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Abstract. This paper presents an in-depth analysis, performance evaluation and comparative study of two
5-kW, 8-pole, 750-rpm laboratory prototypes of a permanent magnet synchronous motor (PMSM) of identical
nominal ratings with surface and interior permanent magnet (PM) rotor structures having same stator and
armature winding (fractional slot distributed winding). The key electrical (such as rated voltage, current, power,
speed, number of poles, etc.) and mechanical variables (such as overall volume, air-gap length, rotor diameter,
shaft dimensions and magnetic material) of the fabricated prototypes have also been kept same to pin-point the
direct influence of the two different rotor configurations (surface and interior PMSM) on the parameters,
performance and operation of these PMSMs. For the two machines, a detailed comparison of air-gap flux density
distribution, THD in induced voltage, torque ripple, losses, efficiency, torque–speed characteristics, field
weakening capability, steady-state parameters at different operating conditions, etc. has been conducted. The
salient observations from this comparative study have been duly highlighted. This paper also includes an indepth comparison of volume and cost of PM used in the two types of PMSMs. The short-time performance
figures of the said motors have also been presented. The possibility of demagnetisation of PMs, during a sudden
fault, has also been investigated for both PMSMs. Challenges of making of both rotors have been discussed. The
theoretically determined parameters and analytically evaluated performance figures have been verified through
standard FEM packages and then validated experimentally on the prototypes.
Keywords. Surface-mounted PMSM; interior PMSM; fractional slot distributed winding; air-gap flux density;
torque ripple; self and mutual inductance; demagnetisation; field weakening.

1. Introduction
The permanent magnet synchronous motor (PMSM) has
become extremely popular and the most obvious choice in
many applications due to its inherent advantages like higher
efficiency, higher torque to weight ratio, smaller size, etc.
Modern high-performance PMSM drives operating under
vector/direct torque control (DTC)/maximum torque per
ampere (MTPA) [1] control efficiently utilise the motors’
capabilities in the entire operating region. However, the
performance of such drives is limited by the constraints set
by the motor characteristics and parameters themselves [2].
Also, manufacturing very-high-performance PMSM is a
complex and costly exercise [3, 4] for at least a single-piece
prototype. Yet, PMSMs might really provide a simple and
cost-effective technological solution in many cases [5].
Hence, it is crucial to choose a specific motor (rotor
*For correspondence

geometry) considering the requirements of the targeted
application. The parameters and characteristics of any
PMSM depend on numerous factors [6]. Some of the major
factors are the shape, size and placement of permanent
magnets (PMs) in the rotor and they are thus interesting
topics for the researchers [7–10]. Depending on the rotor
geometry and magnet position, the PMSMs can broadly be
classified into two categories: (i) surface-mounted PMSM
(SPMSM) and (ii) interior magnet (IM) PMSM (IPMSM).
For the ease of reference, throughout the remaining part of
this text, SPMSMs have been generally referred to as SPMs
and IPMSMs as IPMs. In SPMs the magnets are placed on
the rotor surface. On the contrary, in IPMs the magnets are
placed within the rotor core.
Different practical applications such as traction, electric
vehicle, air-condition, pump, etc. [11–16] have been
reported in literature where both SPM and IPM can be used.
The typical applications, where both types of PMSMs have
been considered, have a base speed range within 4000 rpm.
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Although the basic principles of operation of both machines
are the same, the variations in rotor geometry and magnet
position introduce crucial differences in the parameters and
performance of these two types of PMSMs. Also, the
position of PMs may raise different mechanical issues and
challenges, which may be specific to any single type of
PMSM. Detailed investigations involving fabrication of
both types of PMSMs are required to evaluate and compare
these differences between SPM and IPM. This is expected
to uphold the suitability of any of the type of PMSM for
any particular application. Hence, the comparative study
between SPM and IPM is an interesting topic of research.
Research is being carried out to estimate the performance
of both the surface and interior PMSMs [11–16]. Exhaustive analyses of torque–speed and power–speed characteristics of both SPM and IPM have been presented by many
researchers [11–13, 17, 18], while some others have
focused on losses and efficiency in [14–16]. Comparative
analysis of an IPM and an SPM with different dimensions
(hence parameters) has been presented in [19, 20], while
comparison of different IPMs having uniform and nonuniform air gap for electric vehicle applications is found in
[21]. [22] presents comparison of the losses for IPM and
SPM generators. Surprisingly, the DC-link voltages for the
two generators are different, implying different voltages
and current ratings for the two generators, and hence,
power–speed characteristics and operating efficiency. Zhao
and Liu [23] have discussed only the losses occurring in
IPM and SPM, while Park et al [16] have investigated the
losses and efficiency(s) of IPM and SPM. It is noteworthy
that the air-gap length and Eph are not identical for the two
PMSMs [16, 24], causing several quantities such as
inductance, cogging torque, induced voltage, torque ripple,
etc. obviously to differ. Comparative study of electromagnetic performances for different SPM and IPM structures
has been presented in [25]. However, both the axial length
and the air-gap length are different for the different motors,
thus directly affecting the overall volume of the motors,
which has significant influence on the output power, efficiency, torque and other quantities of electrical machines.
Performance comparison of an SPM and an IPM having
different slot numbers and pole numbers has been presented
in [26, 27]. The rated frequency and the slot per pole ratio
of the chosen IPM and SPM in [28, 29] are different, which
affects the performance, specifically the core losses and
torque ripple. Performance comparison analysis of different
PMSMs with different rotor structures has also been presented in [14], the average air-gap flux density(Bav ) being
different for different rotor structures. This approach of
different Bav values may not be very appropriate as Bav ,
which is well known as specific magnetic loading, has
direct influence on the overall volume of a motor, its emf
constant, torque constant and core losses. As discussed
earlier, in the majority of the comparative studies available
in the literature, either the basic specifications (such as
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rated voltage [16], current [30], speed, etc. ) or important
design parameters (e.g. no. of slots [20, 27], no. of poles
[20, 26], winding type [24], Bav [14], Nph [30], etc.) are
different. In some more cases, crucial dimensions such as
axial length, diameter [11, 19] or the air-gap length [16, 25]
are different, having direct and crucial effect on the performance and parameters of PMSM. Also, the comparative
study available in the literature emphasise only on a few
specific issues like loss calculation [23], estimation of
efficiency [27] and possible torque–speed characteristics
[14, 16, 17]. Additionally, some of the existing works in the
literature compare the magnitude of inductances of these
two types of PMSMs, but for different air-gap lengths,
number of turns [30], stator geometry [26], etc. Moreover,
the issues regarding the fabrication, maintenance and cost
comparison of these two types of PMSMs have hardly been
reported.
In this paper, a detailed investigation and performance
comparison of two 8-pole, 5-kW SPM and IPM have been
presented. The stators and armature windings, the major
electrical specifications and ratings (rated kW, fundamental
Eph , Iph , rated speed, no. of poles), mechanical dimensions
(such as air-gap length, active length of motor, ID, OD) and
PM material have been kept same for both machines to
provide for a sound basis for experimental and analytical
comparison. Important issues and challenges regarding
fabrication and maintenance of the PMSMs have been
discussed in sufficient detail. The parameter estimation and
performance evaluation for both PMSMs have been done
using analytical calculations and FEM-based simulation
software. These results have been validated through corresponding experiments. This is another salient feature of
this work. Also, comparisons on critical issues like fault
tolerance, overall volume, shape, size and cost of PM have
been included here. The present study should help identify
the direct effect of rotor configuration on the inductance of
the machines. It also leads to a direct comparison of field
weakening capability of the two such identical PMSMs.
The in-depth comparative study presented here might help
any user to make a judicious choice of the PMSM type for a
given application. Figure 1 shows the SPM and IPM prototypes kept side by side in the laboratory.

