


	
		×
		

	






    
        
            
                
                    
                        
                    
                

                
                    
                        
                            
                            
                        

                    

                

                
                    
                                                    Log in
                            Upload File
                                            

                

            


            	Most Popular
	Study
	Business
	Design
	Technology
	Travel
	Explore all categories


        

    





    
        
            
                
                    
                

                

                    
                        motion control.pdf

                    


                    
                        
                            	Home
	Documents
	motion control.pdf


                        

                    


                    




    
        
            
                
                    
                        

                        
                        
                    

                    
                        
						1

12
                        
                    

                    
                        
                        100%
Actual Size
Fit Width
Fit Height
Fit Page
Automatic


                        
                    

					
                

            


            
                
                    
                    
                    
                

                
                    

                    

                    
                        
                         Match case
                         Limit results 1 per page
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 System-Level Design Optimization Method forElectrical Drive Systems—Robust Approach
 Gang Lei, Member, IEEE , Tianshi Wang, Jianguo Zhu, Senior Member, IEEE ,Youguang Guo, Senior Member, IEEE , and Shuhong Wang, Member, IEEE
 Abstract—A system-level design optimization methodunder the framework of a deterministic approach was pre-sented for electrical drive systems in our previous work,in which not only motors but also the integrated controlschemes were designed and optimized to achieve goodsteady and dynamic performances. However, there aremany unavoidable uncertainties (noise factors) in the in-dustrial manufacturing process, such as material charac-teristics and manufacturing precision. These will result inbig fluctuations for the product’s reliability and quality inmass production, which are not investigated in the de-terministic approach. Therefore, a robust approach basedon the technique of design for six sigma is presented forthe system-level design optimization of drive systems toimprove the reliability and quality of products in batch pro-duction in this work. Meanwhile, two system-level optimiza-tion frameworks are presented for the proposed method,namely, single-level (only at the system level) and multilevelframeworks. Finally, a drive system is investigated as anexample, and detailed results are presented and discussed.It can be found that the reliability and quality levels of theinvestigated drive system have been greatly increased byusing the proposed robust approach.
 Index Terms—Design for six sigma (DFSS), electricaldrive systems, model predictive control (MPC), robust de-sign, system-level design optimization, transverse flux ma-chine (TFM).
 NOMENCLATURE
 A Weighting factor.CT Weighting factor for torque calculation.Cψ Weighting factor for flux calculation.Dcw Diameter of copper wire.f Objective function.g Constraint function.hstr Radial height of soft magnetic composite (SMC) tooth.Jc Current density of winding.
 Manuscript received July 18, 2014; revised December 23, 2014;accepted January 20, 2015. Date of publication February 16, 2015; dateof current version June 26, 2015.
 G. Lei, T. Wang, J. Zhu, and Y. Guo are with the School of Electri-cal, Mechanical and Mechatronic Systems, University of Technology,Sydney, NSW 2007, Australia (e-mail: [email protected]; [email protected]; [email protected]; [email protected]).
 S. Wang is with the State Key Laboratory of Electrical Insulationand Power Equipment, Faculty of Electrical Engineering, Xi’an JiaotongUniversity, Xi’an 710049, China (e-mail: [email protected]).
 Color versions of one or more of the figures in this paper are availableonline at http://ieeexplore.ieee.org.
 Digital Object Identifier 10.1109/TIE.2015.2404305
 Kp Proportional coefficient in proportional–integral (PI)controller.
 Ki Integral coefficient in PI controller.L Phase inductance.lg Air gap length.N Prediction horizon.Ncw Number of turns of winding.n Sigma level in design for six sigma (DFSS).Pout Output power of motor.R Phase resistance.sf Fill factor of copper wire winding.T Motor torque.ts Settling time of speed.WPM Width of permanent magnet (PM).Wstc Circumferential width of SMC tooth.Wsta Axial width of SMC tooth.x, x Design optimization parameter.μ, σ Mean and standard deviation.η Efficiency of motor.θPM Circumferential angle of PM.ψ Flux.ω, ωos Motor speed and speed overshoot.
 I. INTRODUCTION
 R ECENTLY, the study about design and optimization ofelectrical drive systems has attracted much attention in
