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Abstract. The traditional industrial robots come with the prime mover, i.e. Electric Motors (EM) which ranges from a few 

hundred too few kilo watts of power ratings. However, for autonomous robotic navigation systems, we require motors which are 

light weighted with the aspect of high torque and power density. This aspect is very critical, when the EMs in robotic navigations 

are subjected to harsh high temperature survival conditions, where the sustainability of the performance metrics of the 

electromagnetic system of the EMs degrade with the prevailing high temperature conditions. Hence, this research work address 

and formulate the design methodology to develop a 630 W High Temperature PMSM (HTPMSM) in the aspect of high torque 

and power density, which can be used for the autonomous robotic navigation systems under high temperature survival conditions 

of 200°C. Two types of rotor configurations i.e. the Surface Permanent Magnet type (SPM) and the Interior Permanent Magnet 

type (IPM) of HTPMSM are examined for its optimal electromagnetic metrics under the temperature conditions of 200°C. The 

630 W HTPMSM is designed to deliver the rated torque of 2 Nm within the volumetric & diametric constraints of D x L which 

comes at 80 x 70 mm at the rated speed of 3000 rpm with the survival temperature of 200°C with the target efficiency of greater 

than 90%. The FEM based results are validated through the hardware prototypes for both SPM and IPM types, and the results 

confirm the effectiveness of the proposed design methodology of HTPMSM for sustainable autonomous robotic navigation 

applications. 
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1. INTRODUCTION 

The EMs are the main prime mover for the industrial 

robots which are designed for its optimal electromagnetic 

characteristics for various classes of duty cycles. The power 

ratings of the traditional industrial robots vary from a few 

hundred watts too few kilo watts. The EM in these robots can 

deliver the rated torque at the optimally loaded conditions. Due 

to the widespread applications of the robots, miniature robots 

which are highly essential for the autonomous navigation 

systems are becoming more popular due to its light weight, 

compactness and its effectiveness in control of the applications 

related to the humanoid robots. These light weighted robots are 

now a days are of paramount importance, since these robots find 

a versatile application in high temperature fields like chemical, 

petroleum, aerospace, mineral mining, oil exploration, robotic 

exploration systems, non-destructive testing vehicles due to the 

advancements in power electronics and robotic control systems 

[1-7]. The EM used in these miniature robots demand a high 

torque and power density, since the EM of this robots come 

with the defined geometrical and volumetric constraints. The 

challenging task of the EM in these kinds of miniature robots is 

its sustainability in survival during autonomous navigation in 

high temperature conditions, as the resistances of the EM 

increase with increase in temperature which yield reduction in 

the operating efficiency and hence the yielded torque. 

Among the different types of EM like the induction, 

synchronous reluctance, switched reluctance and the permanent 

magnet motors, the PMSM based servo motors find a 

widespread usage in the robotic navigations, due to its higher 

torque and higher power density which is satisfied by the usage 

of the permanent magnetic materials, which makes the system 

to be light weighted, an ideal factor for the miniature robots. 

This is a crucial factor for the autonomous robotic exploration 

systems, since the robots which are steered by its electric 

actuators demand a constant torque, less vibration with an 

extended speed range to be sustainable even under the harsh 

temperature conditions. However, the permanent magnets are 

confined to the effect of magnetic saturation under elevated 

temperature levels and hence this makes the limiting factor in 

the designer’s choice of PMSM for high temperature 

applications.  
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The improvements in the performance metrics of the 

BLDC motor for high temperature applications was discussed 

in [8]. The BLDC motor considered is driving the fuel pump of 

a combat vehicle. The work concentrates on solving the issue 

of stator slip of the BLDC motor which occurs due to elevated 

temperatures of the combat vehicle. The investigation of the 

performance characteristics of various materials of an IPM 

machine for a traction application under variations in 

temperatures is presented in [9]. The motor peak power 

considered is 105 kW and the paper laydown the fundamentals 

of effect of temperature on an IPM machine performance 

metrics such as the speed-torque curve, constant torque curve, 

voltage limit ellipses and the maximum torque per ampere 

curves. 

