer-coupled RDFIG by adding an additional winding on the stator that couples magnetically with the primary power winding. The RT can be designed such that compensation can be applied to individual phases without affecting the operation of the other phases significantly. The cost of the rotary transformer may be offset by using such a technique, since the cost will remain relatively comparable with a double winding stator that can interface with the SGSC for an increased LVRT capability.



The main disadvantages of a rotary transformer for DFIG applications are its larger size, and the poor power factor and low efficiency that can be achieved by the rotary transformer plus DFIG configuration. A rotary transformer is inherently inductive in nature, which reduces the power factor range of the system. In [18], Lipo et al. proposed the use of a two-phase rotary transformer in a three-phase configuration to reduce the size of the rotary transformer by 35%. This setup led to an imbalance on the phases of the DFIG and the authors faced difficulties with the control system. Ruviaro et al. [7] proposed a radial air-gap rotary transformer with three separate phases at the low DFIG rotor frequency, which led to saturation.



In this paper, an analytical design methodology is presented that proposes several correction factors that account for the decreased lamination density in radially stacked rotary transformer cores. The design methodology is then used to design and evaluate several potential core layouts for an axial air-gap rotary transformer and is compared to 2D and 3D finite element analysis solutions. A proposed 6 kVA prototype is built and tested using the type III core design. The design combines all three phases on a single core with filler laminations on the rotor that increase the power density of the rotary transformer while decreasing losses. Remarkable practical results are presented to demonstrate the effectiveness of the methodology. The rotary transformer is also tested with a rotor-tied DFIG to determine an equivalent magnetic model and delivers acceptable performance at rated power.




2. Background


2.1. Three-Phase Rotary Transformers


Similar to conventional transformers, in order to reduce eddy currents, the transformer core is laminated for low-frequency rotary transformer applications. Due to the uniqueness of the rotary transformer, several solutions for arranging the laminations have been presented in the literature [8,18,25,26,27,28]. There are primarily three proposed methods of arranging the laminations in the rotary transformer, namely, radially stacked (Figure 2a), rolled and stacked (Figure 2b) and a combination of stacked flat-plane laminations (Figure 2c,d). Other lamination directions are possible but they are in the same direction as the current, and large eddy currents will be present.



The rotary transformer with radially stacked laminations with a radial air gap as proposed by [8] is shown in Figure 2a. This layout leads to a balanced amount of magnetic material with equal size and distance for the coils. However, large axial forces are experienced by the core during operation and each of the phases would need to have its own mounting mechanism. The second type of radially stacked cores is that of an axial air gap, as presented by [9,19,26]. This layout is difficult to manufacture with flat laminations, but it has no radial or axial forces and requires a basic frame. The downside of this type of layout is a low fill factor for the rotor. In [26], filler laminations were added to improve the fill factor and an efficiency of 91.4% was achieved.



In [28], the rolled and stacked rotary transformer layout was proposed to improve the fill factor of the radially stacked rotary transformer by using laminations in two different directions as shown in Figure 2b. Around the shaft the laminations are rolled, and for the limbs they are stacked in a similar manner to conventional machines. The fill factor that can be achieved is therefore similar to conventional machines and the power density is increased. The main drawback of the layout is the very tight tolerances that have to be achieved at the surface between the rolled and stacked sections, combined with the increased cost of manufacturing. This type of rotary transformer has not been verified experimentally, but it has a theoretical efficiency of 95.3%.



The third type of laminated rotary transformer, shown in Figure 2c,d, consists of sectional laminations as proposed in [18,27]. This can be realized either by a standard transformer core layout axially sliced and placed radially around a rotor as presented by [18], or in the form of axial and radial cores that are combined as presented by [27]. This type of construction reduces costs and simplifies manufacturing at the cost of reduced efficiency. To mitigate the size of the rotary transformer, Lipo et al. proposed that a two-phase rotary transformer could be used in a three-phase system, but a phase imbalance resulted [18]. The results shows that these proposed rotary transformers are prone to saturation. Note that the three-phase rotary transformers in Figure 2a,b can be realized through three separate single-phase rotary transformers. Mohabati et al. were able to reach an efficiency of 85% on their prototype [27].




2.2. Single-Phase Rotary Transformer Considerations


In this paper, the three-phase rotary transformer design process is based on the single-phase rotary transformer design method. The rotary transformer layout that is chosen is the one shown in Figure 3 with the laminations radially stacked. In the figure, reluctances along the flux path are shown. Therefore, in this section, the key design considerations for rotary transformers are presented.



