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Abstract 

In dynamic-drive tests on electric motors, the 

dynamometer has a key role. An AC dynamometer has 

advantages such as higher dynamics, efficiency, and 

reliability among the other categories like eddy current 

brake. Since the accuracy of measurement in dynamic 

tests has a high dependency on the AC dynamometer's 

operating condition, proposing an electric motor with 

advantages including high efficiency, high safety factor, 

low vibration, and low noise is a big concern. 

Accordingly, a multi-objective (electrically and 

mechanically) and multi-level (geometry and drive) 

design is the aim of this study. An Interior Permanent 

Magnet Synchronous Motor (IPMSM) is the case study. 

Through surrogate modeling and Particle Swarm 

Optimization (PSO) algorithm (more time-efficient and 

accurate than classic algorithms), the final design is 

suggested. Finally, comparing the initial and final 

designs will show the fulfillment of all objectives, 

mechanically and electrically. 
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Introduction 

A necessary stage after designing an electric motor is a 

dynamic-drive test (Besides the static-drive test) through 

dynamometer systems. The above tests give a vision of 

operating conditions, leading to higher-quality 

manufacturing. On the contrary, a lack of dynamic tests 

might lead to severe damage. Dynamometer contains an 

electric machine or a brake structure, while its axis has a 

coupling connection with the under-test motor as a load, as 

shown in Figure. 1 (Different operating regime). Due to the 

complexity of industry loads, break-structure dynamometers, 

such as eddy current brakes, cannot give satisfactory 

accuracy, thermal stability, low inertia, and reliability [1]. 

Accordingly, AC dynamometers (with an electric machine) 

are paying attention. The used electric machine in AC 

dynamometers is usually categorized into two groups: 

Induction Machines (IMs) and Permanent Magnet Machines 

(PMMs), which act in motor or generator operating modes.  

One of the highlight merits of AC dynamometer over 

brake structures is negligible energy loss [2]. In brake 

structure, a mighty energy loss is through heat, whereas 

energy wasting is significantly lower in AC dynamometer 

systems owing to energy reversing to the grid (using 

inverters). Based on the advantages of an AC dynamometer, 

the electric motor must have, on the one hand, low inertia, 

low Torque Ripple (𝑻𝒓𝒊𝒑𝒑𝒍𝒆) and Cogging Torque 

(𝑻𝒄𝒐𝒈𝒈𝒊𝒏𝒈), high efficiency, and high Maximum Torque 

(𝑻𝒎𝒂𝒙). On the other, it is a measurement tool which low 

lateral vibration, low noise, high stiffness, and high safety 

factor that are a necessity. The IMs have low dynamic and 

complexity in the control algorithm, leading to more 

attention to PMMs [3]. PMSMs are categorized based on 

how implementing Permanent Magnets (PMs) into Interior 

PM (IPM) and Surface PM (SPM). As shown in Figure. 2, 

the first has the benefit of Reluctance Torque (𝑻𝒓𝒆𝒍𝒖𝒄𝒕𝒂𝒏𝒄𝒆)  

along with Electromagnetic Torque (𝑻𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒎𝒂𝒈𝒏𝒆𝒕𝒊𝒄), 

leading to higher 𝑻𝒎𝒂𝒙. On the other hand, SPM has lower 

𝑻𝒓𝒊𝒑𝒑𝒍𝒆. Moreover, IPM has no thin fiber to restrain 

centrifugal force [4]. So, in this study, IPM is the regarded 

geometry.   

According to the diversity in electric motor usage, the 

possibility of proposing a generalized geometry to meet 

all constraints and objectives is near zero. i.e., in an AC 

dynamometer, both objectives, electrically and 

mechanically, must be regarded, which initial designs 

cannot give them simultaneously. This fact is a testimony 

for requiring optimization. Although numerous designs 

were suggested optimally on IPMs [5], [6], each has a 

deficiency, such as neglecting the effect of the rotor or 

stator, not considering the mechanical objectives, and not 

 
(a)                                 (b) 

Figure 1. Schematic of test bench with employing AC 

dynamometer: (a) motor under test (b) load machine. 

 
Figure 2. Comparing the Torque between IPMSM and SMPMSM. 
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investigating the effect of drive level. Besides all the 

above, proposing a geometry with the lowest design time 

and highest accuracy is a big honor, which surrogate 

modeling gives (contrary to classic algorithms).  

