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Abstract—Thermal management is critical for high-power-

density permanent magnet synchronous machines (PMSMs). To 

realize the efficient and effective design optimization of self-

ventilated air cooling systems for PMSMs, in this paper, a 

Taguchi-preconditioned Latin hypercube sampling (LHS) and 

response surface method (RSM) combined approach is 

proposed. First, as the optimization variable numbers are 

mostly large when considering simultaneously the heat-sink and 

air-fan influences, the Taguchi method is employed to decouple 

the variables based on comprehensive fluidic-thermal 

calculations. The values of the less interconnected variables are 

optimized directly in this stage while the two most 

interconnected ones are selected and optimized in the next stage. 

Secondly, LHS is used to generate the sample points of the two 

variables with the values centered at the initially optimized 

results in the first stage. The RSM surrogate model is 

established with the LHS points, and the finally optimized 

values are then decided based on analytical analysis of the 

surrogate model. The proposed double-staged method is utilized 

in optimizing the self-ventilation system of a 2000-rpm outer 

rotor PMSM, and the optimization effectiveness is validated by 

comparing the cooling efficiency and effectiveness of the results 

at each optimization stage. 

Keywords—permanent magnet synchronous machine 

(PMSM), self-ventilated cooling system, Taguchi method, Latin 

hypercube sampling (LHS), response surface method (RSM) 

I. INTRODUCTION 

Permanent magnet synchronous machines (PMSMs) are 
commonly used in various industrial and transportation 
applications due to their superior characteristics of high 
efficiency, high power density, and simple dynamics [1-2]. 
However, when supplied with pulse width modulation (PWM) 
power converters, the high-frequency harmonics can generate 
excessive losses and therefore pose substantial challenges to 
machines’ cooling efficiencies [3-4]. 

Among the existing cooling options for PMSMs, the air 
ventilation systems, especially in self-ventilated open-
structure modes, are widely utilized as they can dissipate 
directly the heat generated inside the machines with very low 

cooling and maintenance costs [5-8]. To improve the cooling 
efficiency, research has been done to optimize the cooling 
structural parameters [9-10]. However, for air ventilation 
systems, as the coolant temperature varies significantly with 
the heating and cooling conditions, computational fluid 
dynamics (CFD)-based simulations are required to obtain 
accurately the fluidic-thermal characteristics, making the 
cooling system optimizations very computationally costly 
[11-12].  

To speed up the optimization processes, the design of 
experiment (DoE)-based methods that can seek optimized 
results with limited amounts of simulations have attracted 
extensive research attentions [13-18]. Within those 
approaches, the Taguchi method, which can handle large 
amounts of optimization variables efficiently, has been 
combined with CFD calculations to optimize PMSMs’ 
cooling systems [13-14]. The basic idea of the Taguchi 
method is to analyze the cooling performances with 
orthogonal combinations of design variables, therefore 
decouple those variables to find the objective versus level 
characteristic of each single variable [15]. However, as the 
variable levels in the Taguchi method are mostly very limited 
(≤6), the decoupling of two or more very highly 
interconnected variables may fail, obtaining singular 
relationships between the objective and the variable levels.  

The Latin hypercube sampling (LHS) method can evenly 
distribute the variables in the solution domain with large-
varying-ranged levels of each variable, thus is also commonly 
utilized by combining with the response surface method (RSM) 
to establish the surrogate models that illustrate the 
relationships between the cooling efficiencies and the cooling 
structural parameters [17-18]. But as the sampling points can 
get coarse when the variable number is large, the LHS-RSM 
method is more suitable for low-dimensional problems [19]. 
Since large amounts of structural variables in both the heat 
sinks and air fans can influence the cooling characteristics, 
there exists a trade-off between the optimization requirements 
and the merit of the LHS-RSM. 

To address the aforementioned problems, in this paper, a 
Taguchi-preconditioned LHS-RSM-combined method is This work was supported by the China Scholarship Council under 
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proposed for the design optimization of the ventilation 
systems for PMSMs. In this approach, the overall optimization 
process is divided into two stages. In the first stage, the 
Taguchi method is combined with comprehensive CFD 
simulations to decouple the optimization variables. The 
optimized values of the less interconnected ones are 
determined based on the Taguchi analyses, while the two most 
interconnected ones are taken as the optimization variables in 
the next stage. Then the LHS method is used in the second 
stage to distribute the sampling points of the most two 
interconnected variables, and the RSM-based surrogate model 
is established depending on those sampling points. The 
optimized values of the two interconnected variables are then 
decided depending on the surrogate model. The proposed 
method is utilized in optimizing the self-ventilation system of 
a 2000-rpm outer rotor PMSM, and the fluidic-thermal 
characteristics of the machine with the optimized cooling 
structural parameters are numerically analyzed to validate the 
optimization effectiveness. 