2.2.1. Air-Gap Effects and Fill-Factor Correction


The air gap plays a significant role in the operation of the rotary transformer. An axial cutout transformer model is shown in Figure 3. From the model in Figure 3, the rotary transformer’s fill factor varies with the radius of the transformer. The fill factor of the stator can be calculated between its respective boundaries as


   K  f s   =     n s    d l    2 π  r x    ,  



(1)




and the fill factor of the rotor for the unfilled and equal filler lamination is


   K  f  r u    =     n r    d l    2 π  r x    ,  K  f  r f    =     n r    d l    π  r x    ,  



(2)




where   d l   is the thickness of the laminations, and   n s   and   n r   are number of stator and rotor laminations, respectively.   r x   is as indicated in Figure 3. The stator fill factor is better than the rotor fill factor since there are fewer stacked laminations in the rotor. Hence, there is less magnetic material in the rotor. The poor rotor fill factor can be improved through the addition of rotor filler laminations [26]. No filler laminations are required for the stator. The addition of the filler lamination doubles the rotor core material at the air gap, and thus the effective air-gap area that the flux has to overcome can be calculated as


   A  e  a g    = 2 π  r 3  ·  (  l 2  −  l 1  )  · δ ,  



(3)




where   r 1  ,   l 1   and   l 2   are shown in Figure 3 and  δ  is the air-gap correction factor.  δ  is a function of the effective ratio of magnetic material at the air gap in the form of


  δ =   K  f s    K  f r    .  



(4)







The effective air gap is the air gap including the lamination slotting. The addition of filler laminations results in better flux distribution in the air gap and thus a lower magnetizing current.




2.2.2. Reluctance Calculations


The electrical model of a rotary transformer is similar to that of a conventional transformer. The presence of the air gap and the varying cross-sectional area along the flux path combined with filler laminations leads to complex reluctance calculations in the case of a rotary transformer electrical model. The rotary transformer reluctance model is shown in Figure 3. The flux in a real rotary transformer cannot freely flow due to reluctance in the core. Each reluctance along a flux path section is calculated as


   R x  =   l x   μ  A  e x     ,  



(5)




where   l x   is the length of the flux path section,   A  e x    is the core area section with the correction factor, and  μ  is the magnetic permeability of the core material. The total reluctance,   R  t o t a l   , for a single-phase rotary transformer, as shown in Figure 3, can be calculated as


   R  t o t a l   =  R  c  p 1    +  R  c  p 2    +  R  c  p 3    +  R  c  s 1    +  R  c  s 2    +  R  c  s 3    +  R  a  g 1    +  R  a  g 2    .  



(6)







Then, the magnetizing inductance,   L m  , is given by


   L m  =   N p 2   R  t o t a l    ,  



(7)




where   N p   is the number of turns in the primary winding. The leakage inductance of the rotary transformer can be calculated from the energy of the magnetic field, which is equal to the magnetic energy of the leakage inductance in the winding volume (V); that is,


   1 2   L  l k    I 2  =  1 2   ∫ V  B · H d V .  



(8)







For the proposed winding layout for Figure 3, Equation (8) simplifies to


   L  l k   =   π  (  r 5  +  r 2  )   N p 2    2   l 2      (  r 4  −  r 3  )  +    (  r 5  −  r 4  )  +  (  r 3  −  r 2  )   3    (  10  − 9   )  ,  



(9)




with the leakage inductance equally split between the primary and the secondary winding; that is,


   L  l k p   = 0.5 ×  L  l k   ,    L  l k s   =   0.5   a 2   ×  L  l k   ,  



(10)




as a function of the turns ratio a. The magnetizing and leakage inductance are of particular concern as they greatly affect the electrical properties of the rotary transformer. The magnetizing inductance is affected by the length of the air gap, while the leakage inductance is only a function of the separation of the primary and secondary windings.




2.2.3. Winding and Core Losses


Generally, the total ohmic losses in the rotary transformer can be calculated as


   P  c u   =  ∑  j = 1  n     ρ c   N j  M L T   ( J  A  c j   )  2    A  c j    ,  



(11)




where n is the number of windings in the rotary transformer,   ρ c   is the resistivity of the winding conductor,   N j   is the number of turns in the   j th   winding,   M L T   is the mean length of a turn in the windings, J is the current density and   A  c j    is the wire conduction area of the   j th   winding. A higher current density will lead to higher copper losses.