 both research and industry communities, particularly for ap-plications in the field of green energy and technique, suchas smart grid and hybrid electric vehicles (HEVs) [1], [2].Through extensive research practice, it is recognized that whendesigning such an electrical drive system, it is crucial to pursueoptimal system performance rather than optimal componentssuch as motors or controllers, because assembling individuallyoptimized components into a system cannot ensure an optimalperformance for the holistic drive system [3], [4].
 To address this issue, a system-level design optimizationmethod was presented in our previous work. Meanwhile, amultilevel design optimization framework was presented toimprove the efficiency of the proposed method by combin-ing it with several techniques, such as design of experimentsand approximate models. From the investigation of a designexample with a transverse flux machine (TFM) and a modelpredictive control (MPC) strategy, it can be found that theproposed method can provide good steady (such as efficiencyand output power) and dynamic (such as overshoot and settlingtime) performances for the whole drive system [3].
 0278-0046 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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 However, the proposed method is only a deterministic designapproach from the industrial design perspective and has notinvestigated the unavoidable uncertainties/noise factors in en-gineering manufacturing, such as material characteristics, andmanufacturing precision/tolerances. Therefore, it cannot ensurethat the design requirements are robust against those distur-bances of the design parameters. Consequently, this methodcannot ensure that the designed drive systems are of high perfor-mance, e.g., high efficiency with high reliability and robustness.
 The aforementioned problem is really a challenge in bothresearch and industrial communities because it includes notonly theoretical multidisciplinary design and analysis (such aselectromagnetic, thermal and mechanical analysis, and powerelectronics) but also practical engineering manufacturing ofdrive systems. To find an effective way to handle this prob-lem, a six-sigma robust optimization method was proposed toinvestigate a drive system combined with a PM TFM and afield-oriented control scheme in [4]. From the discussion, someinteresting results have been obtained, and it can be found thatthe system reliability has been significantly improved.
 However, that work is only a case study. A systemic studyshould be investigated for this general and fundamental re-search topic, particularly for novel drive systems, e.g., HEVs.On the other hand, only six parameters (four motor structuralparameters plus two control algorithm parameters) were inves-tigated in that work, and all of them are optimized at the sametime. This method may be workable for some low-dimensionproblems, e.g., dimension D is smaller than 6; however, it isvery hard or ineffective for high-dimensional problems due tothe huge computation cost. Unfortunately, the practical drivesystems are always highly dimensional, and D is larger than 10.
 The abovementioned huge computation cost is mainly fromtwo parts. The first part is finite-element analysis (FEA) ofmotor and simulation of the control algorithm required bythe optimization algorithm. For example, considering a drivesystem optimization problem with 14 parameters, about 200 ∗5 ∗ 14 = 14000 points are required if the differential evolutionalgorithm (DEA) is used as the optimization algorithm [3],where 5 ∗ 14 is the population size, and 200 is the iterationnumber of the DEA. The second part is the sample size ofMonte Carlo analysis (MCA) used to obtain the mean andstandard deviation terms of the objective and constraints in therobust model (see model (3) in the next section). Generally, thissample size is a large number, e.g., 10 000, which means that foreach design option in those 14 000 points, 10 000 extra pointsneed to be calculated. Therefore, robust optimization for high-dimensional problems is really a challenge.
 Furthermore, many new control algorithms have been pre-sented for motors, e.g., MPC and its improvements [5]–[7].Moreover, there are many algorithm parameters that are re-quired to optimize to obtain good dynamic performance of thedrive systems. On the other hand, from the industrial applica-tion perspective, it is a natural requirement that the obtainedoptimal control algorithm parameters are robust against thefluctuations of motor performance parameters due to the noisefactors existing in material characteristics and the manufactur-ing process. This is crucial for the batch production of noveldrive systems.
 Fig. 1. Illustrations of deterministic, reliability, and robust designapproaches.
 This paper presents an effort to develop a robust approach forthe system-level design optimization of drive systems based onthe DFSS technique to address the aforementioned problems.Section II describes the robust technique of DFSS. Sections IIIand IV present two frameworks for the system-level robustdesign optimization, namely, single-level and multilevel frame-works. Section V illustrates a design example. Section VIshows the optimization results and discussions, followed by theconclusion section.
 II. ROBUST APPROACH BASED ON DFSS
 In general, there are three kinds of design approaches forpractical products from the industry perspective. They are deter-ministic, reliability, and robust approaches. Fig. 1 illustrates ageneral optimization flowchart and features for them. Fig. 1(a)illustrates the optimization solutions obtained from the robustand deterministic approaches, respectively. As shown, the op-timal solution obtained by the deterministic approach (namely,function minimum) is smaller than the robust optimum. How-ever, when noise or fluctuation Δx happens, the objective’svariation Δf(x) of the deterministic approach is obviouslylarger than that of the robust approach. More importantly,some variations from the deterministic approach violate thebasic constraints of the design problem, e.g., lying inside theinfeasible domain, and this is prohibited in engineering design.