II. OPTIMIZATION METHODOLOGY 

As for the efficient and effective design optimization of air 
ventilation systems for PMSMs, a double-staged method with 
the Taguchi-based preconditioning process as the first stage 
and the LHS-RSM optimization process as the second stage is 
proposed. The overall procedure is illustrated in Fig. 1. As 
shown in the figure, first, the optimization variables are 
initially selected (m variables in total) by covering all the 
possible structural parameters of both the heat sink and the air 
fan. Then in Stage-I, the orthogonal table based on those 

initialized variables is established. Comprehensive CFD 
simulations are conducted to find the fluidic-thermal coupled 
characteristics of each variable, and the Interconnected 
relations between the variables are analyzed. Among those 
variables, the several most interconnected ones (n variables) 
are selected and optimized in the next stage while the less-
interconnected ones ((m-n) variables) are directly determined 
based on the Taguchi analysis. In Stage-II, the LHS is 
conducted by layering the probability domains of the selected 
interconnected variables into N layers (N is the sampling 
number) and then randomly picking N samples in the n-
dimensional layered domain. It is noticed that each layer in 
each dimension should contain one sample point to guarantee 
the sampling globality. The RSM surrogate model is 
established based on the combinations of the sampling values 
and that determined by the Taguchi method in stage I. Finally, 
the surrogate model is analytically analyzed to obtain the 
optimized results. 

III. PROTOTYPE AND OPTIMIZATION SETUP 

A. PMSM Prototype and Its Self-Ventilation System 

To validate the effectiveness of the proposed optimization 
method, in this paper, a 2000-rpm self-ventilation PMSM is 
taken as the prototype. A centrifugal fan is mounted on the 
non-drive end of the shaft together with a heat sink set in the 
inner side of the stator core. When the fan is rotating 
synchronously with the shaft, the air is driven into the machine, 
and flows through both the air gap and the air vents in the heat 
sink, taking away the losses generated in the windings and the 
stator core, as shown in Fig. 2. 

 

Fig. 1.  The proposed Taguchi-LHS-RSM-combined optimization method. 

 

 

 
Fig. 2.  Illustration on the cooling airflow of the self-ventilation system. 

   
(a) 

 
(b) 

Fig. 3.  Illustration on initial optimization variables, where (a) variables in the 

heat sink, and (b) variables in the air fan. 

TABLE I. VARIABLE LEVELS 

Variable Level I Level II Level III Level IV 

(A) hfin 25 mm 30 mm 35 mm 40 mm 

(B) Nfin 5 7 9 11 

(C) hbaffle-L 0 mm 8 mm 16 mm 24 mm 

(D) wfan-R 15 mm 20 mm 25 mm 30 mm 

(E) wfan-L 10 mm 12.5 mm 15 mm 17.5 mm 

(F) hfan-L 27 mm 37 mm -- -- 

(G) Rfan 15 mm 25 mm -- -- 
 

 

 



 

 

B. Initial Optimization Variables and Levels 

As the structural parameters of both the heat sink and the 
centrifugal fan will affect simultaneously the fluidic-thermal 
characteristics, seven variables are selected as the initial 
optimization variables: 

• (A) hfin - Heat sink fin height. 

• (B) Nfin - Heat sink fin number. 

• (C) hbaffle-L - Air fan baffle height (left part). 

• (D) wfan-R - Air fan width (right part). 

• (E) wfan-L - Air fan width (left part). 

• (F) hfan-L - Air fan height (left part). 

• (G) Rfan - Fillet radius of air fan baffle (right part). 

The variables are illustrated in Fig. 3, with their variation 
levels tabulated in Table I, where the combination with all 
variables set at level-I is the parameters before optimization. 
Fluidic-thermal coupled analyses are used in obtaining the 

cooling efficiencies with different cooling structural 
parameters. The influential factors of the seven variables will 
be evaluated by decoupling their correlations based on the 
Taguchi analyses in Stage-I to pick out the most two 
interconnected ones for Stage-II analyses. 