The core losses in the rotary transformer consist of hysteresis, eddy current and stray losses. The sum of these losses,   P  c o r e    can be analytically calculated using the adjusted Steinmetz Equation [29]; that is,


   P  c o r e   =  C h   B α  f +  C e   B m 2   f 2  +  C a   B m  3 / 2    f  3 / 2   ,  



(12)




where   C h  ,   C e   and   C a   are the hysteresis, eddy and additional loss coefficients of the specific non-grain-oriented electrical steel, respectively,  α  is the exponent of the flux density (B),   B m   is the mean flux density and f is the frequency. Equation (12) has some limitations and is only valid in materials which are not heavily saturated.



Alternatively, the core losses can be calculated by using a combined model from the lamination manufacturer’s data sheet at the specific flux density. The core loss is given by


   P  c o r e   = V ·  W  l o s s   · ρ  



(13)




where V is the volume of the active material,   W  l o s s    is the manufacturer’s loss constant and  ρ  is the density of the material. In this method, it is assumed that the core is being used in a similar manner as it was when the empirical model was derived. Most finite element analysis (FEA) software use this technique since it is accurate when the flux density for each small section is separately evaluated.






3. Three-Phase Rotary Transformer Design


In this section, the design process for a three-phase rotary transformer is presented. The three-phase rotary transformer under consideration consists of three independent single-phase rotary transformers; therefore, the design of a single-phase rotary transformer is initially given.



3.1. Design Process of a Rotary Transformer


The flowchart of the design process of a radially laminated, single-phase rotary transformer is shown in Figure 4.



Once the design specifications have been finalized, the electrical (J) and magnetic loadings (B) are selected. Typically, the starting/maximum current density is set at    J  m a x   =   5 A/mm2 when air cooling is considered. The chosen core material’s saturation flux density (  B  s a t   ) is used as the initial value of the flux density (  B o  ). Alternatively, the method described in [30] can be used in determining the initial value of the flux density. The window utilization factor,   K u  , is given by


   K u  =   W c   W a   ,  



(14)




where   W c   and   W a   are the copper area and window area, respectively.



The area product can be used to calculate the dimensions. Combining Faraday’s law of induction and Ampere’s law, the power capability of a transformer of the rotary transformer can be calculated as


   P  V A   = π J  K u  f  B o   A p  ,  



(15)




where   B o   is the peak flux density and   A p   is the area product of the rotary transformer. With the design specifications and loadings known, the area product can be calculated from Equation (15). The area product is also given by


   A p  =  A  e c   ×  A w  =  A c   K  f x   ×  A w  ,  



(16)




which is useful, since it allows for a design that can favor efficiency or magnetic coupling by setting the ratio between the effective core area,   A e  , to the winding area,   A w  . The area product represents the physical sizing that the rotary transformer is constrained to in terms of the power rating. Achieving a high power density is reliant on a high lamination fill factor (  K f  ). This can be problematic in designs such as the radially laminated rotary transformer, where the fill factor changes with radial distance. The winding fill factor depends on the type of winding material, and for round wire in a simple configuration, the upper limit is typically 0.6.



The number of turns, N, is calculated from the design specifications using


  N =   V  r m s    4.44 f  B o   A  e c     .  



(17)







From the area product, a ratio between the winding area and the core area can be determined, and therefore, the core dimensions can be calculated from simple geometrical equations. Since this process is iterative, the core and winding areas are calculated iteratively until a satisfactory area product is achieved. After the core dimensions and parameters are set, the magnetizing and leakage inductances are determined, and the approximate peak operating flux density can be determined as


   B  o  p e a k    =   V  p e a k    4.44 f  N p   A  e c     .  



(18)







If the operating flux density is feasible, then the losses can be calculated and the efficiency can be compared to the design specification.




3.2. Three-Phase Rotary Transformer Connection


Once the single-phase rotary transformer design has been completed, the three-phase rotary transformer can then be formed using three single-phase rotary transformers. Similarly to conventional transformers, the possible three-phase rotary transformer configurations are Y–Y, Y–Δ, Δ–Y and Δ–Δ. The rotary transformers connected in the Y–Y and Δ–Δ configurations are shown in Figure 5. The Y–Y connection is chosen in this paper.




3.3. Lamination Design Options


Once the design dimensions have been set, the core lamination layout can be considered. To reduce the eddy current effects, the laminations are stacked perpendicularly to the direction of the current flow. The proposed method is for radially laminated cores but the method is similar for other stacking types.



