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Intuitive interpretation of the results from multi- objective 
numerical optimization of magnetically non-linear electrical 
machines is very challenging. The resulting designs are typically 
used “as they are” or tuned by trial and error, due to  lack of 
deeper understanding needed for the tuning in the multi- 
objective Optimum Design Space (ODS). The results consisting 
of large sets of generic and optimum designs contain invaluable 
information on the emerging design rules. We recommend causal 
correlation analysis for design rule extraction. 
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I Motivation for Causal Optimization and AI 
 
Multi-objective optimization – such as genetic optimization or machine learning – 
for design work typically results in a black box type solution including large sets of 
optimum and not so optimum design data. While such results can be utilized directly 
by the designers, sometimes there rises the need to explain them deeper and to 
provide a more straightforward interpretation and wiser utilization. This can be seen 
as an attempt to discover the design rules inside the optimum design space (ODS), 
an approach commonly used in engineering. 
 
Prior work published by the authors demonstrated the powerful capabilities of causal 
correlation fingerprinting which can provide insight into large datasets in a 
straightforward manner.[1] In this paper we introduce some approaches how design 
rules for electrical machines – a nonlinear magnetic problem – can be extracted by 
causal correlation analysis of the large sets of data coming from multi- objective 
optimization.  
 
The example here is the design and optimization of magnet shapes with multi-
objective goals, where part of the goals is the reduction of load torque harmonics, 
similarly as described in an ABB patent.[2] The methods proposed in this paper 
point toward an automated extraction of the relevant design rules in an optimized 
design space, for nonlinear magnetic problems by utilizing causal correlation 
analysis.  
 
The causal correlations in the computed datasets are investigated by two approaches. 
One involves statistical causal analysis [2] and the other has been based on 
observation of the statistical correlations between variables. Our goal is to extract 
design rules how to reduce torque harmonics (TTHD) while remaining in the multi-
objective design space. (ODS) For this analysis we separated the datasets into all 
computed designs and another including optimum designs in the pareto optimal 
front only. 
 
The computations for the multi-objective optimization have been performed by 2D 
FEM analysis of the electrical machine designs considering nonlinear 
electromagnetics.  
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II Demonstration Case: Design Optimization of Permanent Magnet 
Generators 

 
An industrially relevant case of electrical machine design optimization is the shaping 
of the permanent magnets in a rotor to reduce cogging torque and load torque 
harmonics. An ABB patent available publicly describes a magnet shape for such 
purpose and how design parameters affect these harmonics [2]. Such conclusions 
have been reached by the engineers going through the computed data and looking 
for correlations between design parameters and their effects on the performance. 
Fig 1 shows a picture form the patent describing the four design variables: B1 and 
H1 describing the total width and height of the magnet block respectively while B2 
and H2 are associated with the width and height of the trapezoidal upper part of the 
magnet. 
 

 
 
 

Figure 1: Shaped permanent magnet design with four design parameters. 
 
Fig. 2 shows the dependence of cogging torque and load torque harmonics on the 
design parameters H2. Similar figures for the other design parameters are also 
described in the patent. 
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Figure  2: The effect of H2 vs cogging torque (70) and load torque harmonics (72) as 
described in the patent. 

 
The challenge grows when multi-objective optimization is required. G.O. provides 
a set of designs for multi-objective goals but by default does not provide the clues 
to make new optimum designs, just offers to pick some from the pareto optimal 
front.  Hence tuning the designs on the pareto optimal front and to find traditional 
design rule type correlations still requires time consuming, complex analysis of large 
amounts of data. The method proposed next provides support to assist and 
automate that creative work. 
 
III Design Rule Extraction by Causal Correlation Analysis 
 
Genetic optimization (GO) results not only in the pareto optimal front for 
recommended designs but also a large set of design variations in several generations 
of the optimization. These designs evolve according during genetic optimization, 
and we can observe how design parameters behave compared to performance 
parameters and in relation to each other. The relationship between design 
parameters can be seen as design rules and can be extracted by causal correlation 
analysis.  
 
The correlation matrices between design parameters and TTHD for all designs in 
the optimization and for designs only existing in the ODS and their difference are 
shown in Fig.3.   
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All designs in optimization:  
 

 
 
Optimized Design Space (ODS):  
 

 
 
Difference: 
 

 
 
Fig. 3. The effect of the four design parameters on TTHD and on each other. Results 
from all designs are on the top and optimum designs on the pareto optimal front are 
in the middle, and their difference is in the bottom. 
 