IV. OPTIMIZATION STAGE I: TAGUCHI-BASED 

PRECONDITIONING PROCESS 

A. Comprehensive Simulations and Taguchi Analysis 

Based on the initial variables and their levels (5 variables 
with 4 levels and 2 variables with 2 levels) selected in Section 
III, an L16 (45×22) orthogonal table is established, as tabulated 
in Table II. Comprehensive fluidic-thermal calculations of the 
fluid flow and temperature coupled fields with the cooling 
structural parameters listed in the table are conducted. The 
calculated temperature rises (TR), airflow rates (qa), and the 
ratios of the airflow passing through the air gap (Ra) are also 
listed in Table II. As shown in the table, for the lines in which 
a certain variable is set to the same level (for example, the first 
4 lines with (A) hfin at level-I), the other variables will cover 
all possible levels, and every 2 lines are totally orthogonal to 
each other despite the same-leveled variable. Therefore, the 
approximate averaged characteristics with each variable level 
can be obtained, as illustrated in Fig. 4. The mean square 
errors of different optimization variables are computed based 
on the averaged values and are marked in the figure (for 
example, MAT means the mean square error of temperature rise 
for the variable (A) hfin, and MAQ is that of airflow rate for the 
variable (A)). 

TABLE II. L16 (45×22) ORTHOGONAL TABLE 

ID. (A) hfin (B) Nfin (C) hbaffle-L (D) wfan-R (E) wfan-L (F) hfan-L (G) Rfan TR qa Ra 

1 I I I I I I I 139.2 K 32.34 L/s 5.98 % 

2 I II II II II I II 133.3 K 31.54 L/s 8.96 % 

3 I III III III III II I 118.4 K 48.94 L/s 4.66 % 

4 I IV IV IV IV II II 114.7 K 52.80 L/s 5.11 % 

5 II I II III IV I I 118.3 K 58.93 L/s 4.13 % 

6 II II III IV I I II 118.6 K 66.13 L/s 1.50 % 

7 II III IV I II II I 139.7 K 36.85 L/s 0.76 % 

8 II IV I II III II II 118.6 K 47.16 L/s 4.75 % 

9 III I III IV II I I 116.4 K 74.08 L/s 2.54 % 

10 III II IV I III I II 138.5 K 44.02 L/s 0.29 % 

11 III III I II IV II I 126.5 K 53.21 L/s 0.31 % 

12 III IV II III I II II 113.2 K 59.46 L/s 3.53 % 

13 IV I IV II III I I 132.8 K 58.88 L/s 0.48 % 

14 IV II I III IV I II 115.0 K 68.89 L/s 2.69 % 

15 IV III II IV I II I 114.6 K 72.02 L/s 1.13 % 

16 IV IV III I II II II 129.0 K 44.57 L/s 0.89 % 

 

 
(a)                                                                               (b)                                                                               (c) 

 
(d)                                                                               (e)                                                                               (f) 

 
(g) 

Fig. 4.  The averaged temperature rise and airflow rate versus variable level, 

where (a) hfin, (b) Nfin, (c) hbaffle_L, (d) wfan_R, (e) wfan_L, (f) hfan_L, and (g) Rfan. 

 
 



 

 

B. Initial Optimized Results and Interconnected Variables 

1) Variance Analysis and Variable Classification 

As can be found in Fig. 5, the fan-right-part width ((D) 
wfan-R) has the most significant influence on both the 
temperature rise and the airflow rate. The temperature rise 
drops with the increased wfan-R, but the reduction rate saturates 
when the fan is wider than 25 mm, while the airflow rate is 
still climbing up. Since a larger airflow rate will cause an 
increased air frictional loss, (D) wfan-R is determined at level-
III (25 mm). The fan-left-baffle height ((C) hbaffle-L) represents 
the second most influential behavior on the motor temperature 
rise, and the values at 8 mm (level-II) and 16 mm (level-III) 
are preferable. The reason is that, when the baffle height gets 
elevated, the pumping power of the air fan gets larger to 
generate a more significant blowing effect. However, as the 
higher baffle will also cause a larger flow resistance, 
especially to the airflow through the air gap, the baffle with 
the height of 24 mm (level-IV) will in turn result in the 
reduction of both the cooling airflow rate and the cooling 
effect. Since the current leveling of hbaffle-L is relatively coarse 
(with doubled values (8 mm and 16 mm) between two 
adjacent levels), the fluidic-thermal characteristics with more 
levels between 8 mm and 16 mm will be comprehensively 
analyzed and discussed in part 2) of this section, after other 
parameters decided through Taguchi-based analyses. 