The design can utilize single-phase rotary transformers in a three-phase configuration, resulting in three identical lamination stacks, referred to in Figure 6 as type I. This increases the manufacturing cost due to a threefold increase in lamination count, as well as the structure to support them. This reduces the power density for the benefit of no mutual coupling between the phases. This can be a viable option if cooling constraints are present. The layout is the least susceptible to coupling changes.



The second core type (type II) is the shared limb configuration, which saves space by sharing the inner limbs of the core between phases. This results in a single sheet of lamination that offers better power density and has a reduced weight and cost at the expense of being difficult to cool and being more susceptible to coupling changes. Small air-gap changes can significantly affect the balance of this configuration, and it is more susceptible to vibrations and harmonics. This configuration is most common with conventional transformers, as they do not share the same drawbacks as the rotary transformer.



The third configuration (type III) is that of separated phases on a single lamination sheet. The sheet has ribs that connect and space the individual limbs from each other, resulting in only a partial mutual flux. This reduces the cost of manufacturing but has similar power density and coupling characteristics to the single-phase configurations. The ribs will experience saturation which limits the mutual flux to other phases. The ribs have the highest temperature concentration of the laminations, but, because of the spacing and rotation, they have enough air flow not to overheat. This layout is the best compromise for rotary transformers that are built as prototypes due to its resilience to coupling changes.





4. Six kVA Rotary Transformer Design Example


To demonstrate the effectiveness of the design method presented in this paper, a three-phase WYE-connected, 6 kVA, 400 V rotary transformer was designed and experimentally evaluated. The transformer consists of three separate 2 kVA single-phase transformers and its winding ratio is selected to be 1:1. The design requirements are shown in Table 1.



The selected core material was M400-50A steel with    B  s a t   =   1.5 T and the window utilization factor for the enameled round copper wire was set at    K u  =   0.6.



The core was radially laminated, and a stator and rotor fill factor of 0.8 was chosen, whereby filler laminations were considered 1:1 in the rotor. The current density was set at    J  m a x   =   5 A/mm2 for air-cooling requirements. Achieving such a high current density was not feasible for the rotary transformer due to the internal winding on the rotor being difficult to cool. The achieved current density was 1.6 A/mm2 on the rotor to achieve the efficiency target of the design, resulting in a lower-power-density rotary transformer.



4.1. Single-Phase Rotary Transformer Parameters and Dimensions


Following the design process from the previous section, the dimensions of the 2 kVA single-phase rotary transformer are shown in Table 2. Furthermore, the number of turns in the stator and rotor was 178 turns.




4.2. Lamination Evaluation


Finite element analysis (FEA) results of the three lamination configurations, as presented in the previous section, for the three-phase rotary transformer are presented in this section. ANSYS Maxwell 2/3D was used and the analysis was performed in both 2D and 3D FEA for comparison with a discretization of 0.0001 s with a backwards Euler solver accuracy of 1 × 10    − 6   . The presented configurations were all connected in Y–Y and the analysis was performed under open circuit conditions, whereby the rotor side was excited at the rated operating voltage of 230 V per phase. All three lamination configurations had filler laminations on the rotor. Figure 7 shows the peak flux density at 325 V.



A key factor in the dynamic performance of the rotary transformer is the leakage inductance. The leakage inductance has the largest impact on the voltage regulation. An increase in the winding width and a decrease in the distance between the coils are required to improve coupling and thus reduce the leakage inductance. Special care has to be taken when simulating for leakage inductance, as most 2D FEA software cannot compute it accurately due to the rotary transformer’s laminations and the unconventionality of the air gap. The inductance is calculated as a full inductance matrix and converted to magnetization and leakage inductance per phase. To evaluate the accuracy of the FEA solution, a 2D simulation was run in the axisymmetric mode with a decreased lamination density to equal the amount of magnetic material present in the 3D model.



A 3D quarter model simulation with individual lamination sheets was used to verify the results and compare them against analytical calculations with error correction as presented in this paper. The results of these simulations on the rotary transformer model are shown in Table 3. The 2D simulations showed an increased magnetization inductance, which resulted in lower open circuit currents for all three proposed topologies. The 3D FEA and analytical calculations had similar magnetization inductance values for all three rotary transformers, at around 14% lower than the 2D FEA.



The leakage inductance was computed as much lower in the 2D FEA simulations for all cases, resulting in an assumption that the rotary transformer is capable of a better dynamic voltage regulation than it can achieve. The 3D FEA provided a higher leakage inductance in all three cases and was assumed to be accurate if there were no winding errors and if the coils were placed exactly in the same positions as the simulation. The analytical calculation was much more conservative, taking into account the expected tolerances on the winding size, fill factor and placement. The analytical solution was chosen as it represents a worst-case scenario and is more practicable on a prototype when the correction factors discussed in Section 2.2.1 are used.