The design of a 12 kW PMSM for a wide temperature 

range, ranging from -60°C to 300°C for a rotational speed of 12 

krpm with a targeted efficiency of 90% was reported in [10].  

The selection and performance metrics of the hard and soft 

magnetic materials at the elevated temperatures has been briefly 

described. In [11], the thermal investigation of a SPM type of 

PMSM designed for the aerospace actuation applications for the 

elevated temperature levels of 200°C is presented. The paper 

lays down the thermal computational process in the analysis of 

PMSM and the test results validate the effectiveness of the 

proposed design methodology, compared to the FE analysis.  

The IPM type of motor for traction applications, 

designed with the aspect of higher power density to meet the 

specifications of FreedomCAR 2020 was discussed in [12]. The 

continuous power rating of the motor is 30 kW, with the 

minimum top speed of 14,000 rpm at an efficiency of > 95%. 

The ambient operating temperature of the motor is -40°C to 

140°C. The paper concludes with the various performance 

metrics, that have to be evaluated at the elevated operating 

temperature conditions. In [13], the effect of magnetic material 

grades at high temperatures on the performance of an IPM type 

machine for electric vehicle application was presented. The 

motor has a power rating of 55 kW, with 2000 rpm as the 

minimum speed in the constant torque region of operation. 5 

different variants of NdFeB magnets such as HS_43EH, 

HS_40FH, HS_36EH, HS_32GH and HS_35EH are 

considered with various operating temperature limits. The study 

investigates and concludes the various performance metrics for 

the temperature dependent material characteristics of the IPM 

at high temperatures. 

In [14], the effect of temperature on the performance 

of ferrite based PMBLDC motor of 700 W which is intended to 

be used for electric 2-wheeler application with the maximum 

speed of 32 km/h was discussed. The study concludes that the 

performance of the motor varies beyond the constant torque 

operation due to the influence of the temperature on the 

magnets and urges the motor designer to ensure the irreversible 

demagnetization characteristics of the ferrite magnets under 

such temperature variations. 

2. RESEARCH QUESTIONS 

A detailed literature survey has been discussed in the 

aforementioned section, which concentrates on the design of 

miniature robotic motors for high temperature operating 

conditions. Though several high temperature motors are 

examined and investigated in the literature for higher power 

ratings, where there is an opportunity for optimization for the 

volumetric and diametric length, miniature EM for the 

navigation robots for harsh temperature conditions is not 

available. The critical constraint for the EM in these robots is 

that they come with the defined volumetric & diametric 

constraints (DxL) due to the space and weight metrics of the 

robotic navigation systems. Also, based on the literature 

study, it is found that there is lack of systematic methodology 

for the design of electric actuators for the miniature robotic 

vehicles under elevated temperatures. There is a research gap 

identified, which makes the authors to concentrate on 

developing a PMSM as an electric actuator for these kind of 

miniature robots with higher power and torque density 

metrics. The outcomes of this research will be useful to the 

research community who are working on the EM in robotic 

navigation systems for the harsh temperature conditions. 

The research work presented here, provides a 

substantial view and answers to the below mentioned research 

questions. 

1. Whether the PMSMs are suited for harsh temperature 

survival conditions? 

2. Whether the PMSMs can deliver higher power and torque 

density metrics at elevated temperature within the defined 

frame size? 

3. What type of PMSM (SPM or IPM) will deliver the constant 

torque characteristics at the harsh temperature conditions? 

4. What type of materials do we need for the PMSM at 

elevated temperature conditions?  

5. Whether the designed PMSM shall be efficient at higher 

temperature? 