For the other variables in the air fan, the influential factor 
of the fan-left-part width ((E) wfan-L) on the temperature rise is 
the third largest, but the relationship is singular (the shortest 
and the longest ones are the preferable ones). The reason is 
that, when the wfan-L is getting larger, there will be a narrower 
gap between the rotating air fan and the stationary heat sink, 
resulting in fiercer vortexes. But when the fan-left-part width 
is at 17.5 mm (level-IV), the space between the air fan and the 
heat sink is too small to provide sufficient vortexes, and the 
air can flow fluently from the heat sink to the fan blades. As 
the aforementioned efforts are directly correlated with the fan-
left-part height ((F) hfan-L), although hfan-L itself represents 
monotonic properties with the temperature rise and the 
cooling airflow rate (the best at level-II, 37 mm), those two 
variables are strongly interconnected ones and are selected as 
the optimization variables in the next stage. For the fillet 
radius of the fan right baffle ((G) Rfan), as the temperature rise 
reduces with its increased value, the radius is decided at 25 
mm (level-II). 

For the heat sink parameters, the fin number ((B) Nfin) is 
preferable to be set to the largest value (level-IV, 11 fins), as 
the temperature rise is monotonically reduced with it due to 
the increased heat dissipation area. It should be mentioned that 
the largest cooling-fin number of 11 is restricted by the 
manufacturing requirements and a larger value will cause non-
processable too-narrow air vents. The fin height ((A) hfin) also 
shows monotonic characteristics with the two optimization 
objectives. But as the influential factor on the temperature rise 
is very small while that on the cooling flow rate is relatively 
large, fins with too large heights can only reduce the 
temperature slightly but caused a dramatic increase in the 
frictional loss. Therefore, its values will also be analyzed in 
part 2) of this section. 

2) Further Comparisons and Initially Optimized Result 

Based on the analyses in Part 1), the variables’ values 

determined by Taguchi-based analyses are listed in the “①” 

row of Table III. Among those variables, (A) hfin and (C) hbaffle-

L are further analyzed through comprehensive simulations in 

this part. For hfin, with the other variables set to the ①-row 

values in Table III, the value varies from 25 mm to 40 mm and 
is further comprehensively analyzed by fluidic-thermal 
coupled simulations, and the comparisons of the temperature 
rise distributions are shown in Fig. 5(a). As can be found from 
the figure, the motor temperature rise reduces with the 
increased hfin, but the reduction rate decreases when hfin is 
larger than 35 mm. Therefore, hfin is decided to be 35 mm in 
this part. With hfin set to 35 mm, the flow-temperature coupled 
fields of the machine with hbaffle-L at 8 mm, 10 mm, 12 mm, 14 
mm, and 16 mm are simulated and compared, as shown in Fig. 
5(b). Based on the simulation results, the 12 mm one is 
selected in this step. Through the comparisons between the 
comprehensive simulation results, the initial optimization 

results are determined and are listed in the “③” row of Table 

III, and the fluid flow and temperature rise fields with the 
optimized cooling structural parameters are illustrated in Fig. 
6. 

V. OPTIMIZATION STAGE II: LHS-RSM-COMBINED 

OPTIMIZATION PROCESS 

A. Latin Hypercube Sampling 

Based on the simulations and analyses in Stage-I, two very 
interconnected variables, wbaffle-L and hbaffle-L, are taken as the 
optimization variables in this stage. The first step in Stage-II 

TABLE III. INITIAL OPTIMIZED VARIABLE VALUES (WITH THE 

STAGE-I-DECIDED ONES MARKED BY RED AND THE INTERCONNECTED 

ONES MARKED BY BLUE) 

Variable 

① 

Output Result 

in Part 1) 

② 

Output Result 

in Part 2) 

③ 

Output Result 

in Stage-I 

(A) hfin 40 mm 35 mm 35 mm 

(B) Nfin 11 -- 11 

(C) hbaffle-L 8 mm 12 mm 12 mm 

(D) wfan-R 25 mm -- 25 mm 

(E) wfan-L 17.5 mm -- 17.5 mm 

(F) hfan_L 37 mm -- 37 mm 

(G) Rfan 25 mm -- 25 mm 

 

 

  
(a)                                                          (b) 

Fig. 5.  Temperature rise and airflow rate versus variable values in Part 2), 

where (a) hfin, and (b) hbaffle-L. 

 

 
Fig. 6.  Temperature rise and streamline distributions of the machine with 

the initially optimized parameters output in Stage-I. 
 



 

 

is to generate the sampling points in the ranges centered at 
their initial optimal values obtained in the former stage. 
However, it is worth noting that, for hbaffle-L, the initial 
optimized value occurs at 37 mm, but that for wbaffle-L locate at 
two distancing sizes, 10 mm and 17.5 mm, respectively. 
Therefore, the ranges for sampling are selected as: 

• (8.00 mm, 12.00 mm) plus (15.50 mm, 19.50 mm) for 
wfan-L. 