 Fig. 1(b) illustrates the optimizing flowcharts for these threedesign approaches. It can be seen that the distance betweenthe constraint boundary and the solution obtained from therobust approach is furthest, which means that the reliability of
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 the product is highest. Meanwhile, the objective’s variance ofthe robust approach is smallest, which means that the qualityvariance of the robust approach is also the smallest and theproducts’ quality is the highest in batch production. Generally,if a design scheme is not robust, it may be very difficultor even impossible to manufacture (e.g., requiring extremematerial characteristics or unrealistically high manufacturingprecision) by using the current manufacturing technology or tooperate (e.g., unstable system performance in the applicationenvironment).
 It can be seen that the deterministic approach tends to push adesign toward the constraint boundaries, which provides a high-risk design for the designer. Furthermore, the deterministic ap-proach tends to search for the peak solutions or global minimalvalues from the point of view of mathematics. However, thepeak point is highly sensitive to the fluctuations, even slightchanges; it means that the product’s performance will be sig-nificantly degenerated in practical industry manufacturing [8].Therefore, the robust approach is very important for modernquality control and design and should be taken into account inthe system-level design optimization of drive systems.
 Generally, a deterministic design with respect to an objectivef(x) and m constraints g(x) has the form
 min : f(x)
 s.t. gi(x) ≤ 0, i = 1, . . . ,m
 xl ≤ x ≤ xu (1)
 where xl and xu are the boundaries of the design parameterx, and x is deterministic and does not cover any uncertain in-formation. However, there are many unavoidable noise factorsin the industrial design and manufacturing process. Therefore,reliability design is developed to include the noise factors in theconstraints to improve the reliability of products, in which g(x)is converted to a probability function as
 Pf = P (g(x) > 0) ≤ PU (2)
 where x is a vector of random variables, Pf is the probabilityof failure (POF), and PU is its upper bound [8].
 It should be noted that the reliability design just focuses onthe constraint boundary and does not consider the variationsof objectives and constraints in terms of those noise factors.Therefore, the quality distribution and average products’ per-formance cannot be evaluated. Fortunately, the DFSS techniquecan handle these problems very well. In fact, DFSS is a kindof robust design approach. It was originated from the qualitycontrol technology called Six Sigma Methodology, which wasdeveloped by MOTOROLA and GE. It is generally used todevelop products to meet customer needs with very low defectlevels [8], [9]. It has the design form
 min : F [μf (x), σf (x)]
 s.t. gi [μf (x), σf (x)] ≤ 0, i = 1, . . . ,m
 xl + nσx ≤ μx ≤ xu − nσx
 LSL ≤ μf ± nσf ≤ USL (3)
 Fig. 2. Sigma level and its equivalent probability for a normaldistribution.
 TABLE IPERCENTAGE AND DEFECT RATE WITH RESPECT TO SIGMA LEVEL
 where μ and σ are the mean and standard deviation of the cor-responding terms, which are generally estimated by the MCAmethod; LSL and USL are the lower and upper specificationlimits, such as the limits for output power and material cost; nis the sigma level that is generally equivalent to a probability ofa standard normal distribution as shown in Fig. 2 [8].
 Table I lists the equivalent percentage/probability for eachsigma level. For example, 3σ means the probability ofP (−3σ ≤ x ≤ 3σ) is 99.73% assuming that x follows a stan-dard normal distribution with mean 0 and variation 1 (σ = 1).In other words, 3σ is equivalent to a probability of 0.9973 orthe POF is 0.0027. This probability was deemed acceptable instatistical terms. Moreover, this value can be regarded as thequality control of short term, which means that there are 2700defects per million products. However, with the developmentof long-term quality control and management, this 3σ qualitylevel is insufficient from the manufacturing perspective andengineering design perspective. From the rich experience ofMOTOROLA, GE, and others, an approximate 1.5 sigma shiftin the mean (as shown in Fig. 3) was observed, and this hasbeen used to define the long-term sigma quality as opposed tothe above short-term sigma quality [8].
 For example, if there is a 1.5σ shift for 3σ quality control, theequivalent probability is P (−3σ − 1.5σ ≤ x ≤ 3σ − 1.5σ).
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 Fig. 3. Illustration of a 1.5σ shift in the mean for a normal distribution.
 Assuming that σ = 1 and as P (−4.5 ≤ x ≤ 1.5) = 93.3189%,the failure rate is 0.066811. Therefore, 3σ quality control isactually equivalent to 66 811 defects per million products beingmanufactured in the long-term quality control technique, whichis well known as a measure of the error rate of a process calleddefects per million opportunities (DPMOs). Obviously, thisquality is not acceptable for the batch production of products inindustry. Similarly, 4σ, 5σ, and 6σ can be calculated equivalentto 6210, 233, and 3.4 defects per million, respectively.
