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Abstract:



This paper introduces a new rotor design for the easy insertion and removal of rotor windings. The shape of the rotor is optimized based on a surrogate method in order to achieve low power loss under the maximum power output. The synchronous machine with the new rotor is evaluated in 2-D finite element software and validated by experiments. This rotor shows great potential for reducing the maintenance and repair costs of synchronous machines, making it particularly suited for low-cost mass production markets including gen-sets, steam turbines, wind power generators, and hybrid electric vehicles.
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1. Introduction


Synchronous machines are a common machine type with numerous industrial applications, especially in power generation. It is still considered the universal machine for electric power generation including diesel/gas/steam turbines in heat power plants [1], large hydro-machines in hydro plants [2], and wind turbines in wind farms [3]. The wind turbine is typically assisted by gearboxes or power converters to operate in a variable-speed mode in contrast to its normal constant-speed operation.



Even though permanent magnet synchronous machines are becoming popular in recent decades due to their high-power density, wound rotor synchronous machines are still irreplaceable due to their high reliability in harsh operational environments. One major issue with the manufacture of wound rotor synchronous machines is their rotor winding process, which is considered to be quite laborious as the windings are not pre-designed and need to be wrapped around the rotor pole.



Two alternative methods have been proposed in industrial fields to simplify the manufacturing process, however, they both have their drawbacks. A pre-manufactured rotor winding that is installed directly on the rotor tips separating it from the rotor pole. However, this would definitely affect the subsequent integration of the rotor. On the other hand, the introduction of extra winding machines can simplify the winding process. The rotor will be placed on a winding machine and automatically wound with the rotation of the winding machine, but the economic cost of the winding machine would increase with the size of the rotor.



A new winding method is helpful not only for the new machines but also for rewound machines. When synchronous machines fail in the field and a rewinding is generally required [4], broken windings should be uninstalled in a way that is opposite to the installation [5]. A new rotor structure is proposed in a previous article [6], which modifies the geometry shape of the rotor to accommodate the excitation windings. The result shows that an asymmetrical rotor design suffers from a distributed waveform and low efficiency. Therefore, the optimization plan of the rotor is carried out to offset the possible reduction in magnetic flux.




2. Original Design Analysis


The aim of this design is to change the shape of the rotor in a manner which allows the excitation coils to be easily installed directly onto the rotor pole. Therefore, part of the rotor tip is cut so that the excitation coil can be wound separately and slid through the tip of the rotor onto the rotor pole, which is then fixed in position by a non-magnetic shield to offset the centrifugal force.



Two four-pole machine numerical models are built in Magnet. The stator of both models come from a standard 27.5 kVA alternator from the previous work [6]. The new rotor is used as an alternative to compare with the traditional design. As discussed in the previous work [6], the machine operation is similar to that of a traditional synchronous machine, as well as its induced electromagnetic motive force (EMF) and flux linkage. One unique feature of this machine is the unbalance flux distribution caused by the asymmetrical pole shape. Due to the absence of the rotor tip, the flux path of the machine will be shifted away from the geometrical center. This feature is further examined as an increase of the high order harmonics. Also, due to the flux shift, the flux tends to concentrate on the salient side of the rotor. Thus, an asymmetrical machine reaches saturation earlier than the symmetrical machine as the excitation magnetic motive force (MMF) increase.




3. Rotor Optimization


According to the fast Fourier transformation (FFT) results of the initial asymmetrical rotor, there exists a distributed wave which needs to be corrected. Therefore, the influence of both the stator and the rotor are examined in detail.



3.1. Research on Rotor Shape


The asymmetrical rotor can be divided into two sides: the one with teeth (teeth side) and the one without teeth (arc side). Adjustment on the teeth side will change the flow of the flux, shifting the flux away from the center. On the other hand, changing the arc side would guide the flux back to the center. However, it will also weaken the air-gap flux density. These changes both have an influence on the harmonics, as well as efficiency. Therefore, the shape of the rotor is a relative complex multi-input multi-output (MIMO) optimization problem. Flux distributions of both changes are shown in Figure 1.


Figure 1. Changes in rotor geometry and their corresponding performance. (a) Enlarging the arc side; (b) Cutting the teeth side; (c) Fast Fourier transformation (FFT) analysis of induced electromagnetic motive force (EMF).
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3.2. Optimization Plans


The rotor shape of the original design is for easy insertion of the excitation coil. However, as shown in the finite element analysis (FEA), as well as the experiment test, the majority of the flux in the original rotor has been concentrated on the tips of the rotor due to the edge effect wherein the magnetic flux is directed to follow the path of the least magnetic reluctance.