• (32.00 mm, 42.00 mm) for hfan-L. 

The LHS procedure shown in Fig. 1 is then conducted to 
generate the 10 sampling points, as shown in Fig. 7, where the 
red point illustrates the initial optimized value in Stage-I. The 
working performances with the sampling pointed structural 
parameters are also numerically investigated, and the results 
are tabulated in Table IV. 

B. Response Surface Modeling 

The 2D RSM surrogate model is employed in interpolating 
the relationship between the motor temperature rise and the 
two variables: 
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where C1, C2, C3, C4, and C5 are coefficients with their values 
interpolated based on the results in Table IV. The obtained 
coefficients are listed in Table V. 

C. Finally Optimized Parameters and Comparisons 

Based on the surrogate model formulated in (1), the 
minimum temperature rise can only occur at the stationary 
point of the model as: 
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As the second-order partial derivative can obey: 
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And: 

 
Fig. 7.  LHS sampling points. 

TABLE IV. FLUIDIC-THERMAL CHARACTERISTICS WITH THE 

SAMPLING POINTS 

ID. wfan-L hfan-L TR qa 

Initial 17.50 mm 37.00 mm 111.2 K 61.44 L/s 

1 9.80 mm 35.16 mm 113.6 K 59.44 L/s 

2 9.40 mm 40.75 mm 115.4 K 59.74 L/s 

3 18.30 mm 39.19 mm 111.8 K 60.87 L/s 

4 18.94 mm 33.76 mm 112.6 K 62.55 L/s 

5 8.09 mm 32.07 mm 115.5 K 58.17 L/s 

6 11.23 mm 37.65 mm 113.8 K 60.21 L/s 

7 10.76 mm 41.80 mm 113.6 K 60.77 L/s 

8 16.19 mm 36.75 mm 111.1 K 61.00 L/s 

9 16.98 mm 38.38 mm 112.1 K 60.99 L/s 

10 17.69 mm 34.53 mm 113.9 K 62.25 L/s 

TABLE V. INTERPOLATED RSM COEFFICIENTS 

Parameter C0 C1 C2 

Value 127.97723 -0.67001 -0.45094 

Parameter C3 C4 C5 

Value 0.06165 0.01202 -0.03556 

 

 

 

TABLE VI. FINALLY OPTIMIZED RESULT OUTPUTTED 

Variable Value TR qa 

(A) hfin 35.00 mm 

109.7 K 61.55 L/s 

(B) Nfin 11 

(C) hbaffle-L 12.00 mm 

(D) wfan-R 25.00 mm 

(E) wfan-L 18.91 mm 

(F) hfan_L 46.72 mm 

(G) Rfan 25.00 mm 

 

 
Fig. 8.  Temperature rise and streamline distributions of the machine with the 
initially optimized parameters output in Stage-II. 
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Therefore, the temperature rise with the cooling structural 
parameters at the stationary point can reach the minimum 
value. The final optimized cooling structural parameters are 
listed in Table VI, and the fluidic-thermal characteristics of 
the machine with the optimized ventilation structure are 
illustrated in Fig. 8. The machine’s temperature rises at 
different optimization steps are compared to validate the 
effectiveness of the proposed methodologies, and the 
comparisons are listed in Table VII. 

VI. CONCLUSION 

In this paper, an efficient Taguchi-LHS-RSM combined 
method for the design optimization of self-ventilation systems 
for PMSMs is proposed. The method can be generally divided 
into two stages, in the first stage, the Taguchi method is 
employed with fluidic-thermal simulations to determine the 
initially optimized values of the cooling structural variables, 
and the most interconnected variables are selected and utilized 
in the next stage. In Stage-II, the LHS points are generated 
with the interconnected variable space centered at the initially 
optimized values in Stage-I. The RSM surrogate model is then 
established based on the LHS points with the fluid flow and 
thermal characteristics analyzed through CFD simulations. 
The final optimized values are obtained based on the 
analytical analysis of the RSM model. The proposed method 
is employed in finding the optimal design of the self-
ventilation system for an outer rotor PMSM prototype, and the 
effectiveness of the methodology is validated by comparing 
the results at different optimization stages. 
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TABLE VII. COMPARISONS BETWEEN OPTIMIZED RESULTS IN 

EACH STEP 

Steps 
Before 

Optimization 

Part 1) of 

Stage-I 

Part 2) of 

Stage-I 

Output of 

Stage-II 

TR 139.2 K 112.8 K 111.2 K 109.7 K 

QA 32.34 L/s 65.50 L/s 61.44 L/s 61.55 L/s 

 

 