3. DESIGN METHODOLOGY FOR HTPMSM 

The design methodology involved in the design of 

HTPMSM is depicted in the flowchart as shown in Fig. 1 by 

consideration of the optimal electromagnetic characteristics 

[15-16]. The major dimensional metrics such as D and L which 

decides the volumetric and diametric sizing of the HTPMSM is 

calculated from the Equations (1) – (3) [16]. 
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where, 

P - rated power of the HTPMSM (kW) 

TRotorVolume - torque per rotor volume of the HTPMSM (kNm/m3) 

Vr - rotor volume of the HTPMSM (m3) 

N - rated speed of the HTPMSM (rpm) 

D - inner diameter of the stator of the HTPMSM (mm) 

L - stack length of the core of the HTPMSM (mm) 
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The torque per rotor volume of the HTPMSM with the sized 

metrics of D and L are validated using the Equation (4) which 

gives the relationship between electric loading, magnetic 

loading and the torque per rotor volume [16]. 
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where, 
 A - specific electric loading of the HTPMSM (ampere/m) 
 B - specific magnetic loading of the HTPMSM (Wb) 
 Kw - winding factor of the HTPMSM 
 
The electric loading (A) is defined by the ratio of total 
ampere conductors to the circumference of the airgap as 
defined by the Equation (5). 
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where, 
 m - number of phases of the HTPMSM 

 Tph - turns/phase of the HTPMSM 

 Iph - phase current of the HTPMSM (ampere) 

 

The magnetic loading (B) is related to the fundamental 

flux/pole of the HTPMSM as defined by the Equation (6). 
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where, 

 ϕ1 - fundamental flux/pole of the HTPMSM (Wb) 

 p - number of pole-pairs 

 
The turns/phase of the HTPMSM is governed by the Equation 

(7), taking into consideration of the fundamental flux/pole, 

fundamental frequency and the fundamental winding factor. 

 

𝑇𝑝ℎ =  
𝐸

4.44 𝑘𝑤1 ∅1 𝑓
                                                                       (7)  

where, 

E - EMF generated/phase (V) 

kw1 - fundamental winding factor 

f - fundamental frequency (Hz) 

 

The air-gap length of the HTPMSM is defined by the Equation 

(8), which relates the air-gap reluctance, permittivity of free 

space and the air-gap area for the defined stator and rotor 

geometries. 

𝑅𝑔 =  
𝑔

𝜇0 𝐴𝑔 
                                                                 (8) 

where, 

g - air-gap length (m) 

Rg - reluctance of the air-gap (AT/Wb) 

µo - permittivity of free space (4π x 10-7 H/m) 

Ag - area of the air-gap (m2)  

 

The slot geometrical dimensions and area are fixed as per the 

design formulations as listed in the design flowchart in Fig. 1. 

The performance metrics of the permanent magnet used in the 

HTPMSM are of paramount importance, since at elevated 

temperature the magnet of the HTPMSM must not be 

subjected to demagnetization. Also, the magnetic design 

equations compute the optimal flux density from these 

permanent magnets, which are designed as per the load line 

plot under the elevated temperature conditions for the optimal 

loading of the HTPMSM. 

 
 The permeance coefficient of the magnet of the 

HTPMSM (P.C.), which is defined as the parameter to 

identify the optimal operating point for the given magnet on 

its B-H curve is defined by the Equation (9). 

 

 

Fig. 1 Design Methodology of HTPMSM 
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where,  

P.C. - permeance coefficient of the magnet of the HTPMSM 

Bm - magnetic flux density of the HTPMSM (Wb/m2) 

Hm - magnetizing force of the HTPMSM (A/m) 

The magnetic flux density and the magnetizing force 

of the HTPMSM are governed by the Equations (10) & (11) 

respectively. 
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where, 

Bg - air-gap flux density (T) 

Ag - area of the air-gap of the HTPMSM (m2) 

Am - area of the magnet of the HTPMSM (m2) 

Lg - length of the air-gap of the HTPMSM (m) 

Lm - length of the magnet of the HTPMSM (m) 

 

The area of the air-gap and the magnet area of the HTPMSM 

are governed by the Equations (12) & (13) respectively. 
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By substituting the Equations (10) - (13) in Equation (9), the 

value of Permeance Coefficient is arrived as shown in Equation 

(14). 
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The P.C. is used to determine the demagnetization 

characteristics of the permanent magnetic grade under the high 

temperature conditions by sketching its load line plot. This will 

ensure the optimal energy product of the permanent magnet of 

the HTPMSM from which the size metrics of the magnet shall 

be arrived as per the specific magnetic loading design 

formulations as depicted in the electromagnetic design 

flowchart of HTPMSM as shown in Fig. 1. 