In this case, the tips of the rotor should be reshaped, avoiding the rectangular edge (i.e., creating an even flux path) whilst creating an even air-gap distance around the edge of the rotor. Two design plans have been proposed and simulated as shown in Figure 2.


Figure 2. Optimization designs. (a) Design 1; (b) Design 2.
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Since the aim of this project is to develop a rotor structure for easy installation of the excitation winding, one side of the rotor tip has to be removed in order to slide the excitation windings onto the rotor pole. New rotors are optimized based on the rotor of one commercial synchronous machine.





4. Surrogate Optimization Method


Traditional rotor design includes both analytical and empirical methods. However, in this optimization, the complexity of the rotor geometry makes it very difficult to be deduced analytically. On the other hand, typical empirical solutions are overly simplified and often neglect nonlinearity in the rotor electromagnetics.



Numerical methods, such as the finite element method (FEM), account for the complex topology of the electrical machine, as well as its multi-physical characteristics [7]. It has proven to be able to predict the machine performance very accurately. However, it is also considered to be time-consuming and computationally expensive, due to the objective function needing to be evaluated for each set of structural parameters. Overall, a new optimization solution is required in this process.



The surrogate modelling technique is an effective tool for the analysis and optimization of computationally expensive models [8,9,10]. It provides a compromise between the high-fidelity low-speed calculations and high-speed low-accuracy simplified analytical methods.



A surrogate model is constructed by using the data obtained from high-fidelity models (in this design, FEM models), and it provides rapid approximations of objectives and constraints at new design points so that optimization studies are feasible [11].



The accuracy of surrogate models is evaluated by an error analysis. Once the surrogate model is proved to be accurate in predicting the output, a search algorithm could be applied to the surrogate model.



Design 1 attempts to cut the right side of the rotor tip with an arc. The arc directly connects the rotor pole with the outside arc, which allows a smooth path for the flux. The rotor is assessed based on two aspects: that with the rotor tip (referred to as the tip side) and that without the rotor tip (referred to as the arc side). The flux of the rotor can be modified by changing the direction of the arc. Therefore, the edge effect can be reduced.



4.1. Problem Definition


The first step of this optimization is to determine the shape with variables. Problem definition A of Design 1 is shown in Figure 3. The principle of the design is simple since the joint point between the rotor pole and rotor body (star marker in Figure 3) is fixed. An arc can be easily defined by its arc center (x, y) which connects the point with a star mark to the outside arc. In this case, the optimization is clearly a two-variable optimization (x and y). The optimization plan is defined as


Figure 3. Problem definition A of Design 1.
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Maximize: Power output



	
Minimize: Power Loss



	
Constraints:
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(1)










This optimization is defined to locate the best performance of the machine, which means maximum torque should be achieved with minimum loss.




4.2. Simplified Analytical Method


Based on the problem definition, the air-gap flux density of this rotor is obviously altered due to the variation of the air-gap length. Therefore, the effect of this rotor shape is analytically computed in this section.



In order to estimate the average air-gap length, the main geometry should be converted into a polar form, as shown in Figure 4.


Figure 4. Analytical definition of Design 1.
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Stator and rotor: ρ = Rs; ρ = Rr



	
The arc is descripted as
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(2)







Assume
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(3)







The equation can be simplified as
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(4)










The air-gap length could be calculated using
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(5)




where θrs is the start angle of the rotor teeth, θ1 is the angle of the connection point between the outer rotor radius and the additional arc, and θ2 is the angle of the connection point between the additional arc and the pole arm.



The average air-gap distance over one rotor pole pitch (out of four in a four-pole rotor) is calculated as




[image: ]



(6)





If the saturation and flux leakage are neglected, the average flux density could be calculated using
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(7)





The peak-to-peak open-circuit flux linkage is given by
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(8)





The back EMF can be expressed as
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(9)







The torque is given by
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(10)




where a, b, x0, and y0 are the coordinates of the points shown in Figure 4.



According to the calculations, the average torque depends on the average air-gap flux density, which is influenced by the corresponding constants. Since the coordinates a and b are fixed based on the prototype, the two variables influencing the torque performance are x0 and y0, i.e., the coordinates of the center.



However, this calculation is relatively low-accurate due to the high-level of saturation on the rotor iron and the irregular flux path in this design. Therefore, the surrogate method is applied in this design.




4.3 Design of Experiments


The design of the experiment is aimed to collect the maximum amount of information using the minimum number of sampling points in the design spaces [12,13,14]. It is designed to reduce the random error and bias error in the sampling process and to make the surrogate model more accurate.