The type I configuration had no leakage flux between phases, as seen in Figure 7a. The rotary transformer operated below the saturation point of the core material. It can be observed from the figure that the core material on the stator was not as effectively used as on the rotor. The phase currents were well balanced, as shown in Figure 8.



The results of the rotary transformer type I are shown in Figure 7b. This configuration resulted in a high power density of 445 kW/m3 at the cost of coupling stability, and it was the default configuration for conventional transformers. The rotary transformer operated below the saturation point of the core material with a mutual inductance between phases of 0.4 PU at open circuit. The center phase had a reduced magnetization current, as shown in Figure 8.



For the type III rotary transformer, the flux density plot is shown in Figure 7c. Saturation was observed on the ribs joining the single-phase laminations. The ribs saturated at 108 V per phase, which causes additional localized losses. The mutual flux between the phases amounted to a reduced magnetizing current requirement in phase B, similar to conventional shell-type transformers. The open circuit magnetization currents for the 3D FEA can be seen in Figure 8.



Comparing the proposed topologies, it is clear that the type I rotary transformers had the best operating characteristics with respect to what their inductances indicate. This correlates with previous research conducted by [8,9,19,31] which all utilized single-phase rotary transformers. The primary disadvantages of this solution are the increased cost and manufacturing requirements, the reduced power density of 390 kW/m3 and the increased transformer size. The type II topology had the highest power density and lowest cost, but the worst performance at low loads and an increased leakage inductance. The power density requirements can, however, still make this a viable topology as the voltage regulation was about 8% worse during phase B than the single-phase rotary transformer configuration at full load. The average voltage regulation values for the rotary transformers are shown in Table 4.



The ribbed topology offers reduced cost and complexity, while still maintaining a partial separation of flux from the phases by the use of small ribs between the phases. The topology has a reduced power density compared to the type II topology at 405 kW/m3, but allows for the ability to cool the inner phase while still retaining a similar leakage as the shared limb.



In this paper, the type III configuration was chosen due to the uncertainty of cooling the inner phase without significant measures being taken, such as cooling the shaft internally. It allows for forced air cooling to be used, as the spaces between the phases are large enough. The topology can also be designed as a single phase, as it has comparable characteristics and dimensions to the single-phase design.



At full load, all three topologies operated at below the materials saturation point of 1.5 T. The type I rotary transformer configuration had the lowest core losses of 107 W at full load, while the type II and III configurations had full-load core losses of 112 W and 109 W, respectively. All three topologies had the same winding configuration and therefore similar conduction losses.



Although the type I configuration performed better, the increased cost and manufacturing requirements as well as the low power density makes the type III configuration a more suitable design, as it does not compromise excessively on any of the important characteristics of the rotary transformer.




4.3. Experimental Evaluation


To evaluate the accuracy of the analytical and FEA models, a prototype was manufactured. The frame, shaft and end plates were all made from stainless steel 316, while the laminations were M400-50A non-grain-oriented steel. The winding material was enameled copper wire connected in a Y–Y configuration.



The manufactured rotary transformer laminations and filler laminations are shown in Figure 9a, and the stacked rotor and stator laminations can be seen in Figure 9b. The wire terminals were internally connected in Y during the assembly process in order to reduce the slot size. Figure 10a shows the completed rotor during a test fit in the stator. The achieved rotor winding fill factor was 0.63 with a stacking fill factor of 0.7.



The stator of the rotary transformer had to be made in two halves to accommodate the coils in the inside. The stator coils were wound and then baked in resin to keep them in shape. The achieved fill factor for the stator coils was 0.58, with a stacking fill factor of 0.75. The coils can be seen in one half of the stator in Figure 10b. No filler laminations were added in the stator. The stator lamination can be seen in the completed half of the stator in Figure 9c.



The different assembly stages are shown in Figure 10. The achieved air gap of the prototype had a range between 0.5 and 0.7 mm, with 0.6 mm being the average. This mostly affects magnetizing inductance.