 To achieve the highest profit, 6σ quality level has beenadopted in many companies worldwide nowadays. Although3σ quality level has been used in some research works (e.g.,[10]), it should be noted that 6σ quality level should be anatural choice from the perspective of long-term manufacturingand industrial design [8]. However, for a practical application,the highest quality level that can be achieved is determinedby the design requirements and the available manufacturingconditions. For example, a case study was presented in [8]for the crashworthiness analysis of vehicle structural designin automotive industry, and it is found that 6σ quality is notachievable for all constraints. The least one is 3.76σ in terms ofits formulation and requirements proposed in that work.
 Therefore, 6σ quality level should be employed in the earlydesign and optimization process of products in industry toimprove the product quality and reduce the defect rate orDPMOs. It means that n should be defined as 6 in the DFSSmodel (3). If lower sigma level, such as 3 or 4, is used in theDFSS model during the design process, 6σ quality level in theindustrial manufacturing process is hardly achieved.
 Moreover, to compare the product’s reliability by usingdifferent design approaches, a criterion called POF has beenused in many works. Assuming that all constraints in (3) areindependent events and according to the Multiplication Theo-rem on Probability, the POF of the system described by (3) hasthe form
 POF = 1−m∏i=1
 P (gi ≤ 0). (4)
 Fig. 4. System-level design optimization framework for drive systems.
 III. SYSTEM-LEVEL ROBUST DESIGN
 OPTIMIZATION METHOD
 A. System-Level Design Optimization Framework
 To illustrate the robust approach for the system-level de-sign optimization of drive systems, we first briefly describethe system-level design optimization framework for the drivesystems as shown in Fig. 4 [3]. It mainly includes five steps.
 Step 1 is to determine system requirements, such as cost,power density, efficiency and torque of motor, which are themain concerns of motor design [11]–[16], and overshoot, set-tling time for the controller.
 Step 2 is to select or design the motor type, drive, andcontroller type in terms of these requirements.
 Step 3 is to design the motor and controller. For the motorpart, this step is a truly multidisciplinary design, which mainlyconsists of electromagnetic, material, structural, and thermaldesigns [17]. For the controller part, it mainly includes thedesign of control circuits and control algorithms.
 Step 4 is to construct optimization models for the wholesystem. With the selected types of motor and controller, thesystem-level design optimization model can be defined as in(5) with respect to the required system specifications. Thus,
 min : fs(xs)
 s.t. gmi(xs) ≤ 0, i = 1, 2, . . . , Nm
 gcj(xs) ≤ 0, j = 1, 2, . . . , Nc
 xsl ≤ xs ≤ xsu (5)
 where xs is the system design parameter vector; xsl and xsu areits lower and upper boundaries, respectively; fs is the system’s
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 Fig. 5. Single-level robust optimization method for drive systems.
 objective; gm are the constraints with respect to the motor; andgc are all other system’s constraints defined in step 1 [3].
 Step 5 is to evaluate the system performance, including thesteady performance of motor, such as cost and efficiency, andthe dynamic performance of control system, such as overshoot,settling time, and torque ripple.
 B. Single-Level Robust Optimization Method
 Fig. 5 illustrates a system-level robust optimization methodfor drive systems. It can be seen that all parameters are op-timized at the system level; it is a single-level optimizationmethod. It consists of the following three steps.
 Step 1: Determination of system-level robust optimizationmodel. From models (3) and (5), the system-level robust op-timization model of the drive system can be defined as
 min : F [μfs(xs), σfs(xs)]
 s.t. μgmi(xs) + nσgmi
 (xs) ≤ 0, i = 1, . . . , Nm
 μgcj (xs) + nσgcj (xs) ≤ 0, j = 1, . . . , Nc
 xsl + nσxs≤ μxs
 ≤ xsu − nσxs
 LSL ≤ μfs ± nσfs ≤ USL. (6)
 To estimate the mean and standard deviation terms in (6), eachdesign parameter xi in xs is assumed normally distributed asN(xi, σ
 2xi) with σxi
 = Δxi/3, where Δxi is the manufacturetolerance of xi.
 Step 2: Selection of an optimization method for model (6).As drive systems are always high-dimensional and nonlineardesign problems, intelligent algorithms can be good choices inmany situations, such as the genetic algorithm [14], the DEA[18], and the particle swarm optimization algorithm [15], [19].
 Step 3: Implementation of optimization process. First, de-termine the manufacture tolerance for xs and obtain the dis-tribution parameters for each parameter. Second, generate aninitial population of xs and its noise population. Third, evalu-ate steady- and dynamic-performance parameters of the drivesystem. Then, the objectives, constraints in (6), and their meansand standard deviations can be gained by using the MCAmethod. Fourth, implement the optimization algorithm until theconvergence criterion is met.
 However, as mentioned above, the computation cost of thissingle-level method is always huge as these design problems are
 generally high dimensional and nonlinear with strongly coupledmultidomain design and analysis. Therefore, the computationcost of the whole system is very expensive, in which the majorpart is the computation cost of FEA for the motors, particularlyfor some 3-D flux motors. Therefore, the following multileveldesign optimization method is presented to overcome thisproblem.