Latin hypercube sampling (LHS) [15] is a typical type of modern Design of Experiment (DoE) technology widely used in computations. Two characteristics of LHS show its advantage over the other methods. Firstly, LHS can provide a more accurate estimation of the mean value. Secondly, it is not restricted by the size of the sampling points. Therefore, it would allow the user to control the complexity and computation cost of the sampling.



The design spaces of LHS are divided into several sections with the same probabilities. The generation of sampling points is based on two principles. (1) The generation of each sampling points is independent and randomly selected. (2) Only one point is allowed in each section.



A simple mathematical equation for generating LHS sampling points is
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(11)




for 1 ≤ j ≤ n and 1 ≤ i ≤ k, where k is the number of samples, n is the number of design variables, U is a uniform value between [0, 1], and π is an independent random permutation of the sequence of integer 0, 1, …, k − 1. Subscript j denotes the dimension number and superscript i denotes the sample number.



As an improvement over the unrestricted stratified sampling method, LHS can be applied to design variables that have abnormal probability distribution, as well as correlations among the variables [16]. Therefore, it is adopted as the preferred DoE technique in this work.




4.4. Construction of Surrogate Models


Following an appropriate generation of sampling points, a suitable approximation approach is chosen in the next step. The Kriging model has become the most popular surrogate model construction method in recent years. The mathematical function of the Kriging model is composed of two components: a polynomial model and an isolated symmetrical component. There is an assumption that these fluctuations are correlated only with the distance between the locations under consideration [11,17]. That is, a zero-mean second-order stationary process is expressed by the following equations


y(t) = β + z(t)



(12)




where β is a constant value and fundamental function z(t) is the Gaussian distribution with error. The residual error is considered to be either independent, identically distributed, or normal random variables with zero mean and variance. Similar to the previous model, the estimated model for y(t) can be expressed by
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(13)




where R is the correlation matrix, r is the correlation vector, y is the ns observed data vector, and q is the unit vector. The correlation matrix and vector are
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(14)




where i and j are independent indices from No. 1 to No. ns (number of sample points).
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(15)





The parameters θ1 to θn should be calculated then solved by applying the optimization algorithm in the cost function.



Minimize:
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(16)







In the literature, a number of studies have been conducted to compare the precision of the estimated models, and the Kriging method is considered to be reasonably accurate in predicting non-linear and real-world complex systems. Therefore, the Kriging model is employed in the surrogate modelling of this work.




4.5. Heuristic Search Method


After the construction model, the search method should be applied to locate the local best performance. Compared to other computational intelligence-based techniques, particle swarm optimization has its advantages in easy implementation, having a more effective memory capability, and being more efficient in maintaining the diversity of the swarm [18]. Therefore, it is selected to be used in the optimization.





5. Optimization Results


Two optimization plans with different problem definitions are shown in this section.



5.1. Results and Analysis of Preliminary Surrogate Models


This surrogate optimization uses 50 training points. After training, the surrogate model is shown in Figure 5. The surrogate model shows that the torque is distributed linearly. Higher torque is always achieved in the top right corner of the design region. However, the loss is quite non-linear and distributed unequally around the whole design region.


Figure 5. Preliminary surrogate results. (a) Torque contour; (b) Loss contour.
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By using a particle swarm optimization (PSO) search algorithm, the surrogate optimization gives its estimation. The optimal point is set at [15.55, 17.94], where the estimated torque is 173 Nm and the estimated loss is 374.99 W.



In conclusion, these simulations show that by changing two variables, the performance will not be improved significantly. The torque improvement is less than 1% and loss is reduced by less than 10 W. Thus, more variables should be used in order to design a rotor shape which has a significant influence on machine performance.




5.2. Results and Analysis of Advanced Surrogate Models


The problem definition B of Design 1 is shown in Figure 6a. The principle of the design is an extended version of problem definition A, which adds two more variables into the design spaces.


Figure 6. Advanced problem definition. (a) Design 1; (b) Design 2.
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These added variables are used to cut the tip-side of the rotor in order to balance the flux distribution. The aim of the optimization stays the same.



	
Maximize: Power output



	
Minimize: Loss



	
Constraints: 0 < x < 20, 0 < y < 30, 2 < R < 10, 27 < θ <36






The problem definition C of Design 2 is shown in Figure 6b. This version is a little more complex compared to problem definition B. In order to balance the flux distribution, the arc side of the rotor tip is not completely removed. In addition to that, the left side of the rotor is also cut with a circle. Two additional round circles are added to guide the flux into the rotor to avoid rectangular contact. As a result, this design is a four-variable optimization plan similar to Design B. The optimization goal is shown



	
Maximize: power output



	
Minimize: power loss



	
Constraints: 0 < R1 < 6, 0 < R2 < 4, 0 < L1 < 6, 0 < R4 < 4






As shown in Figure 7, the flux paths of both designs are shifted towards the tip side of the rotor due to the absence of a rotor tip. However, it is clear that Design 2 provides a better flux distribution. The flux concentration on the rotor tip is reduced by providing an extra flux path on the arc side. This has a clear influence on the induced EMF of the two designs.


