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Abstract‐‐This paper presents a robust sizing design optimisation of a permanent magnet synchronous generator  (PMSG) 
using  three‐dimensional  finite  element  analysis  (3D  FEA).  In  order  to  build  an  optimal  parametric model  structure,  the 
efficiency of the PMSG  is taken as the objective function, and a dual‐level response surface methodology  (D‐RSM) with a 
window‐zoom‐in approach for a variable speed range analysis as a robust optimisation technique  is employed to find out 
the optimal design variables of  the objective  function. The D‐RSM using mixed‐resolution central composite design  (MR‐
CCD), full factorial design (FFD), central composite design (CCD), and box‐behnken design (BBD)  is applied to optimise the 
geometry with very small error. Analysis of variance (ANOVA) and multi‐level RSM plots in order to check the adequacy of 
fit. However, the MR‐CCD exceed the range of the boundary in the design region. Hence, a modified MR‐CCD has improved 
the  efficiency  and  proposed  the  parameter  settings  to  manufacture  the  wind  generator  with  high‐class  quality.  The 
validation of  the  analytical  and numerical  fashions  is  successfully  achieved  through  rigorous  FEA,  and  the experimental 
verifications  are  perfectly  marked  the  theoretical  and  significance  optimisation  design.

Nomenclature 

ls               Stack length (mm) 
Rri                    Inner radius of the rotor core (mm) 
Rro            Outer radius of the rotor core (mm) 
Rsi              Inner radius of the stator core (mm) 
Rso             Outer radius of the stator core (mm) 
Aslot               Slot area (mm2) 
Lm             Thickness of the magnet (mm) 
δg                Airgap length (mm) 
Sw               Slot width (mm) 
Parc                  Magnet pole-arc (ºe) 
Sd                      Slot depth (mm) 
Qs               The number of slots in stator core 
2P                   Pole number 
αp                       Pole-arc/ pole-pitch ratio 
χ                Split ratio   
SP             Slot/ Pole ratio 
M              The number of phases 
Ir               Rated current of the power electronic converter 
∆θ             Winding temperature-rise (ºC) 
Hk             Permanent magnet coercivity (A/m) 
Hi              Local field intensity for the ith operating point 
Ti                Electromagnetic torque of the ith operating point 
Ωi               Angular velocity of the ith operating point 
id,i , iq,I      Peak direct and transverse axis currents for ith       
                 operating point (A) 
z1, z2         Noise variables which are stand for tooth-tip and   
                 gap between PMs in MR-CCD (mm) 

1. Introduction 

OR decades, researchers are employing classic and 
modern optimisation methodologies in the field of 

electrical machines and drive systems to improve the 
efficiency [1-2]. To overcome this issue, various kinds of 

methods, which emphasise to find out the global optimum 
only based on a typical torque/speed, or a flux weakening 
operation point, and many more literature [3]-[6]. However, it 
is difficult and accordingly rare to reinforce the sizing process 
optimisation, considering the practical design details of the 
PMSG and power electronic system for variable-speed 
applications such as wind generators [7], [8]. The application 
of response surface methodology (RSM) with different 
fashions has been recently carried out for electrical machines 
design optimisations [9]. In another paper [10] presents design 
optimisation for brushless dc permanent magnet motors for a 
hard disk driver to reduce cogging torque. This work is a good 
example of the feasibility of using RSM with typical CCD 
design function to minimise the cogging torque. But, none 
other design functions were considered to challenge the 
accuracy of the fitting model. Also, the lack of experimental 
verification exists. 

In Jolly’s paper [11] coupled optimisation design of 
permanent magnet motors using RSM and genetic algorithms 
(GAs) has been studied in order to optimize the torque and 
speed of the machine. However, we believe that a faster and 
accurate design procedure could be compared if different 
design functions were defined in the same dimensions. The 
lack of GA’s contribution to the work and also experimental 
verification can be seen.  

A paper by Gao et al. [12] presents RSM as an efficient 
approach to parametric model building and design 
optimisation. Application of RSM is presented for torque 
optimisation study in a spindle motor design. The window-
zoom-in method has been also studied to improve the torque 
optimisation performance. This keen study inspired us to 
employ MR-CCD with zoom-in approach for the optimisation 
process. To increase the significance of the research, the 
authors could present the process evaluation before and after 
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using of zoom-in approach. Moreover, an experimental 
investigation is ignored.  

In reference [13], Yang et al. investigates multi-
objective optimisation design, and has been proposed a 
systematic process of a multi-objective sizing design of an 
axial-flux permanent-magnet motor for electric scooters. The 
preliminary design has been employed a zero-dimensional 
(0D) model to determine the number of slots and poles and 
initial sizes of the motor according to the driving requirements 
of the scooter. The optimal design process has been used a 1D 
magnetic circuit model with an effective air-gap distribution 
function, whereas searching for a set of motor parameters that 
minimise or maximise motor electromagnetic performance 
such as back-EMF, torque, torque density and torque ripple. 
The research was finally verified through the 3D FEA along 
with experimental verifications. 