4. FEM ANALYSIS & PERFORMANCE METRICS OF 
HTPMSM: SPM TYPE 

The research work starts with the objective of design 

and development of a High-Temperature PMSM to survive at 

an ambient temperature of 200˚C and to meet the performance 

metrics required as specified in the Table 1. The conceptual 

design of HTPMSM is first evaluated for the surface permanent 

magnet rotor type. It is necessary to identify and classify the 

conceptual functionality of the components design at high 

temperature operation to perform the required analysis. From 

the electric machine design aspect, it can be classified as 

stationary component and rotating components. The primary 

function of stator design includes magnetics and electrical, yet 

secondary function includes the mechanical aspect. Table 2 

illustrates the conceptual functionality of the components in 

electric motor and hence required analysis is identified. 

The main source of heat is due to the ambient temperature 

from the exterior of the motor environment and hence the 

current method of approach involves materials in the housing 

and shaft to isolate/shield from this environment and able to 

match the thermal coefficient of materials at steady state. 

Additionally, due to I2R loss that occurs as joules, heat loss in 

the stator winding is attributed and extended towards the 

operation of high temperature environment condition which 

introduces challenges to materials design used in electric motor. 

These challenges include diffusional process and hence 

variation of microstructure of the electrical, magnetic 

components requires careful consideration of the following key 

metrics for optimal loaded conditions. 

• Inter-laminar insulation in magnetic materials 

• Insulation of wires for stator coils 

• Stator, rotor and shaft materials for stress analysis 

• Mismatches in coefficients of thermal expansions of 

components 

TABLE 1 DESIGN SPECIFICATIONS 

Parameter Value 

Rated Torque 2 Nm 

Rated Speed 3000 rpm 

DC bus Voltage 300 Volts 

Magnet type Samarium Cobalt 

Ambient Temperature 200˚C 

Duty cycle S8 

Frame Length 180 mm 

Shaft Diameter 12.5 mm 

Shaft length 32 mm 

TABLE 2 CONCEPTUAL FUNCTIONALITY OF THE HTPMSM COMPONENTS 

Magnetic Design Mechanical Design Electrical Design 

Rotor lamination Shaft Stator coil winding 

Stator lamination Housing & End cap Slot liner Insulation 

Rotor magnets 
Lamination for creep  

stress 
Wedge 

Retaining sleeves Bearings Coil separator 

TABLE 3 MATERIALS FOR HTPMSM COMPONENTS 

Component Materials 

 Shaft  Inconel 600  

 Stator & Rotor Laminations  Hiperco 50/ Vacodur 50 

 Magnet grade  R 33E- Recoma Sm2Co17 

 Rotor Retaining sleeves  Hastelloy N, Nickel 200 

 Wire winding & insulation  Ceramic coated Cu 

TABLE 4 DESIGN PARAMETERS OF HTPMSM: SPM TYPE 

Parameter Value Unit 

Outer Rotor Diameter 50 mm 

Rated Speed 3000 rpm 

Continuous torque 2 Nm 

No. of poles 10 # 

Stator outer diameter 82.5 mm 

Continuous power rating 630 W 

Air-gap length 1 mm 

Working temperature 200 ᴼC 

Stack length 90 mm 

Magnet thickness 3 mm 
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(a)  Stator and Rotor Configuration 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Instantaneous Flux Density 
Fig. 2 HTPMSM: SPM Type: Spatial Plots 
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Considering the magnetic saturation at high 

temperature Hiperco 50/ Vacodur 50 is used for stator and 

rotor lamination. Inconel 600 is used for shaft material, 

considering the thermal expansion and strength of material at 

high temperature. Table 3 shows the key materials selected 

for the design of HTPMSM: SPM Type and the FEM 

analysis is performed. The summary of the design parameters 

involved in HTPMSM: SPM Type electric machine design is 

given in Table 4. 