In the following study, after introducing the regarded 

IPM as the case study, the methodology of the suggested 

multi-objective multi-level design will be given 

comprehensively. Finally, comparing the initial and final 

designs will show the fulfillment of all objectives, 

mechanically and electrically. 

 

Case Study 
By taking advantage of design guidelines in [7], the initial 

design will be yielded. It must be highlighted that this 

electric motor is for use in AC dynamometers, so 

considering some of the constraints, even in the initial 

design, is mandatory. i.e., a higher ratio of motor length 

to Pole Pitch in order to have lower inertia. Moreover, the 

employed winding configuration is Distributed. So, owing 

to its mitigation effect on coil Pitch, the short type will be 

regarded, where the short Pitch coil will mitigate high-

order stator harmonics [8]. The technical data of the initial 

design is given in Table 1. The topology of the initial 

design is displayed in Figure. 3.  

 

Multi-objective and Multi-level Optimization 

In this study, through surrogate modeling besides Particle 

Swarm Optimization (PSO) algorithm, our multi-

objective and multi-level (geometry and drive levels) 

design will be yielded. Accordingly, six objectives are 

regarded to reach the best geometry, mechanically and 

electrically, including 𝑻𝒓𝒊𝒑𝒑𝒍𝒆, 𝑻𝒎𝒂𝒙, efficiency, safety 

factor, Average and Maximum of lateral vibration 

(Displacement). In Figure. 4, the methodology of multi-

level multi-objective optimization is shown. Details of 

each level and its objectives are as below: 

 

A. Geometry Level 

In the beginning, the geometry level and its objectives will 

be investigated comprehensively to get the best design in 

the rotor and stator geometrically.  

 

A.1. Sensitivity Analysis  

It is mandatory that using sensitivity analysis (as 

displayed in Figure. 5) to recognize the most effective 

design variables (in Figure. 6 and Table 2) on motor 

operating conditions. One of the great challenges in motor 

design is geometry errors, which using variables in ratio 

format can overcome it appropriately. i.e., slot ratio.  

 

A.2. Surrogate Model and Design of Experiment 

(DOE) 

According to numerous designs and objectives, Time-

stepping Finite Element Analysis (TSFEA) will be 

significantly time-consuming. So, using surrogate 

modeling can facilitate this aim. Since the accuracy of 

surrogate modeling has a high dependency on the number 

of designs, the Latin Hypercubes (LHS) is the chosen 

sampling methodology owing to its merits, as written in 

[9]. After providing a satisfactory DOE (about 1700 

designs), training the six accurate Surrogate Models 

(SMs) as the connection between geometry and objective 

is the next stage. The Anisotropic Kriging (advantageous 

in local non-linear modeling) is the employed algorithm 

for surrogate modeling, where the train and test data sets 

are %80 and %20 of DOE, respectively.  

It is necessary that the accuracy of SMs must be 

investigated, which Mean Normalized Error (MNE) and 

𝑹𝟐 score are as its metrics. Whatever the MNE is closer 

to zero and 𝑹𝟐 is almost near to one, the accuracy is 

higher. In Table 3, assessment of the SMs is shown. 

Higher accuracy brings the expectancy of more similarity 

between the algorithm results and TSFEA.  

 

A.3. PSO Algorithm 

The final stage is the PSO algorithm [10], which has 

advantages such as the ability to global search and high-

accurate designs. Its how-working flowchart is displayed 

in Figure. 7. The termination criterion in this study is the 

number of generations (10000). Between 10000 designs, 

219 designs don’t meet the objective constraints 

(Unfeasible). Additionally, 1226 designs were recognized 

as Pareto front. In order to find the best design, a metric 

Table 1 

Technical design data of the initial design 

Designed Parameters Unit Value 

Number of Phases - 3 

Number of Poles - 8 

Phase Advance  Elec Deg 45 

Air Gap mm 0.55 

Coil Pitch  5 

Copper Slot Fill Factor  0.41 

Hard Magnet  - N42SH 

Soft Magnet  M250-35A 

  
Figure 3. Topology of the designed IPMSM. 

 
Figure 4. The methodology of multi-level multi-objective 

optimization. 
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must be written (𝑭𝒎𝒊𝒏) which considers the objectives 

simultaneously, according to the weighting coefficients of 

each, as shown in (1). Choosing the weighting coefficients 

has a dependency on effectiveness, where safety factor 

and 𝑻𝒓𝒊𝒑𝒑𝒍𝒆 are our nominators for the highest 

coefficients. According to 𝑭𝒎𝒊𝒏 (in Figure. 8), the ID 

design of 5491 is the best geometry, where the status of 

the geometry variables in this design is shown in Table 4. 