The causal analysis of the same datasets evolving from all designs to the ODS shown 
in Table I. Relevant causal correlations disappearing from all designs towards ODS 
are indicated in bold on the left and relevant correlations for the design rules in the 
ODS are indicated with bold on the right. 
 
From these two approaches we can conclude that the highest causal correlations are 
between TTHD and design parameters B2 and H1 in the ODS and it is different for 
the “All designs”.  
 
From the signs of the correlations one can extract a basic design rule to increase H1 
and reduce B2 to reduce TTHD while remaining in the design space because H1 
and B2 are also negatively causally correlated to each other in the ODS.  

B1 H1 B2 H2 TTHD
B1 1 -1
H1 -0.35131 1
B2 -0.43703 0.071128 1
H2 -0.37122 0.563094 0.38699 1
TTHD -0.4294 -0.03804 0.735515 0.27558 1

B1 H1 B2 H2 TTHD
B1 1 -1
H1 0.147472 1
B2 -0.58066 -0.54735 1
H2 0.081175 0.342762 0.031959 1
TTHD -0.54935 -0.71011 0.864227 -0.27034 1

B1 H1 B2 H2 TTHD
B1 0 0 0 1 -1
H1 0.498778 0 0 0 0
B2 -0.14363 -0.61848 0 0 0
H2 0.452392 -0.22033 -0.35503 0 0
TTHD -0.11995 -0.67207 0.128712 -0.54592 0
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The correlation between H1 and B1 dropped to statistically insignificant levels in the 
ODS. Correlation between H1 and H2 is slightly positive so increasing H1 and 
slightly increasing H2 can be a design alternative as correlation between H2 and 
TTHD is also negative in the ODS. Another alternative could be to increase B1 also 
independently or with reducing B2 based on similar logic.  
 

Table 1: Causal Correlation Analysis of All designs and the Optima 
 

All designs:  
 
Causal Correlations:  
 
Might be causal correlation: 
TTHD o--> B1 
B2 o--> H1 
H2 o--> H1 
B2 o--> B1 
H2 o--> B1 
TTHD o--> H1 
 
Seen as the Same phenomenon  
B1 o--o H1 
B2 o--o TTHD 
     B2 o--o H1 

Designs on Pareto front: 
 
Causal 
Correlations:  
H1 ---> H2 
 
Might be causal correlation: 
TTHD o--> B1 
TTHD o--> H1 
B2 o--> H1 
 
 
 
Seen as the Same phenomenon: 
    B2 o--o TTHD 
 

 
We can also study the causal correlations between actual values of the design 
variables and the performance parameters. In Fig. 4 we show how some of the 
concrete design parameter values correlate with low toque harmonic content within 
the ODS. This confirms the design rule on H1 above also. This approach will be 
explored further in the extended paper. 
 

 
 

B1        H1                           B2                  H2 
 

Figure 4: The correlation of the four design parameters values with TTHD and each other in 
the ODS. The circled areas of the optimum values show strong negative correlation with 