4.3.1. Equivalent Circuit Parameter Measurements


The open circuit voltage versus supply current characteristic is shown in Figure 11a. In this figure, it is clear that the 3D FEA result was the closest to the measured one, with only a 7.54% deviation. Surprisingly, the analytically calculated characteristic was also better than the 2D FEA result due to the correction factors at only a 11.5% deviation from the measured results. Therefore, care needs to be taken when using 2D FEA in rotary transformer analysis. The primary and secondary induced voltages and currents are shown in Figure 11b. The FEA results and the measurement results compare very well. The equivalent circuit parameters are shown in Table 5. An LCR meter was used to measure the inductances. Furthermore, the equivalent circuit parameters were calculated from the open circuit (OC) and short circuit (SC) tests. A good correlation between the analytical, FEA and measurement results can be observed in Table 5. The largest calculation error was expected for the open circuit case.




4.3.2. Full-Load Test


The full-load test was conducted while the rotary transformer was kept stationary. The measured voltage and current waveforms are shown in Figure 12. The measurement results at rated input voltage, rated output voltage and 1.3 PU load are shown in Table 6. In all the conditions in Table 6, the measured efficiency was above 95 % at a power factor above 0.9. The voltage regulation of the rotary transformer was on average at 6%, but phase C had a lower voltage regulation of 8%, possibly due to higher leakage inductance. The total harmonic distortion was measured to be 1.6% for the output voltage. The total losses (core, hysteresis and copper) curve is shown in Figure 13a and the efficiency curve at the rated input voltage is shown in Figure 13b.




4.3.3. Rotary Transformer–RDFIG Coupling Parameter Tests


The rotary transformer was then loosely coupled to a 5.5 kW, four-pole rotor-tied-DFIG (RDFIG) prototype that was developed by [14]. The power rating of the rotor of the RDFIG was not matched to that of the rotary transformer, but it provided a suitable test platform to investigate the rotary transformer’s performance at rated speed. The slip-ring and brush assembly were removed from the RDFIG and the rotor could only be accessed through the rotary transformer. The test setup and connection diagram are shown in Figure 14.



The rotary transformer–RDFIG setup was tested under a no-load condition at a synchronous speed. The stator (control) windings were open circuit on the RDFIG, with an induction machine supplying mechanical power to the setup at 1500 rpm. The no-load tests can be seen in Table 7 with all the parameters shown as if the rotary transformer–RDFIG were tested as a single system. The rotary transformer increased the power required by the RDFIG to achieve rated voltage due to extra magnetization requirements. The rotary transformer was an inductive load; therefore, the power factor was very low, which was to be expected. The blocked rotor test was conducted with the machine at a standstill; the control windings were shorted and the voltages increased until the rated rotor current was reached. The test results are shown in Table 8.



The full equivalent circuit of the rotary transformer–RDFIG was a cascaded circuit consisting of both the rotary transformer and the RDFIG (Figure 15a). Analyzing this circuit is difficult; therefore, the new equivalent circuit model for the rotary transformer–RDFIG is presented as a simplified model and can be seen in Figure 15b. The series inductance and resistance were combined into a single variable, while the two magnetizing branches were assumed to be in parallel and combined into one equivalent branch. The final parameters measured from the no-load and blocked rotor tests are shown in Table 9.




4.3.4. Rotary Transformer–RDFIG Load Testing


To test the output power of the rotary transformer–RDFIG, the RDFIG was operated at a synchronous speed and unity power factor. A DC current was applied to the stator of the RDFIG with resistive loads to ensure a unity power factor on the output. Due to the lagging PF of the rotary transformer, the RDFIG had a leading internal PF, reducing the efficiency of the system. The test results are shown in Table 10.



The RDFIG was able to operate at an efficiency of 87% when measured in the synchronous mode, with a total harmonic distortion on the voltage of 3.83%. The rotary-transformer-coupled RDFIG achieved an efficiency of 82% due to the additional losses of adding the the rotary transformer to the setup compared to the slip-ring assembly, but due to the increased series inductance, both the voltage and current total harmonic distortion were much lower, at 1.93% and 1.85%, respectively. The test proves that the rotary transformer can be used to couple the RDFIG without the use of a slip-ring and brush assembly.






5. Conclusions


The three-phase rotary transformer is intended to replace the slip rings of a DFIG, making the system contact-less and reducing the need for regular maintenance. The use of an RDFIG significantly reduces the size of the rotary transformer due to the increased rotor frequency. The use of an RDFIG differentiates the approach followed by other prototypes, as the rotary transformer is used for power transfer rather than contact-less rotor coupling with the power winding on the stator [8]. This allows the RDFIG to operate around its synchronous speed, as opposed to a rotary-transformer-coupled DFIG in which the DC coupling from the converter to the rotor would not be possible. The general design methodology of a three-phase, rotary transformer was presented in this paper. Different topologies and lamination layouts were discussed as well as the air-gap effects. Correction factors for a radially laminated, axial air gap were presented and compared to 2D and 3D FEA results. A proposed 6 kVA three-phase axial air-gap rotary transformer was presented with the type III lamination layout for validation with a manufactured prototype.