 

B. Drive Level 

Besides the motor geometry, drive control has a 

significant role in 𝑻𝒓𝒊𝒑𝒑𝒍𝒆, which shows the necessity of 

multi-level designs (drive level after geometry level). This 

study tries to reach a smoother 𝑻𝒓𝒊𝒑𝒑𝒍𝒆 through changing 

the Phase Advance in the drive system (as shown in 

Figure. 9). The sensitivity analysis endorses the effect of 

Phase Advance only on 𝑻𝒓𝒊𝒑𝒑𝒍𝒆 not the other objectives. 

Procedure of optimizing drive level is analogous to 

geometry level. 

 

C. Verifying with FEA  

It is mandatory that the suggested design in view of 

geometry and Phase Advance (33.13°) be verified through 

TSFEA. In Table 5, the good agreement between PSO 

results and TSFEA is shown. 

 

Performance Assessment 

After verifying the final design through TSFEA, 

assessment its operating conditions, electrically and 

mechanically, is the end task as an engineer.  

 

 
Figure 5. Sensitivity analysis on Torque Ripple and safety factor. 

 
Figure 6. Geometry guide for design variables. 

 

Table 2 
Variables of the geometry-level optimization 

Optimization Variables Unit Min Max 

L1Bridge Thickness mm 2.5 8.0 

L1 Magnet Thickness mm 1.0 3 

L1 Pole V Angle MDeg 95 150 

Stator Skew MDeg 2.5 7.25 

L1 Web Thickness Ratio 0.1 0.9 

L1 Pole Arc Ratio 0.7 0.9 

Slot Depth Ratio 0.66* 0.8 

* Considering the maximum slot fill factor of about %50. 
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𝐹𝑚𝑖𝑛 = 𝑐1 ×
𝐼𝑛𝑡𝑖𝑎𝑙 𝑀𝑎𝑥𝑖𝑚𝑢𝑚𝑇𝑜𝑟𝑞𝑢𝑒 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑇𝑜𝑟𝑞𝑢𝑒 
+ 𝑐2 ×

𝑅𝑜𝑡𝑜𝑟 𝐿𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝐴𝑣𝑒𝑟𝑎𝑔𝑒

𝐼𝑛𝑡𝑖𝑎𝑙 𝑅𝑜𝑡𝑜𝑟 𝐿𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝐴𝑣𝑒𝑟𝑎𝑔𝑒
+ 𝑐3 ×

𝑅𝑜𝑡𝑜𝑟 𝐿𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑀𝑎𝑥

𝐼𝑛𝑡𝑖𝑎𝑙 𝑅𝑜𝑡𝑜𝑟_𝐿𝑎𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛_𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡_𝑀𝑎𝑥
+ 𝑐4 ×

𝐼𝑛𝑡𝑖𝑎𝑙 𝑆𝑎𝑓𝑒𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟

 𝑆𝑎𝑓𝑒𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟
+ 𝑐5 ×

𝐼𝑛𝑡𝑖𝑎𝑙 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
+ 𝑐6 ×

𝑇𝑜𝑟𝑞𝑢𝑒 𝑅𝑖𝑝𝑝𝑙𝑒

𝐼𝑛𝑡𝑖𝑎𝑙 𝑇𝑜𝑟𝑞𝑢𝑒 𝑅𝑖𝑝𝑝𝑙𝑒
  

 

(1) 

 

Table 3 
Accuracy assessment of the trained Surrogate Models 

Objective and Constraint MNE 𝑅2 

Maximum torque 0.004 1 

System efficiency 0.005 9.99e-1 

Torque ripple 0.041 9.61e-1 

Rotor Lamination displacement 

average 
0.003 1 

Rotor Lamination displacement  

max 
0.001 1 

Safety factor 0.044 9.31e-1 

 

 
Figure 7. Flowchart of the PSO algorithm. 
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A. Electrical Characteristics 

Comparing the electrical characteristics between the 

initial and final geometry shows that tangential flux 

density of air-gap has become sinusoidally, and its 

maximum has become lower. Moreover, improving 

𝑻𝒓𝒊𝒑𝒑𝒍𝒆 and 𝑻𝒄𝒐𝒈𝒈𝒊𝒏𝒈, %80 and %91, respectively, are the 

other significant effect of the suggested geometry. 