 IV. MULTILEVEL ROBUST DESIGN
 OPTIMIZATION METHOD
 A. Multilevel Robust Design Framework and Model
 Fig. 6 illustrates the framework of the multilevel robustoptimization method for drive systems. It mainly consists ofthree levels, namely, the motor level, the control level, andthe system level. To implement this optimization method, thefirst step is to define the deterministic and robust optimizationmodels for motor and control levels, respectively. For the motorlevel, its deterministic optimization model can be defined underthe system-level design optimization model (5) and has theform
 min : fm(xm)
 s.t. gmi(xm) ≤ 0, i = 1, . . . , Nm
 xml ≤ xm ≤ xmu (7)
 where xm, fm, and gm are the design parameter vector, objec-tive, and constraint of motor, respectively; fm is obtained withrespect to those motor objectives in the system objective func-tion fs; and xml and xmu are the lower and upper boundariesof xm, respectively [3]. Then, with the DFSS technique, thecorresponding robust model can be obtained as
 min : F [μfm(xm), σfm(xm)]
 s.t. : μgmi(xs) + nσgmi
 (xs) ≤ 0, i = 1, . . . , Nm
 xml + nσxm≤ μxm
 ≤ xmu − nσxm
 LSL ≤ μfm ± nσfm ≤ USL. (8)
 For the control level, its deterministic design optimizationmodel can be also defined under the system-level design opti-mization model (5) and has the form
 min : fc(xc)
 s.t. gcj(xc) ≤ 0, j = 1, . . . , Nc
 xcl ≤ xc ≤ xcu (9)
 where xc, fc, and gc are the design parameter vector, objective,and constraint of controller, respectively; xcl and xcu are thelower and upper boundaries, respectively; and fc is defined byfs with all other objectives that have not been defined in fm [3].Then, with the DFSS technique, its robust model has the form
 min : F [μfc(xc), σfc(xc)]
 s.t. : μgcj (xc) + nσgcj (xc) ≤ 0, j = 1, . . . , Nc
 xcl + nσxc≤ μxc
 ≤ xcu − nσxc
 LSL ≤ μfc ± nσfc ≤ USL. (10)
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 Fig. 6. Multilevel robust optimization framework for drive systems.
 B. Multilevel Robust Optimization Method
 With the defined robust optimization models for the motorlevel, the control level, and the system level, the proposedmultilevel robust optimization method shown in Fig. 6 can beimplemented with the following four steps.
 Step 1: Determination of the POF values or quality levelsfor the motor level, the control level, and the system level,respectively, in terms of design requirements and availablemanufacturing conditions. As mentioned above, 6σ qualitylevel should be employed in the robust optimization model.Therefore, n is 6 in all robust models in this work.
 Step 2: Optimization of the motor level with model (8). Apartfrom the motor performance parameters, such as output powerand efficiency, some characteristic parameters of the motor,such as resistance and inductance of winding, and PM fluxshould be calculated at the same time, because the variation ofthese parameters will be considered as the noise factors in theoptimization of the control level.
 Step 3: Optimization of the control level with model (10).The main aim of this step is to evaluate the fluctuations ofdynamic performance with respect to the noise factors givenfrom motor characteristic parameters.
 Step 4: Performance evaluation of the system level.Furthermore, here are three remarks for this multilevel robust
 optimization method. First, if the dimension of the motor levelor the control level is large, the optimization of the corre-sponding level can be divided into two or three sublevels. Forexample, the first sublevel deals with the significant factorswith respect to the objectives. The second sublevel deals withthe nonsignificant factors. In some situations, the first sublevelcan be also divided into two levels, namely, highly significantlevel and significant level. Then, a three-level optimizationframework can be obtained.
 Second, as mentioned above, the optimization process isusually quite time consuming because of the huge computationcosts of FEA for electromagnetic analysis of motor and theMCA process in robust optimization, particularly for those3-D flux complex motors. Approximate models, such as theresponse surface model and the Kriging model, can be usedto reduce the expensive computational cost of FEA in theoptimization design of electromagnetic devices nowadays [3],[14], [18]–[21]. In this paper, the Kriging model is used forthe approximation of the motor’s FEA parameters. Comparedwith some deterministic parameter models, e.g., the responsesurface model, Kriging is a semiparameter model as it caninclude not only the mean trend but also the variances of theresponses, and it claims to be superior in modeling local non-linearities [21]. However, the accuracy of using approximatemodels including the Kriging model, for a high-dimensionalproblem, for example, D > 8, still needs further improvement.Therefore, the multilevel optimization method is very necessaryfor the high-dimensional optimization problems, not only forthe reduction of nonlinearity but also for the improvement ofmodeling accuracy.
 The third remark is a comparison between this DFSS anda kind of robust control algorithm, namely, H∞ control andits improvements with adaptive robust control technology [22],[23]. The H∞ control can deal with the noise factors duringthe operation of the control objective, such as the variationof temperature and its effect on the resistance, or the roadconditions for cars. This control method can handle the modeluncertainties as well. It has good robust performance againstthose noise factors.