In this paper, the focus is on developing a global 
DRSM design optimisation based on the various robust design 
of experiment (DOE) methods to realize the superior design 
function for an outer rotor, closed-slot, PMSG with double-
layer fractional-slot concentrated winding. The robust design 
is investigated for a variable-speed range analysis in different 
subject domains such as numerical analysis model (FEA), and 
analytical models for the performance evaluation. Therefore, 
the D-RSM as a multi-level empirical modeling methodology 
with three-level of window-zoom-in approach is used for the 
modeling and analysis of problems, in which a response of 
interest is effected by three controllable variables as magnet 
thickness, air-gap length, and slot width. The D-RSM affords 
itself to the design of yields, which can be sensitive to noise 
variables. There needs to be a rigorous attention to consider 
the noise variables in the design through modeling the noise 
and control variables. Afterwards, a combination of settings 
can be located to the control variables, hence the process 
output will remain flexible to changes in the noise variables 
where we proposed modified MR-CCD to improve the 
efficiency. Moreover, MR-CCD is studied to diminish the 
experimental runs. Additionally, the FFD, CCD, and BBD as 
various DOE’s methods [14] are taken into account to provide 
a comparative study in terms of accuracy. Afterwards, the 
ANOVA calculation will check the adequacy of fit in the 
design region. 

The rest of the paper is organized as follows. In section 
2, we provide a definition of the original design, describe the 
geometry of its rotor and stator and the flux density 
distribution by FEA. In section 3, we describe optimisation 
process via the D-RSM using the window-zoom-in approach. 
In section 4, we present our results and discussion based on 
the design optimisation to find out the optimal point. In 
section 5, we have experimental verification to check the 
successful rate of the optimized model versus the original 
model, and in section 6, the conclusions is discussed. 

2. Original design and problem definition 

The objective of this study relies on the PMSG with the 
outer rotor topology used for a wind turbine, where variable 

speed range analysis [15] is demanding. The original design 
parameters can be seen in Table 1. The stator contains 36 

  
Table 1. Original design parameters 

Variable Linear current density fixed: 1.22 A/ mm 

ls 100 mm 
Rri/ Rro 217/ 230 mm 
Rsi/ Rso 115/ 209.5 mm 

δg 
Sw

0.6 
15 

mm 
mm 

Parc 100 ºe 
Sd 50 mm 

Qs/2P 36/40  
Hk 891×103 A/m 
αp 0.55  
SP 0.9  
Jrms 1.22 A/ mm2 
m 3  

 
segmented teeth because of closed slot modulation in order to 
reduce the amplitude of cogging torque significantly which 
can be seen in Fig. 1-a. shows a 3D FE model which is 
coupled with a variable-speed field-circuit PMSG finite 
element time-stepped model. Fig. 1-b illustrates the design 
geometrical variables in the model. It should be noted that 
blue double arrows are representing the uncontrollable 
variables, and red double arrows stand far controllable 
variables in this graph. Feeding an uncontrolled three-phase 
full rectifier load system which is shown in Fig. 1-c as a whole 
in order to calculate the magnetic flux distribution and 
corresponding performance via a parameterized model [16]. 

The global optimisation depends on the PMSG’s 
design, and its electronic system as whole to find out the best 
possible sizing optimisation in order to maximise the 
efficiency.  

Table I indicates the original design parameters with a 
fixed current density. Regarding Table II, the three main 
design variables are defined based on sizing, in which there 
are controllable variables, and also two uncontrollable 
variables via a MR-CCD approach which includes under-cut 
angle of the stator tooth tip δst changes between 25° ≤ z1 ≤ 45°,  
and air-gap between PMs (La-pm) that varies 3° ≤ z2 ≤ 5°. With 
regarding to the DOE, the BBD, CCD, FFD, and MR-CCD 
methods will be calculated by 13, 15, 27, 41 runs, 
respectively. 