Reducing the 𝑻𝒎𝒂𝒙 is negligible. In Figure. 10, 𝑻𝒓𝒊𝒑𝒑𝒍𝒆, 

𝑻𝒄𝒐𝒈𝒈𝒊𝒏𝒈, and tangential flux density of air-gap are shown, 

which are the most effective electrical characteristics in 

the dynamometer. Additionally, efficiency is higher than 

%95, which is satisfactory. 

 

B. Mechanical Characteristics 

Mechanical analysis is one of the most necessary 

investigations in the electric motors field, especially the 

AC dynamometer (which has a significant effect on 

dynamic drive tests). Accordingly, our analysis shows 

that the suggested geometry has lower mass, 𝑻𝒓𝒊𝒑𝒑𝒍𝒆, and 

consequently lower stress (analysis on the rotor as the load 

carrier). On the other hand, according to the yield stress 

similarity in both geometry (initial and final designs), the 

suggested design gives a higher safety factor.  

Since the force on the rotor body has a dependency on 

angular velocity and mass (𝒎𝝎𝟐𝒆 𝒄𝒐𝒔 𝝎 𝒕) [11], 

improving 𝑻𝒓𝒊𝒑𝒑𝒍𝒆 and lower mass leads to lower force. 

So, based on the stiffness, lower force in the same material 

brings lower lateral vibration and noise [12], as shown in 

Table 6 and Figure. 11. Besides lateral vibration, the 

lateral natural frequency is the other significant subject, 

effective in operating conditions and angular velocity. 

Accordingly, the redline of the initial design is in 5500 

rpm, 7800 rpm, and 9800 rpm, which in the final design 

is only in 8800 rpm. 

 

Conclusion 

In this study, proposing an IPM to use in AC 

dynamometers was regarded, which meets the constraints, 

mechanically and electrically. Based on the best 

knowledge of authors, previously, IPM was not designed 

 
Figure 8. Fmin in generations of PSO algorithm (for brevity, it is 
shown just for safety factor). 

 

Table 4 
Design variables after the geometry-level optimization 

Optimization Variables Unit Value 

L1Bridge Thickness mm 2.9013 

L1 Magnet Thickness mm 2.2819 

L1 Pole V Angle MDeg 149.3737 

Stator Skew MDeg 7.25 

L1 Web Thickness Ratio 0.461 

L1 Pole Arc Ratio 0.8268 

Slot Depth Ratio 0.66 

 

 
Figure 9. Concept of Phase Advance in the d-q reference frame. 

 
Table 5 

Comparing the PSO results and TSFEM (verifying) 

Optimization Objective Unit 
Value 

 
Algorithm FEM 

Maximum torque Nm 122.5 122.6  

System efficiency % 96.2 96.2  

Torque ripple % 6.1 6.2  

Rotor Lamination displacement 

Average 
mm 0.0003 0.0003  

Rotor Lamination displacement 

Maximum 
mm 0.0004 0.0004  

Safety factor Ratio 94.5 94  
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Figure 10. Comparing the initial and final designs. 
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to use in dynamometer. Accordingly, the redesign 

objectives are low 𝑻𝒓𝒊𝒑𝒑𝒍𝒆, low 𝑻𝒄𝒐𝒈𝒈𝒊𝒏𝒈, low inertia, low 

lateral vibrations, low noise, high efficiency, and high 

safety factor. A delta-type IPM was the case study. 

Through surrogate modeling (time-efficient and accurate 

according to MNE and 𝑹𝟐 metrics) along with the PSO 

algorithm, the final design was suggested, which has 

merits (as displayed in Figure. 12) such as lower 𝑻𝒓𝒊𝒑𝒑𝒍𝒆 

(%79.75), low 𝑻𝒄𝒐𝒈𝒈𝒊𝒏𝒈 (%95), lower lateral vibrations 

(%47.43 in average and %83.55 in maximum), and higher 

safety factor (%473.68). Moreover, increasing the angular 

velocity and decreasing the noise level in the first crest are 

significant. 
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Figure 11. Comparing acoustic curves in both initial and final 
designs. 

 
Figure 12. A summary of comparing both the initial and final 

designs (before and after multi-objective and multi-level 

optimization). 
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