 However, control is only a part in a drive system. For theDFSS of a drive system, its main aim is to investigate thenoise factors in the industrial manufacturing process so as toachieve 6σ quality level in the batch production. Therefore,H∞ control can be taken as a kind of control algorithm fordrive systems. It is a promising option in situations wherenoise factors from the operation environment need to beconsidered.
 V. DESIGN EXAMPLE
 In this design example, a drive system consisting of a PMTFM and an improved MPC control system is investigated.Recently, the study of PM TFMs and their application in direct-drive systems have become a topic of much interest, particularlythe novel TFMs for applications in HEVs, e.g., in-wheel motors[24], [25].
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 Fig. 7. Structure of the PM TFM with an SMC stator (one phase).
 TABLE IIMAIN MOTOR DESIGN AND OPTIMIZATION PARAMETERS
 A. Optimization Model for Motor Level
 Fig. 7 shows the structure of one phase of this TFM withmain dimensions shown in Table II. This is a new type ofmachine as its stator is designed by a relatively new mate-rial, i.e., soft magnetic composite (SMC). SMC is made offerromagnetic powder particles surrounded by an electricalinsulating film. Motor cores made of SMC are isotropic, bothmechanically and magnetically. Therefore, they are suitablefor the design of motors with a 3-D flux path, e.g., TFM.This machine has many advantages, e.g., the armature carriessignificant magnetic field in all three directions so that the corematerial potential can be fully exploited [3], [4], [25]–[27].Meanwhile, its material cost is cheap, and the motor core canbe fabricated by a mold-pressing method, which is very helpfulin potential batch production. Therefore, it is a very promisingmotor for the direct-drive systems. However, there are manynoise factors in the manufacturing process. This makes robustdesign optimization necessary for SMC motors.
 Fig. 8 shows the FEA model for this TFM, which is 1/10of the one-phase model due to the symmetrical structure. Themain design and optimization parameters are also shown in thisfigure. Fig. 9 illustrates the distribution of magnetic flux density(B) obtained by the FEA model for this machine under a no-load situation. For the initial design, this motor is designed todeliver a power of 640 W at 1800 r/min. From previous design
 Fig. 8. FEA model and optimization parameters for TFM.
 Fig. 9. Magnetic flux density illustration for TFM (Unit: T).
 experience, it can be found that eight parameters (shown inTable II and Fig. 8) are significant to the performance of thismotor. The optimization objective is to minimize the materialcost while still keeping or improving its performance comparedwith the initial design. The optimization model is
 min : fm(xm) = w1Cost
 Costinitial+ w2
 Pout_initial
 Pout
 s.t. : gm1(xm) = 0.795− η ≤ 0
 gm2(xm) = 640− Pout ≤ 0
 gm3(xm) = sf − 0.8 ≤ 0
 gm4(xm) = Jc − 6 ≤ 0
 xml ≤ xm ≤ xmu (11)
 where Costinitial and Pout_initial are the cost and output powerof the initial PM TFM developed in [3] and [26]. The objectivecost mainly includes the material costs of PM, copper, SMCcore, and steel; η and Pout are the motor’s efficiency and outputpower, respectively; sf is the fill factor of winding; and Jc(in A/mm2) is the current density of the copper wire winding,which is related to the limit of temperature rise.
 B. Optimization Model for Control Level
 Recently, MPC has been applied to drive a PM synchronousmachine to reach high performance of dynamic torque control[5]–[7], [28]–[30]. The basic idea of MPC is to predict the
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 Fig. 10. Diagram of an improved MPC scheme.
 future behavior of the variables over a time frame by min-imizing a cost function based on the model of the system.The cost function can incorporate nonlinear constraints andmany control variables such as torque and flux. An improvedMPC incorporated with a duty ratio optimization module waspresented to reduce the torque and flux ripples in [3] and [31].Fig. 10 shows a diagram of this improved MPC control scheme.In the diagram, the MTPA means maximum torque per ampere.There are two important modules needed to be designed andoptimized in this improved MPC, namely, cost function andduty ratio module. The cost function is defined relevant to thecontrol objectives of PM TFM, torque, and flux, and it has theform
 G =∣∣T ∗
 e − T k+1e
 ∣∣+ ∣∣|ψ∗s| −
 ∣∣ψk+1s
 ∣∣∣∣Tr/ψr
 +A(∣∣T ∗
 e − T k+Ne
 ∣∣+ ∣∣|ψ∗s| −
 ∣∣ψk+Ns
 ∣∣∣∣Tr/ψr
 )(12)
 where T ∗e and ψ∗
 s are, respectively, the reference torque and flux,T k+1e and ψk+1
 s are predicted torque and flux, T k+Ne and ψk+N
 s
 are linear predictions of torque and flux at the k +N th instant,A is a weighting factor, and Tr and ψr are the rated values oftorque and stator flux [3], [31]. The second one is the duty ratiooptimization module, which has the form
 d =∣∣(T ∗
 e − T k+1e
 )/CT
 ∣∣+ ∣∣(ψ∗s − ψk+1
 e
 )/Cψ
 ∣∣ (13)
 where CT and Cψ are two positive parameters. The idea ofusing this module is that the larger difference between thereference and predicted torque values leads to a larger duty ratiovalue. The main aim of this module is to decrease the flux andtorque ripples.
 Therefore, six parameters, i.e., xc1 to xc6, should be opti-mized in the control level. They are A, N , CT , Cψ , Kp, and Ki,where Kp and Ki are parameters of the PI controller shown inFig. 10. One objective and four constraints are considered forthis level; they are
 min : fc(xc) = w3RMSE(T )Trated
 + w4RMSE(ω)ωrated
 + w5ωos