TTHD in the bottom row. B1, B2, H2 have sharp optimum ranges while H1 is more spread 
out. 
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-0.02343 -0.00908 -0.10277 0.273905 0.043343 -0.043055 -0.01674 -0.01894 -0.0088 -0.00556 -0.00964 -0.00964 -0.02602 -0.03189 -0.02015 -0.01852 -0.01765 -0.0334 -0.02602 -0.03364 -0.0088 -0.02752 -0.01976 -0.03578 -0.02693 -0.01894 -0.03532 -0.03137 -0.01626 -0.01674 -0.03315 -0.0281 -0.02274 -0.0088 -0.05069 0.495644 0.140641 -0.06379 -0.03111 -0.0329 0.027827 -0.04345 -0.05174 -0.02781 0.278471 -0.0446 -0.02203 0.030793 -0.02015 -0.03715 -0.02443 -0.01113 -0.05708 -0.01935 -0.03005 -0.03804 -0.00393 -0.01809 -0.05724 -0.03315 -0.02602 -0.01365 -0.17195 -0.04144 -0.00681 -0.05995 -0.03189 -0.05445 -0.01577 -0.03163 -0.03461 -0.04745 -0.02443 -0.01577 1
-0.00264 -0.02524 -0.01159 -0.00432 -0.00499 -0.004856 0.234813 -0.00214 -0.00099 -0.00063 -0.00109 -0.00109 -0.00293 -0.0036 -0.00227 -0.00209 -0.00199 -0.00377 -0.00293 -0.00379 -0.00099 -0.0031 -0.00223 -0.00404 -0.00304 -0.00214 -0.00398 -0.00354 -0.00183 -0.00189 -0.00374 -0.00317 -0.00256 -0.00099 -0.00572 -0.00434 -0.00707 0.061611 -0.00351 -0.00371 -0.00568 -0.0049 -0.00584 -0.00314 0.059653 -0.01844 -0.00248 -0.00554 -0.00227 -0.00419 -0.00276 -0.00126 -0.00644 -0.00218 -0.00339 -0.00429 -0.00044 -0.00204 -0.00646 -0.00374 -0.00293 -0.00154 -0.01939 -0.00467 -0.00077 -0.00676 -0.0036 -0.00614 -0.00178 -0.00357 -0.0039 -0.00535 -0.00276 -0.00178 -0.00393 1
-0.00992 -0.09472 -0.0435 -0.01619 -0.01872 -0.018222 -0.00708 0.778623 -0.00372 -0.00235 -0.00408 -0.00408 -0.01101 -0.0135 -0.00853 -0.00784 -0.00747 -0.01413 -0.01101 -0.01424 -0.00372 -0.01165 -0.00836 -0.01514 -0.0114 -0.00802 -0.01495 -0.01328 -0.00688 -0.00708 -0.01403 -0.01189 -0.00962 -0.00372 -0.02145 -0.01629 -0.02655 0.231194 -0.01317 -0.01392 -0.0213 -0.01839 -0.0219 -0.01177 -0.02788 -0.06921 -0.00932 -0.02078 -0.00853 -0.01572 -0.01034 -0.00471 -0.02416 -0.00819 -0.01272 0.387666 -0.00166 -0.00766 -0.02423 -0.01403 -0.01101 -0.00578 -0.07277 -0.01754 -0.00288 -0.02537 -0.0135 -0.02305 -0.00668 -0.01339 -0.01465 -0.02008 -0.01034 -0.00668 -0.01475 -0.00166 1
-0.02343 -0.12393 0.182091 -0.03826 0.032395 -0.043055 -0.01674 -0.01894 -0.0088 -0.00556 -0.00964 -0.00964 -0.02602 -0.03189 -0.02015 -0.01852 -0.01765 -0.0334 -0.02602 -0.03364 -0.0088 -0.02752 -0.01976 -0.03578 -0.02693 -0.01894 -0.03532 -0.03137 -0.01626 -0.01674 -0.03315 -0.0281 -0.02274 -0.0088 -0.01184 0.570173 0.099967 -0.03971 -0.03111 -0.0329 -0.05034 -0.04345 -0.05174 -0.02781 -0.06588 -0.14866 -0.02203 -0.04909 -0.02015 -0.03715 -0.02443 -0.01113 0.373305 -0.01935 -0.03005 0.012169 -0.00393 0.493569 -0.05724 -0.03315 -0.02602 -0.01365 -0.17195 -0.04144 -0.00681 -0.05995 -0.03189 -0.05445 -0.01577 -0.03163 -0.03461 -0.04745 -0.02443 -0.01577 -0.03485 -0.00393 -0.01475 1
-0.02881 -0.08937 -0.1264 -0.04706 -0.0544 0.577899 -0.02058 -0.02329 -0.01082 -0.00684 -0.01185 -0.01185 -0.03199 -0.03922 -0.02478 -0.02278 -0.02171 -0.04107 -0.03199 -0.04137 -0.01082 -0.03384 -0.0243 -0.04401 -0.03311 -0.02329 -0.04344 -0.03858 -0.02 -0.02058 -0.04077 -0.03455 -0.02797 -0.01082 -0.06234 -0.04733 -0.07715 -0.07845 -0.03826 0.767723 0.067401 -0.05344 0.165285 -0.0342 -0.08103 -0.20111 -0.02709 -0.06038 -0.02478 -0.04569 -0.03004 -0.01369 0.140488 -0.0238 -0.03695 -0.04679 -0.00483 -0.02225 0.538447 -0.04077 -0.03199 -0.01678 -0.21147 -0.05096 -0.00838 -0.07373 -0.03922 -0.06697 -0.0194 -0.0389 -0.04256 -0.05836 -0.03004 -0.0194 -0.04286 -0.00483 -0.01814 -0.04286 1