The prototype compares favorably to the analytical design and 3D FEA results in its magnetic properties. The rotary transformer is able to maintain an efficiency that is higher (by 96%) than other tested prototypes [27,28,31]. The resizing of the winding width to the height ratio yielded a rotary transformer that has a significantly lower leakage and a higher magnetizing inductance compared to other prototypes, resulting in a lower impedance percentage and a lower magnetization current [8,19,27]. The rotary transformer was able to deliver up to 1.3 PU at the expense of reduced efficiency, power factor and thermal stability. The proposed rotary transformer also did not saturate at the designed operating voltages, a problem that other prototypes have experienced [31]. The rotary transformer was then coupled to an RDFIG and new equivalent parameters was calculated. The rotary-transformer-coupled RDFIG was load-tested at a synchronous speed to demonstrate that the rotary transformer can indeed be used for successful coupling at a reduced efficiency. The increased series inductance could help the low voltage ride through the capabilities of the rotary-transformer-coupled RDFIG, and this should be investigated further.
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Figure 1. The rotor-tied DFIG with a rotary transformer. 
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Figure 2. Three-phase axial rotary transformer topologies: (a) radially stacked [8], (b) stacked and rolled [28], (c) axially sliced and placed around radially [18] and (d) flat-plane stacked [27]. 
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Figure 3. Parametric model of an axial air-gap rotary transformer. 
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Figure 4. Design procedure for a single-phase rotary transformer. 
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Figure 5. Winding connection diagrams of a three-phase rotary transformer coupled to the rotor of a rotor-tied DFIG in the (a) Y–Y and (b) Δ–Δ configurations. 






Figure 5. Winding connection diagrams of a three-phase rotary transformer coupled to the rotor of a rotor-tied DFIG in the (a) Y–Y and (b) Δ–Δ configurations.



[image: Energies 15 04061 g005]







[image: Energies 15 04061 g006 550] 





Figure 6. Three-phase lamination core layouts: (a) type I, (b) type II and (c) type III. 
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Figure 7. Open circuit flux density plot of the radially stacked three-phase rotary transformer with filler laminations with the core: (a) type I, (b) type II and (c) type III. 
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Figure 8. Open circuit 3D FEA magnetization plot for the proposed core layouts. 






Figure 8. Open circuit 3D FEA magnetization plot for the proposed core layouts.



[image: Energies 15 04061 g008]







[image: Energies 15 04061 g009 550] 





Figure 9. (a) Laminations for the rotary transformer; (b) rotor without end plate; (c) stator half during stacking. 
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Figure 10. Complete assembly of the rotary transformer: (a) rotor in stator half; (b) full assembly; (c) inspection of the air gap; (d) rotary transformer mounted in testing. 
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Figure 11. (a) Per-phase open circuit magnetization curve and (b) measured and simulated phase voltage and current waveforms for phase A at no load. 
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Figure 12. The full-load input and output voltage (a,b) and current (c,d) waveforms for the three-phase rotary transformer as measured. 






Figure 12. The full-load input and output voltage (a,b) and current (c,d) waveforms for the three-phase rotary transformer as measured.



[image: Energies 15 04061 g012]







[image: Energies 15 04061 g013 550] 





Figure 13. Three-phase rotary transformer measured (a) total losses as a function of load current and (b) efficiency as a function of output power, both at 400 V L–L input voltage. 
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Figure 14. RDFIG with a rotary transformer: (a) test setup connection diagram and (b) lab test setup. 
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Figure 15. Rotary-transformer-coupled RDFIG per phase: (a) full equivalent circuit and (b) simplified equivalent circuit. 
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Table 1. Six kVA three-phase rotary transformer design and loading requirements.
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	Parameter
	Value
	Unit





	   I  p h a s e    
	8.8
	A



	   V  p h a s e    
	230
	V



	Frequency
	50
	Hz



	n
	95
	%



	   P o w e r f a c t o r   
	0.95
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Table 2. Two kVA single-phase rotary transformer design dimensions.
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	Parameter
	Value
	Unit





	   r 1   
	25
	mm



	   r 2   
	56
	mm



	   r 3   
	71.2
	mm



	   r 4   
	71.8
	mm



	   r 5   
	96.85
	mm



	   r 6   
	107.9
	mm



	   l 1   
	31.5
	mm



	   l 2   
	53.9
	mm



	   N p   
	178
	turns



	   N s   
	178
	turns
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Table 3. Analytical and FEA inductance parameters of the three proposed rotary transformer topologies.
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Core Type