The slot/pole combination of the HTPMSM SPM 

type is decided based on the optimal electromagnetic factors 

[17-18]. The number of stator slots is selected as 12 and the 

number of rotor poles is selected as 10 to yield an optimized 

electromagnetic circuit as shown in Fig. 2 (a). The FEM 

analysis is carried out through the software Motorsolve 

electromagnetic solver under the defined ambient 

temperature condition of 200°C. The instantaneous magnetic 

flux density is depicted in Fig. 2(b), which shows that the 

HTPMSM SPM type machine configuration is well within 

the permissible limits as depicted from the guideline values 

of the flux density as listed in Table 5 for the ambient 

temperature condition of 200°C. 

Table 5 Flux Density Points of HTPMSM 

Flux Density Points Value 

Stator tooth 1.80 T 

Airgap 0.60 T 

Rotor yoke 1.68 T 

Stator yoke 1.1 T 

 

The BEMF of the HTPMSM SPM type is shown in 

Fig. 3. It is observed that the BEMF is sinusoidal in nature 

which prevents the motor from noise and vibrations under the 

dynamic loaded conditions. Also, the current ripple is less as 

depicted from Fig. 4, since hysteresis current control band is 

applied for the HTPMSM to minimize the current ripple for 

an efficient PMSM design at the rated conditions. The current 

reference as shown in Fig. 4, corresponds to the phase current 

of HTPMSM SPM type rotor configuration. As observed 

from Fig. 4, the current doesn’t reach the lower and upper 

reference limits in the lower half and upper half of the wave 

symmetry even though hysteresis current band controller is 

used and it is also observed that this happens for a marginal 

or limited duration of the source phase angle and in major 

time durations, the hysteresis current band controller tries to 

maintain the slope (both positive and negative slopes) of the 

actual current within the band reference limits of the 

hysteresis current band controller. The reasons for these 

variations shall be attributed to non-linear change in the slope 

of the actual current when it reaches the lower and upper 

wave extremes which is predominantly due to the non-

linearity of the magnetic forces due to the circumferential 

rotation, mechanical stresses and partial unbalanced 

magnetic pull at the elevated temperature conditions and as a 

result, the required gain to tune the controller in the vector 

control strategy is momentarily lapsed for a marginal or 

limited duration, making the current not to reach the upper 

and lower limits of reference values as dictated by the 

hysteresis current band controller. For the aforementioned 

reasons as evident by the broken samples of HTPMSM SPM 

type rotor magnets as depicted in Fig. 7, the IPM rotor 

configuration of the HTPMSM as shown in Fig. 8 (a) is 

proposed.   

The speed-torque characteristics of HTPMSM SPM 

type is shown in Fig. 5 at the ambient temperature condition 

of 200°C. From Fig. 5, it is inferred that the HTPMSM SPM 

type is delivering a constant torque characteristic till the base 

speed of 3000 rpm, beyond which field weakening region is 

achieved for the ambient temperature condition of 200°C. 

Also, from the thermal fields as depicted from the thermal 

field plot as shown in Fig. 6, the designed motor is well 

within the permissible limits of the elevated temperatures of 

200°C [19].  

The housing parts of the HTPMSM SPM type is 

shown in Fig. 7 (a) and the rotor with its material 

description is depicted in Fig. 7 (b). The fabricated motor is 

tested with commercial drive under the flux sensorless 

control methodology. The motor was tested at 1500 rpm and 

beyond 1500 rpm the motor experienced high level of 

vibrations.  It can be seen from the Fig. 7(c), that rotor 

magnets broken partially due to circumferential rotation. 

However, the magnets were replaced with new magnet and 

testing is pursued. Considering any such problems, fault 

tolerant and reliable rotor configurations at the elevated 

temperatures, 2nd prototype with spoke type, magnets 

inserted in stack of steel is designed and fabricated. 

5. FEM ANALYSIS & PERFORMANCE METRICS OF 
HTPMSM: IPM TYPE 

The spoke type configurations of 12 slots/10 pole is 

realized considering this configuration will provide some 

concentration of flux density relatively compared with 

surface mounted permanent magnet rotor and offer fault 

tolerant capability unlike the HTPMSM: SPM type rotor 

which encountered the broken magnets during the testing. 