 s.t. gc1(xc) = RMSE(T )/Trated − 0.06 ≤ 0
 gc2(xc) = RMSE(ω)/ωrated − 0.05 ≤ 0
 gc3(xc) = ωos − 0.02 ≤ 0
 gc4(xc) = ts − 0.02 ≤ 0
 xcl ≤ xc ≤ xcu (14)
 where RMSE is the root mean square error of an item inthe steady operation period, ω is the motor speed, ωos is theovershoot of speed, and ts is the settling time [3].
 C. Robust Optimization Models
 For the multilevel robust optimization, we now need topresent the robust optimization models for the motor level andthe control level and specify the noise factors.
 1) Motor Level: With (8) and (11), the robust optimizationmodel for the motor level has the form
 min : μfm(xm)
 s.t.
 ⎧⎨⎩
 μgmi(xm) + 6σgmi
 (xm) ≤ 0, i = 1, . . . , 4xmlj + 6σxmj
 ≤ μxmj≤ xmuj − 6σxmj
 j = 1, . . . , 8.(15)
 In the implementation, manufacturing tolerances of motor pa-rameters (xm1 to xm8) are specified to 0.05 deg, 0.05 mm, 0.05mm, 0.05 mm, 0.05 mm, 0.5 turn, 0.01 ∗ xm7 mm, and 0.01 mmaccording to the previous engineering experience.
 2) Control Level: With (10) and (14), the robust optimiza-tion model of the control level can be defined as
 min : μfc(xc)
 s.t.
 {μgci(xc) + 6σgci(xc) ≤ 0, i = 1, . . . , 4xclj ≤ xcj ≤ xcuj , j = 1, . . . , 6.
 (16)
 It should be noted that the parameters of the control level (xc1
 to xc6) are digital parameters and do not have disturbances forthe MCA.
 However, there are four random variables in this model,namely, resistance (R), inductance (L), torque (T ), and PM-flux corresponding to the random variables of all motor pa-rameters xm1 to xm8. Therefore, there are only four robustconstraints in (16). After the MCA, the output parameters arethe means and deviations of objectives and constraints of thecontrol level. Then, model (16) can be calculated, and the POFof the control level can be obtained.
 VI. DISCUSSION AND RESULTS
 For the optimization of this drive system, the first step is toverify the reliability of the FEM-based analysis method for theperformance evaluation of the motor. Then, the second step isto construct the flowchart for the robust multilevel optimizationmethod. Finally, the optimization results will be presented anddiscussed.
 A. Reliability of Motor’s FEA-Based Method
 Fig. 11 illustrates the prototype of a PM TFM with an SMCstator fabricated with the initial design scheme as shown inTable II. It is found that the estimated performance parameterscalculated from the FEM-based method are well aligned withthe experimental results, such as the phase inductance (6.68 mHcalculated versus 6.53 mH measured) and cogging torque. Moredetails can be found in [26]. As the experimental results have
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 Fig. 11. Prototype of TFM. (Left) PM rotor. (Right) 3-stack SMC stator.
 verified the effectiveness of this FEM-based analysis method, itis reliable to use it to optimize the investigated drive system.
 B. Optimization Flowchart
 Fig. 12 shows the multilevel optimization flowchart for thisdrive system under the proposed robust approach. It mainlyincludes the following five steps.
 Step 1: specify the expected sigma level or POF for the drivesystem. In this paper, 6σ manufacturing quality is the expectedquality level. Therefore, n is defined as 6.
 Step 2: divide the initial design space into three sub-spaces/levels. From design experience, the eight parameters inthe motor level can be divided into two groups [3]. The firstgroup includes PM parameters (xm1 and xm2) and coil param-eters (xm6 and xm7), which are highly significant to the costand output power of the motor. The others are nonsignificantfactors and will be placed in the second group. Therefore, theoptimization flowchart of the motor level can be defined astwo sublevels. A three-level optimization framework can beobtained.
 Step 3: optimize the motor level. First, let the parameters inX2 be the initial design dimensions and optimize parametersin X1. Second, optimize parameters in X2 with the obtainedoptimal parameters in X1. If the relative error of the objectiveis not smaller than a given value ε (default is 1%), update theX2 and do the optimization again until Δμ(fm)/μ(fm) ≤ εis met. After the optimization of the motor level, the motor’scharacteristic parameters, such as R, L, and PM-flux, can beobtained as well, which will be used as the input parametersin the control level. In the implementation, the optimizationmodel is (15) for both levels; the optimization method is theKriging model incorporated with DEA [3]; and the MCAmethod is used to estimate the robust parameters, such as themean and standard deviation. For the MCA, the sample size is10 000.
 Step 4: optimize the control level. The input parameters ofthis level are the algorithm parameters (xc1 to xc6) in MPC andcharacteristic parameters obtained from the above motor-leveloptimization. Furthermore, those characteristic parameters arealso taken as the noise parameters in this optimization of thislevel. In the implementation, the optimization model is (16);the optimization method is the Simulink model (in MATLAB)incorporated with DEA, and the MCA method.
 Step 5: calculate the POF for the whole system and outputthe optimization results.
 Fig. 12. Flowchart for the multilevel robust optimization.
 C. Optimization Results
 Tables III and IV list the optimization results for the TFM(motor level) and MPC (control level), respectively, obtainedfrom the proposed multilevel robust optimization method.These performance parameters will be compared with thosefrom the deterministic design approach and the initial designscheme. Table V lists the reliabilities (column p) and robustlevels (column n) for all constraints and the POF values forthe motor, controller, and drive system, respectively. From