Fig. 2 shows how the pre-analysis and post-analysis are 
shown to cater a framework of the study to maximise the 
efficiency of an acceptable global optimal operation point. 
Regarding to the flowchart, first, all input data (such as 
dimensions, constraints, idi (d-axis control current), Ldi (d-axis 
inductance), Ĩ (moment of inertia), VLL(pk) (peak line to line 
voltage) of the machine and converter system as a whole 
analysis loop must be considered, where specifically the 
converter system is a three-phase full bridge rectifier load that 
can be seen by Fig. 1-c. Through launching a linked-
simulation of FE original model and LUA scripts, the 
acceptable electromagnetic (EM) performance with reachable 
operation point of the original PMSG will be stored. 
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variables, and also differences among units [9]. A 
normalization on variables is always demanded to eliminate 
the differences of units and suppress generating rounding 
errors through the next regression analysis. Thus, each design 
variable (ξi) can be coded with a variable (xi) through its 
maximum and minimum as follows: 
                                    Δii i ix                                         

(3) 
where: 

    2i imax imin      and   Δ 2i imax min            

(4) 
 

Table 2. Design Controllable Variables 
Controllable design treatments Coded design treatments 

All variables are normalized -1 0 1 

x1 Magnet thickness (mm), lm 5 6.5 8 

x2 Air-gap length (mm), lg 0.5 1.17 2 

x3 Slot width (mm), Sw 8 12 15.5 

Table 3. ANOVA of the Fitted Model 
Source of 
Variation 

Degree of 
freedom 

Sum of Squares (SS) Mean Square (MS) 

 
Regression 
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where ξmin, and ξmax are non-normalized minimum and 
maximum values of ith variable, respectively. Regarding the 
framework, the used DOE functions can be sufficiently 
introduced in the following sections. 
 

3.1  Mixed Resolution Central Composite design 
(MR-CCD) 

 
The MR-CCD design function is employed to improve 

the quality of yields and processes by 41 runs (based on [9]). 
The classic form of the response can be modeled as follows 

     0( , ) T T T TY x z x x Bx z x z         


        (5) 

where β0, β, B, γ, and Δ are coefficients of the controllable 
variables (x), and uncontrollable variables (z) via a random 
error (ε). Improved quality results while a higher level of 
performance has coherently obtained. The best possible 
performance is obtained by determining the optimal 
combination of design variables.  In this approach, the global 
optimal operation point should be located using the DOE 
principles, and also the consistency of performance is 
performed through carrying out the experimental conditions 
under the influence of the uncontrollable variables. The MR-
CCD function satisfies the needs of problem-solving 
economically and yield/process design optimisation of the 
electrical machines owing to the number of runs which is 
strongly reduced. This advantage brings a higher emphasis on 
the size and cost of experiments. Moreover, experiment 
planning and problem formulation based on a modern work 

disciplines of working as teams can be noted as another main 
advantage of using this approach [13-14]. 
 

3.2 The Full Factorial design (FFD) 
 

This type of design function has known as one of the 
most expensive experimental design functions due to having 
the largest size of experiment with considering only 
controllable treatments which refers three levels of the 
treatments as low, intermediate, and high (x1, x2, x3) to observe 
the true response, where the true response η´ consists an 
experimental error known as εexp which is given by the 
measurement block with a variance (σ2). In this study, (33=27) 
runs is carried out. In geometrical terms, the observations 
should be simulated on the vertex of a cube, in the middle of 
its faces and edges, and at the origin [13-14] [19].  

 
3.3 The Central Composite design (CCD) 

 
The Box-Wilson Central Composite Design function 

which basically called central composite design (CCD) is 
studied via many statisticians in the RSM, as well as perhaps 
is the most popular class of second order designs. The design 
involves 15 runs which include of eight vertices of the first 
cube by (±1, ±1, ±1) as cube points, and six star point through 
(±1.682,0,0), (0, ±1.682,0), and (0, 0, ±1.682), in addition, the 
origin of the first cube is (0,0,0) [13-14] [19].  

 
3.4 The Box-Behnken design (BBD) 

 
The BBD design function is known as a subset of the 

FFD, and that is the most economical design only because of 
its size of experiments in comparison to all other conventional 
design functions such as FFD, and CCD. It requires 13 runs; 
hence, the BBD can be comparable to MR-CCD design 
function only if its error will be as small as the MR-CCD. In 
terms of complexity, can be called the simplest type of design 
compared to all other ones. This can be considered while these 
experiments cannot be realized for practical reasons such as 
physical constraints issue. Thereafter, the Table III that called 
ANOVA which can be shown for checking the adequacy of 
the fit in the design region of each level of optimization. The 
observation of this table is efficiency of the SPMSG [14][19]. 

 
3.5 Optimization Constraints 

 
To consider the local constrained optimization of the d-

axis current at each operating point based on [8], [22-23]. The 
objective evaluation ηi in each operating point with the d-axis 
current id,i should be evaluated. To complete the procedure of 
the optimisation problem, a number of constraints require 
being defined. Some of the constraints have to be satisfied at 
each operating point. They can be qualified as instantaneous 
constraints: 

a) Rated current: 
2 2
, ,, 3.d i q i ri i i I    

b) Rated voltage: 2 2
, ,, 3.d i q i ratedi v v V    
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