Hence, the spoke type configurations also facilitate higher 

flux density in the air-gap delivering maximum torque. The 

summary of the design parameters involved in HTPMSM: 

IPM Type electric machine design is given in Table 6. The 

number of stator slots and the number of rotor poles are the 

same as the HTPMSM SPM type machine configuration as 

shown in Fig. 8 (a). FEM analysis is carried out under the 

defined temperature conditions. The instantaneous magnetic 

flux density is depicted in Fig. 8 (b), which shows that the 

HTPMSM IPM type machine configuration is well within the 

permissible limits as depicted from the flux density guideline 

values as listed in Table 5. 

The BEMF of the HTPMSM IPM type is shown in 

Fig. 9. It is observed that the BEMF is sinusoidal in nature. 

Also, the current ripple is less as depicted from Fig. 10, since 

hysteresis current control band is applied for the HTPMSM 

to minimize the current ripple at the rated conditions.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.



7 

Fig. 3 HTPMSM: SPM Type: Back EMF @ 3000 rpm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 HTPMSM: SPM Type: Phase Current 

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.



8 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 HTPMSM: SPM Type: Speed – Torque Characteristics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 HTPMSM: SPM Type: Thermal Fields 
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                            (a) Housing Parts                                                (b) Rotor Parts                       (c) Rotor Magnets of SPM 

Fig. 7 HTPMSM: SPM Type Rotor with Housing 

As inferred from Fig. 10, the measured current of 

the HTPMSM IPM type reaches the defined lower and upper 

reference limits of the reference current as dictated by the 

hysteresis current band controller thereby yielding an 

optimised electromagnetic characteristic at the elevated 

temperature conditions. The speed-torque characteristics of 

HTPMSM IPM type at the ambient temperature condition of 

200°C is shown in Fig. 11. From Fig. 11, it is inferred that 

the HTPMSM IPM type is delivering a constant torque 

characteristic till the rated speed during the FEM analysis 

carried out at the ambient temperature condition of 200°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)  Stator/Rotor Configuration 

Fig. 8 HTPMSM: IPM Type: Spatial Plots 

 

The designed HTPMSM is desired to deliver 

optimal constant torque from 0 rpm to 3000 rpm beyond 

which it shall deliver the variable torque characteristics. 

From Fig. 11, it is inferred that two different types of Speed 

Vs Torque characteristics are yielded by the HTPMSM IPM 

type rotor machine based on the advance phase angles. The 

characteristics with advance phase angle (γ) of 0° depicts that 

the HTPMSM IPM type rotor can yield a peak torque of 3.1 

Nm reflecting the constant torque characteristics, however 

such a characteristic is available only till the shaft speed of 

2750 rpm which is not the desired one, beyond which the 

HTPMSM enters into the constant power characteristics (ie, 

the field weakening region). Hence, the advance phase angle 

of the source commutation is advanced to the phase angle (γ) 

of 30°, which yields a peak torque of 2.8 Nm reflecting the 

constant torque characteristics, which is available for an 

extended range until and beyond the base speed of 3000 rpm, 

beyond which the HTPMSM enters into the constant power 

characteristics. The continuous torque rating of 2 Nm as 

desired from the electromagnetic design, is available till and 

beyond the base speed of 3000 rpm by the advance phase 

angle (γ) of 30°, which is freezed for the commutation of the 

HTPMSM IPM type rotor machine. 

Also, based on the thermal fields as depicted in Fig. 

12, the designed motor is well within the permissible limits 

of the elevated temperatures of 200°C. The housing parts of 

the HTPMSM IPM type is same as the SPM type as shown 

in Fig. 7 and the IPM rotor is depicted in Fig. 13. The 

HTPMSM: IPM Type rotor machine is subjected to the 

BEMF test to ensure that the generated BEMF is sinusoidal 

in nature. The BEMF test is done by spinning the rotor of the 

HTPMSM at the required rpm through a prime mover and the 

reflected terminal voltages are recorded using an 

Oscilloscope.  