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 TABLE IIIOPTIMIZATION RESULTS OF THE TFM (MOTOR LEVEL)
 TABLE IVOPTIMIZATION RESULTS OF THE IMPROVED MPC (CONTROL LEVEL)
 these results and comparison, the following conclusions can bedrawn.
 1) For the deterministic design, by optimizing models (11)and (14), the obtained motor efficiency is 81.2%, output poweris 678 W, and the cost of main materials is $26.6. All theseperformance parameters are better than those of the initialdesign scheme, where efficiency is 79.5%, output power is640 W, and material cost is $35.8 [3], [26].
 After the MCA, the mean and standard deviation of fm are1.63 and 0.002, respectively. The reliability of current density(constraint gm4) is 74.11%, and the corresponding sigma levelis 1.1. As a result, the POF of the motor is 25.89%.
 TABLE VRELIABILITY AND ROBUST LEVEL OF THE DRIVE SYSTEM
 Fig. 13. Distributions of current density in winding.
 As an example, Fig. 13 illustrates the current density’s dis-tribution of copper wire corresponding to the constraint gm4.It can be found that there are many points obtained fromthe deterministic approach [see Fig. 13(a)], which violate theconstraint of current density, i.e., more than 6 A/mm2.
 Second, for the control part, the relative RMSEs of torqueand speed and speed overshoot are 4.24%, 0.07%, and 0.95%,respectively. The obtained optimal objective is 5.27%.
 Then, after the MCA, the mean and standard deviation of fcare 7.75% and 1.32%, respectively. This mean is much largerthan the previous one (5.27%). The reliabilities of constraintsgc1, gc2, and gc4 are 99.88%, 99.15%, and 10.64%; the corre-sponding sigma levels are 3.2, 2.6, and 0.1, respectively. As aresult, the POF of the control level is about 89.46%.
 As another example, Fig. 14 illustrates the distribution of thesettling time corresponding to the constraint gc4. In this figure,it can be seen that there are also some points violating theconstraint gc4 of “no more than 0.02 s after the load is applied.”This results in a high POF for the control level. It should benoted that the last column (t = 0.14 s) in the deterministic
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 Fig. 14. Distributions of settling time (load is applied at 0.07 s).
 Fig. 15. Dynamic performance output by robust optimization.
 figure shows the probability for the issue that settling times areno less than 0.14 s instead of being exactly equal to 0.14 s.
 Finally, the POF of the drive system is 92.19%. This isabsolutely not an acceptable system design scheme in theengineering applications.
 2) For the robust design, the obtained motor efficiency is81.1%, and output power is 677 W, which are close to thosefrom the deterministic approach. The cost is $27.7, which ishigher than that of the deterministic approach. All are betterthan those of the initial design scheme. Fig. 15 illustrates thedynamic performance of the drive system in this case.
 After MCA, the mean and standard deviation of fm are1.66 and 0.002, respectively. Second, the mean and standarddeviation of fc are 6.24% and 0.2%, respectively, which aremuch smaller than those from the deterministic approach. Thereliabilities of all constraints are 1, and the corresponding sigmalevels are all more than 6. As a result, the POFs for the motor,controller, and the whole system are almost zero. This is muchbetter than those from the deterministic design scheme andsatisfies the initial reliability requirements of 0.1%. Therefore,the POF of deterministic optimization is obviously bigger thanrobust optimization. In fact, the lower cost of deterministicoptimization is obtained at the expense of low reliability androbustness. This is not acceptable in engineering design.
 VII. CONCLUSION
 In this paper,a robust approach based on DFSS has beenpresented for the system-level design optimization of drive sys-tems. Two optimization strategies were also presented, namely,single level and multilevel. A design example with PM TFMand improved MPC scheme was investigated to verify the pro-posed method. From the discussion, we can draw the followingconclusions.
 First, compared with the initial design scheme, the solutionsfrom robust optimization have many improvements, such aslarger output power and efficiency, lower cost, and higherreliability and robustness.
 Second, the objectives obtained from deterministic designare smaller than those from robust design optimization; how-ever, the reliabilities, robust levels, and POFs of the motor level,the control level, and the system level are obviously worse thanthe latter ones.
 Third, the obtained control parameters from robust multileveloptimization are not sensitive to the disturbances of motoroutput parameters. The system’s dynamic performances canbe ensured by the proposed method. This is very valuable forengineering batch production. Therefore, system-level robustoptimization is necessary for the modern quality design of drivesystems in industrial applications.
 The future work, which will be investigated, is the mul-tiobjective and multidisciplinary approach for the system-level design optimization of drive systems. Moreover, materialmodel, manufacturing condition, electromagnetic, thermal, andmechanical models will be investigated for the motor-leveldesign optimization. Thereafter, an experimental study will bepresented with details to verify the efficiency of these proposedsystem-level design optimization methods.
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