-0.0106 -0.1013 -0.04652 0.412238 -0.02002 -0.019489 -0.00758 -0.00857 -0.00398 -0.00252 -0.00436 -0.00436 -0.01178 -0.01443 -0.00912 -0.00838 -0.00799 -0.01512 -0.01178 -0.01523 -0.00398 -0.01246 -0.00894 -0.0162 -0.01219 -0.00857 -0.01599 -0.0142 -0.00736 -0.00758 -0.01501 -0.01272 -0.01029 -0.00398 -0.02295 -0.01742 -0.02839 -0.02887 -0.01408 -0.01489 0.31334 -0.01967 -0.02342 -0.01259 -0.02982 -0.07402 -0.00997 -0.02222 -0.00912 -0.01682 -0.01106 -0.00504 -0.02584 -0.00876 -0.0136 -0.01722 -0.00178 -0.00819 -0.02591 -0.01501 0.606308 -0.00618 -0.07783 -0.01876 -0.00308 -0.02713 -0.01443 -0.02465 -0.00714 -0.01432 -0.01567 -0.02148 -0.01106 -0.00714 -0.01577 -0.00178 -0.00668 -0.01577 -0.0194 1
-0.007 -0.06687 -0.03071 -0.01143 0.23538 -0.012865 -0.005 -0.00566 -0.00263 -0.00166 -0.00288 -0.00288 -0.00777 -0.00953 -0.00602 -0.00553 -0.00527 -0.00998 -0.00777 -0.01005 -0.00263 -0.00822 -0.0059 -0.01069 -0.00805 -0.00566 -0.01055 -0.00937 -0.00486 -0.005 -0.00991 -0.0084 -0.00679 -0.00263 -0.01515 -0.0115 -0.01874 0.163224 -0.0093 -0.00983 -0.01504 -0.01298 -0.01546 -0.00831 -0.01969 -0.04886 -0.00658 -0.01467 -0.00602 -0.0111 0.426231 -0.00333 -0.01706 -0.00578 -0.00898 -0.01137 -0.00117 -0.00541 -0.0171 -0.00991 -0.00777 -0.00408 -0.05138 -0.01238 -0.00203 -0.01791 -0.00953 -0.01627 -0.00471 -0.00945 -0.01034 -0.01418 -0.0073 -0.00471 -0.01041 -0.00117 -0.00441 -0.01041 -0.01281 -0.00471 1

0.056149 -0.3919 0.032899 0.30878 0.219499 0.215862 0.037163 0.113168 0.041648 -0.0247 -0.02872 0.048598 -0.11562 -0.11192 -0.08923 -0.08193 -0.078 -0.14515 -0.11343 -0.14814 0.030759 -0.12079 -0.05027 -0.10898 -0.06219 -0.08265 -0.13408 -0.11784 -0.07043 -0.0717 -0.05989 -0.06479 -0.09249 0.104561 -0.12551 0.407518 0.111528 -0.00382 -0.13041 0.342771 0.356254 -0.12566 0.188958 0.240432 0.072632 -0.62952 0.254916 -0.06875 0.048185 -0.12939 0.23728 0.006879 0.202681 0.209391 0.167572 0.051052 0.050403 0.054946 0.410065 0.050421 0.151918 0.071656 -0.52815 -0.04566 0.066754 -0.15357 0.100145 0.036929 0.070541 0.101633 0.14427 0.047566 -0.07415 0.154644 0.383454 0.05208 0.152513 0.23298 0.344189 0.188849 0.087695 1
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Utilizing causal correlation analysis between design values and performance variables 
opens new opportunities. We can also study and identify the causal correlations 
between values ranges of the design variables and establish design rules easier. 
 
IV Conclusions  
 
The above example demonstrates the powerful potential of causal correlation 
analysis for design rule extraction from large electromagnetic computational 
datasets. The extended paper will elaborate deeper on causal correlation analysis of 
design parameter value ranges on performance parameters in the ODS. 
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