Figure 7. Flux distribution of two optimized rotors. (a) Design 1; (b) Design 2.
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According to the FFT results in Table 1 and Figure 8a, it is noticed that induced EMF is significantly distorted in Design 1. This is a clear reflection of the unbalanced flux path. However, in the second design, because the flux is distributed evenly on both sides, total harmonic distortion remains at an acceptable level.


Figure 8. Comparison of two optimized rotor topologies. (a) Induced Electromagnetic motive force (EMF); (b) No-load saturation characteristics.
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Table 1. FFT results of the induced EMF.





	Harmonics
	P1 (V)
	P2 (V)





	1
	184.61
	173.29



	3
	0.03
	0.04



	5
	9.26
	7.08



	7
	1.91
	4.17



	9
	0.12
	0.18



	11
	0.70
	2.85



	13
	4.26
	1.87



	15
	0.05
	0.05



	17
	34.78
	7.92



	19
	0.5
	16.13



	THD
	0.2
	0.12









Another interesting aspect of the two designs is the saturation level. As stated in the previous design, the saturation level should be carefully examined due to the high flux concentration on the rotor tip. Figure 8 shows a comparison of EMF among the two designs and the original rotor design.



The no-load characteristic shows that both Designs 1 and 2 are not less likely to saturate. However, it also shows they would have a relatively low voltage in the given excitation level. This can be expressed by the reduction of the flux paths due to the removal of the rotor tip. However, it is worthy of note that both designs achieve higher voltages at the expense of higher excitation levels.



In general, the two designs operate similarly to the normal symmetrical rotor. The maximum power generated by the two designs are higher than the traditional symmetrical rotor. An interesting factor is the maximum power angle. As shown in Figure 9, the maximum power angle is quite different in the two designs. This is as a result of the unique shape of the rotor and its flux path.


Figure 9. Comparison of the torque-angle of the two designs.
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As described above, both design plans show different characteristics and each should have its own merits and drawbacks. Therefore, it is very hard to decide which one should be applied. Optimization should be carried out in order to find the best performance of the two different designs.



Since the advanced optimization plans are a four-variable optimization case, the results cannot be visualized as in the previous 2-D figure. Following the same pattern, details of optimization results are shown in Table 2.


Table 2. Optimized results of the two rotors.











	Item
	Design 1
	Design 2
	Preliminary Prototype





	X1
	21.65
	4
	/



	X2
	24.72
	1.33
	



	X3
	2
	2
	



	X4
	27
	2
	



	Torque finite element analysis (FEA)
	154.68 Nm
	163.54 Nm
	162.5 Nm



	Torque (Surrogate)
	154.73 Nm
	163.70 Nm
	



	Loss (FEA)
	424.3 W
	462.5 W
	544.4 W



	Loss (Surrogate)
	422.9 W
	
	









The accuracy of the surrogate model is confirmed by the FEA simulation. According to the results, both designs have similar iron losses. Both designs also perform better in reducing iron loss compared to the original asymmetrical design. However, compared to the original design, the torque provided by Design 1 has been decreased significantly. Therefore, it is not ideal for our optimization goal. As a result, Design 2 is selected for the experiment prototype validation. Detail simulation results with experimental validation are discussed in the next section.





6. Experiment Validation


After a round of optimizing the rotor design and analyzing the machine performance, the rotor design is finalized, and the rotors are prototyped, as shown in Figure 10. Specifications of the prototype are given in Table 3.


Figure 10. Photographs of the test rigs. (a) Symmetrical and asymmetrical rotor lamination; (b) Test rigs.
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Table 3. Specifications of the prototype.





	Rated Power (kVA)
	27.5
	Rated Speed (rpm)
	1500



	Rated Line Voltage (V)
	380
	Rated Frequency (Hz)
	50



	Rated Power Factor
	0.8
	Stack Length (mm)
	200



	Stator Slot Number
	36
	Pole Numbers
	4



	Stator OD (mm)
	310
	Stator ID (mm)
	192



	Rotor OD (mm)
	188
	Winding arrangement
	Double-layer Star









The stator of the machine is a duplicate of a standard Cummins PI-144F machine. In order to reduce the major influence of the manufacturing process, two rotors are made by the same manufacturer. For stator windings, they are 2/3 short-pitched double-layer star connected windings with a slot area of 144 mm2 for each layer. For the rotor winding, 76 turns of a copper coil (2.3 mm radius) are used.