 

1. Inconel Stator Housing, 2. Studs, 3. Vanadium Cobalt Iron Laminations for Stator, 4. Stator Core with Ceramic Coated Winding 

5. Nichrome Coated Bearings, 6. Front & Back Flange Mount Inconel, 7. Inconel Shaft, 8. Recoma Grade Samarium Cobalt Magnet 

9. Cable Tie, 10. High Temperature Adhesives – Aremco, 11. Breakdown of Rotor Magnets 
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(b) Instantaneous Flux Density 

Fig. 8 HTPMSM: IPM Type: Spatial Plots 

 

Fig. 14 shows the line - line BEMF observed at the VRY, VYB 

and VBR lines of the HTPMSM respectively (sinusoidal 

voltage characteristics) and since the BEMF test is done 

under the no load (no current) conditions of the HTPMSM, 

the line currents are zero as observed from the Fig. 14 (zero 

current characteristics). 

It is inferred that the BEMF generated by the 

HTPMSM: IPM Type rotor machine is sinusoidal in nature 

which validates the effectiveness of the proposed design 

methodology which shall be authenticated from the results as 

shown in Fig. 9. Also, the sinusoidal BEMF characteristics 

of the HTPMSM assures free of pulsating spatial harmonics, 

acoustic noise and vibration which further enhances the 

efficiency of the HTPMSM at the optimally loaded 

conditions. 

The permanent magnet used in the rotor of the 

HTPMSM belongs to the category of Samarium Cobalt of 

the type Sintered Sm2Co17 of Recoma 33E category. As 

inferred from the Equation (14), the P.C. is used to compute 

the optimal loading point of the HTPMSM under the 

elevated temperature conditions by ensuring a high energy 

product of the HTPMSM as governed by the magnetic 

design equations as formulated from Equations (10) - (13). 

The typical data sheet governing the second quadrant i.e, 

the demagnetization characteristics of the Sintered 

Sm2Co17 of Recoma 33E category as available from the 

manufacturers data sheet is depicted in Fig. 17. Using the 

Equations (10) - (13), the thickness of the air-gap, the 

thickness of the magnet, and the yielded flux density with 

defined operating temperature boundary conditions are 

computed from the load-line plot as depicted from the 

Sm2Co17 magnet demagnetization characteristics as shown 

in Fig. 17. This ensures the optimal loading of the 

HTPMSM under the designed high-temperature operating 

conditions. 

 

     Table 6 Design Parameters of HTPMSM: IPM Type 

Parameter Value Unit 

Outer Rotor Diameter 48 mm 

Rated Speed 3000 rpm 

Continuous torque 2 Nm 

No. of poles 10 # 

Stack length (Lstk) 70 mm 

Continuous power rating 630 W 

Air-gap length 1 mm 

Working temperature 200 ᴼC 

Stator outer diameter 80 mm 

Magnet thickness 4.3 mm 
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Fig. 9 HTPMSM: IPM Type: Back EMF @ 3000 rpm 

 

 

 

Fig. 10 HTPMSM: IPM Type: Phase Current 
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Fig. 11 HTPMSM: IPM Type: Speed – Torque Characteristics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12 HTPMSM: IPM Type: Thermal Fields 
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Fig. 13 HTPMSM: IPM Type: Rotor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14 Line-Line BEMF Voltages of HTPMSM IPM Type Rotor  

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.



14 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                   (a)  Front Flange                                                           (b) Frame - Top View 

Fig. 15 HTPMSM: IPM Type - Assembled Views 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                 Fig. 16 HTPMSM: IPM: Speed–Torque Characteristics at Rated Loaded Conditions 

 

Table 7 Temperature Distribution on HTPMSM : IPM Type 

Time 
(minutes) 

View 1 View 2 

Max Avg Min Max Avg Min 

5 35.7 30.2 25.2 30.3 26.5 24.9 

10 35.1 29.1 25.7 32.2 27 24.9 

15 36.8 28.9 25.1 32.4 27.4 25.1 

20 36.5 30.1 26.1 34.1 28.4 25.4 

48 36 30.3 26.2 37.4 30.8 26.1 

View I : Thermal camera faced towards front view of the Motor (Front Flange) 