	
Parameter

	
2D

	
3D

	
Analytical

	
Units






	
Type I

	
   L  m p    

	
560

	
491

	
490

	
mH




	
   L  l k p    

	
2.8

	
3.0

	
3.29




	
Type II

	
   L  m p    

	
549

	
479

	
470

	
mH




	
   L  l k p    

	
2.9

	
3.23

	
3.51




	
Type III

	
   L  m p    

	
522

	
455

	
451

	
mH




	
   L  l k p    

	
2.9

	
3.23

	
3.51
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Table 4. Average voltage regulation of the three proposed rotary transformer topologies.
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	Core Type
	2D
	3D
	Units





	Type I
	6.12
	6.23
	%



	Type II
	6.14
	6.34
	%



	Type III
	6.17
	6.39
	%
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Table 5. Inductance and resistance measurements per phase for the 0.6 mm air-gap rotary transformer at 25 °C.
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	Analytical
	3D FEA
	Measured

OC and SC Tests
	LCR Meter
	Unit





	   R p   
	0.255
	
	0.286
	0.28
	Ω



	   R s   
	0.445
	
	0.482
	0.45
	Ω



	   L  m p    
	451
	455
	448
	450
	mH



	   L  l l k p    
	3.5
	3.23
	3.43
	3.2
	mH



	   L  l l k s    
	3.5
	3.23
	3.43
	3.2
	mH
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Table 6. Full-load test at (a) rated input voltage, (b) rated output voltage and (c) 1.3 PU load. Voltage and currents are averaged between phases.
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	Parameter
	(a)
	(b)
	(c)
	Unit





	   I  P  p h a s e     
	8.95
	9.43
	12.06
	A



	   I  S  p h a s e     
	8.8
	9.2
	11.63
	A



	   V  P  p h a s e     
	229
	241
	230
	V



	   V  S  p h a s e     
	219
	230
	213
	V



	   P  I  n  T o t a l      
	6025
	6620
	7795
	W



	   P  O u  t  T o t a l      
	5780
	6340
	7430
	W



	   P F   
	0.98
	0.97
	0.94
	



	   E f f   
	96
	95.8
	95.6
	%
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Table 7. Rotary transformer–RDFIG no-load tests.
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	Parameter
	RDFIG Alone
	RDFIG with RT
	Unit





	   I  n l    
	2.87
	3.7
	A



	   V  n l    
	230
	228
	V



	   P  n l    
	250
	320
	W



	   P  c o r  e  n l      
	204.3
	212
	W



	   X  n l    
	102.8
	61.4
	Ω



	   R c   
	776.8
	735.6
	Ω



	   P F   
	0.125
	0.126
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Table 8. Rotary transformer–RDFIG blocked rotor tests.
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	Parameter
	RDFIG Alone
	RDFIG with RT
	Unit





	   I  b r    
	6
	5.97
	A



	   V  b r    
	40.3
	52.1
	V



	   P  b r    
	306
	380
	W



	   X  b r    
	6.04
	8
	Ω



	   R  b r    
	2.83
	3.52
	Ω



	   P F   
	0.42
	0.405
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Table 9. Rotary transformer–RDFIG equivalent circuit parameters.
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	Parameter
	Value
	Unit





	   R  e q    
	2.66
	Ω



	   X  e q    
	8.41
	Ω



	   X  m  e q     
	57.3
	Ω



	   R  c  e q     
	430
	Ω
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Table 10. RDFIG with slip rings vs. rotary transformer–RDFIG testing.
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Parameter

	
Value

	
Unit




	
Slip-Ring Assembly

	
Rotary-Transformer-Coupled






	
   I  l o a d    

	
6.37

	
5.98

	
A




	
   V  l o a d    

	
235

	
226

	
V




	
   I  D F I  G  s t a t o r      

	
8

	
9

	
A




	
   V  D F I  G  s t a t o r      

	
30.4

	
34.2

	
V




	
   P  s h a f t    

	
5166

	
5010

	
W




	
   P  l o a d    

	
4490

	
4110

	
W




	
n

	
87

	
82

	
%




	
   P F   

	
1

	
1

	




	
   V T H D   

	
3.83%

	
1.93

	
%




	
   C T H D   

	
2.4%

	
1.85

	
%
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