6.1. Constant Speed-Variable Test


A constant speed-variable excitation test is conducted by coupling the test machine with a DC drive motor. The machine is driven by the DC motor to the synchronous speed under an open circuit and underrated excitation conditions. The test results of both rotors are shown in Figure 11. For the symmetrical rotor, the predicted voltage by the FEA is lower than the measured results from the experiments by approximately 10%. On the contrary, the predicted voltage for the asymmetrical rotor is quite close to the measurement in lower excitation levels. However, the measured voltage gets saturated faster than the predicted one. However, these no-load test results show that the asymmetrical rotor could perform similarly to the symmetrical rotor at the expense of a higher excitation level.


Figure 11. Comparison of the constant-speed variable-excitation test.
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6.2. Analysis of Experiment Results


As stated in [19], for each of the values of voltage 50% or less in the constant speed-variable excitation test, a curve of constant losses against the open circuit voltage U02 is developed and extrapolated on a straight line until reaching zero voltage. The intercept with the zero-voltage axis is the windage and friction losses (Pfw). The iron loss of the machine can be obtained by taking off Pfw in the constant power loss PK. The power curve is shown in Figure 12 and calculation results are tabulated in Table 4.


Figure 12. Power losses of the constant speed-variable excitation test.
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Table 4. Comparison of the iron loss results.





	Item
	Symmetrical Rotor Design
	Preliminary Asymmetrical Rotor Design
	Optimized Symmetrical Rotor Design





	FE analysis
	470 W
	544 W
	463 W



	Experiment
	408 W
	493 W
	407 W









It is noticed that experimental results are slightly lower than anticipated from the FEA. This is partly due to the fact that material characteristics for the simulation are inaccurate compared to the actual material used in the experiments. However, it still confirmed that the loss in an asymmetrical rotor can reach the same level as in a symmetrical rotor, and it is significantly better than that in the initial design.



Attention should be paid to the friction and windage losses of the asymmetrical rotor, which is larger than that of the symmetrical rotor. The unbalanced shape of the asymmetrical rotor makes a larger vibration, increasing the mechanical loss of the machine, similar to the studies on asymmetrical Permanent magnet synchronous machine (PMSM) in [20]. Therefore, the alignment of the shaft and the fixing of the frame should be specially designed.




6.3. Low-Slip Test


This saliency caused by the rotor shape has its impact on the torque output of the alternator. According to the equations in [21], the output torque at any speed can be derived as
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(17)




where Xd and Xad are the per unit direct axis synchronous and magnetizing reactance per each unit of speed, respectively; Xq is the per unit quadrature axis reactance per one unit speed; and Is denotes the phase current.



In (17), the first component of the equation represents the torque generated by the round rotor, and the second part is the reluctance torque caused by the saliency of the rotor. The reluctance torque is influenced by the asymmetrical rotor structure in the optimization and, thus, the total power is increased.



The measurement of the direct-axis reactance and quadrant-axis reactance is performed using a low-slip test following the standard method [19]. A comparison of the FEA simulation and experiment results are presented in Table 5.


Table 5. Slow-slip results of two designs.





	Item
	Symmetrical
	Asymmetrical





	Xd (FEA)
	19.24 Ω
	16.34 Ω



	Xd (Experiment)
	18.75 Ω
	15.4 Ω



	Xq (FEA)
	10.99 Ω
	4.71 Ω



	Xq (Experiment)
	10.57 Ω
	5.85 Ω











7. Conclusions


This paper has presented a new asymmetrical rotor topology which can shift the magnetic path and, thus, alter the cross-sectional area of saliency. The machine assembly and repair process is significantly simplified by this modification. The new rotor optimization focuses on presenting the critical curvature of the rotor geometry by varying parameters, investigating the influence of the rotor shaping methods by surrogate models, and optimizing the rotor pole shape for high-efficiency outputs. Through the geometry boundary design, the machine is optimized to achieve high-efficiency whilst still maintaining the easy installation feature. The effectiveness of altering the rotor geometry is proven by FEA numerical and experimental tests. Test results indicate that the new rotor shape after optimization enables the synchronous generator to achieve a similar performance to the traditional rotor design. An added benefit is that the DC field coil can be easily installed onto the rotor so as to reduce the assembly and repair costs of the machine.
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