View II : Thermal camera faced towards top view of the Motor (Frame - Top View) 
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Fig. 17 Demagnetization characteristics of the Sm2Co17 Magnet 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18 Spatial Plot of Remanent Flux Density of HTPMSM IPM Rotor 
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(a) View I                                                                               (b) View II 

 Fig. 19 HTPMSM : IPM Type - Temperature Gradients 

 

Fig. 18 shows the spatial plot representing the 

Remanent flux density of the magnet samples of the 

HTPMSM IPM rotor. The HTPMSM IPM rotor magnet 

samples which represent the 10 magnetic poles are placed 

in the hot chamber and subjected to hot temperature test. 

The temperature in the hot chamber is swept from 30°C to 

200°C and the Remanent flux density of the magnet is 

observed at the desired test points over the magnetic sample 

surface using a Gauss meter. The X-axis represents the 

HTPMSM IPM rotor magnet samples and the Y-axis 

represents the temperature variation from 30°C to 200°C 

and the corresponding yielded remanent flux density is 

pictorially represented by the spatial contour. 

It is observed from Fig. 18, that at lower 

temperature value of 30°C and at the elevated temperature 

condition of 200°C, the yielded average flux density of all 

the HTPMSM IPM rotor magnet samples of 10 numbers 

stand at 1.15 T and 0.87 T respectively which is intact with 

the desired remanent flux density characteristics of the 

magnet under consideration which is depicted in     Fig. 17. 

The test concludes that for a wide band of temperature 

variation over the HTPMSM IPM rotor magnet samples, 

there is a minimal variation of the remanent flux density 

following the magnetic characteristics as depicted in Fig. 

17., and hence the proposed magnetic grade is able to yield 

the required flux density at the elevated temperature 

conditions of 200°C. 

The front flange and the top view of the motor is 

shown in Fig. 15 and a hot chamber is used for the load test 

at harsh temperature conditions. The HTPMSM IPM type is 

powered by a variable frequency drive to test the designed 

HTPMSM at the ambient high temperature of 200°C for the 

rated speed-torque conditions. Using the Fluke thermal 

imager, the HTPMSM front flange and frame were 

monitored for the temperature conditions and recorded with 

respect to every time instant until 48 minutes for steady state 

and the temperature gradients are tabulated in Table 7. The 

temperature distribution on the surface of the HTPMSM IPM 

type motor is depicted at a time instant of 5 minutes and its 

gradients are shown in Fig 19. 

Under No-load due to increased resistance, when 

the motor is operated at ambient of 200°C, the motor draws 

0.42 A at 2300 rpm and at a speed of 3000 rpm the motor 

draws 0.55 A. The motor component was able to sustain the 

ambient temperature as depicted from Fig. 19 and was able 

to meet the desired rated speed with less noise and vibrations. 

The HTPMSM IPM type is then subjected to the load test in 

the hot chamber at an ambient temperature of 200°C by the 

variable frequency drive using the vector control strategy and 

the obtained speed vs torque characteristics is depicted in Fig. 

16. It is observed that the HTPMSM IPM type is delivering 

a constant torque until the base speed at an ambient 

temperature of 200°C which validates the effectiveness of the 

proposed design as depicted from the simulation results as 

shown in Fig.  11. 

6. CONCLUSION 

This research work addresses the design 

methodology for the high temperature PMSMs for robotic 

navigation applications. Two types of rotor configurations 

are designed and tested in real-time application. The rotor 

with the IPM configuration can able to sustain the required 

speed Vs torque characteristics of 2 Nm at the spinning speed 

of until 3000 rpm for the defined volumetric and diametric 

constraints of 80x70 mm at the elevated temperature of 

200°C. Also, the simulation-based FEM results of the 

HTPMSM IPM type rotor is validated with the designed 

prototype. The proposed design methodology shall be 

adaptable to the design of the miniature robots for various 

applications which demands a high power and torque density 

ratio within the given frame size. 
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