2. Details of the designed and fabrication
of prototype PM motors
The design of the SPM prototype has already been reported
in [31]. The IPM has been designed later on to have same
main dimensions, nominal ratings, same stator lamination
and winding as those of the SPM prototype. The major
dimensions, stator lamination details and ratings common
for both PMSMs have been enlisted in table 1. The lamination dimensions, winding layout and cross-sectional view
of the stator, same in both PMSMs, are shown in figure 2.
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pﬃﬃﬃﬃﬃﬃﬃ
lg ¼ ð0:2 þ 2 DLÞ  103 :

ð1Þ

A different relation has also been reported in [36] to
determine the air-gap length of a line start PMSM as
pﬃﬃﬃﬃﬃﬃﬃﬃ
ð2Þ
lg ¼ 0:3ð0:8 þ 9 DLs Þ  103 :
Using table 1, lg comes to about 0.55 and 0.77mm from (1)
and (2), respectively. Considering the large axial length
(305 mm) of the motor, the final air-gap dimension is
chosen as 0.8 mm (keeping a safe margin), which is larger
than the greater among the two dimensions obtained using
(1) and (2) and hence mechanically safe.

Figure 1. Fabricated SPM and IPM (with same stator) prototypes
kept side by side in the laboratory.

Table 1. Common specifications, dimensions and parameters for
both PMSMs.
Item
Stator OD
Stator ID, D
Active axial length, L
Tooth width (parallel teeth)
Tooth depth
Number of slots
Bearing to bearing length, Ls
Rated power
Number of poles, P
Air-gap length, lg
DC link voltage
Turns/phase, Nph
Slot per pole
Coil pitch
Stator skew angle

Specification
158 mm
95 mm
305 mm
4 mm
17 mm
36
400 mm
5 kW
8
0.8 mm
450 V
96
9/2
4
5o mechanical

Fractional slot distributed winding has been used here.
Figure 2(c) shows the winding layout of R-phase (here, the
numbers corresponds to the respective slot number, and T
and B are used to represent, respectively, top and bottom
position of a slot).
The air-gap length has also been kept same for both
machines. Since the PMSMs are expected to develop strong
unbalanced magnetic pull [32, 33], in case of minor
asymmetries of air gap (due to defects of assembly or due
to inherent bearing or shaft eccentricities), the air-gap
length has to be chosen properly. Although any such direct
technique of evaluation of air-gap length of conventional
PMSM has hardly been reported, some empirical relations,
as reported in some literature, can be used. Following
conservative approaches for small IMs [34, 35], the minimum air-gap length is given by

2.1 Details of the rotors and PMs used in SPM
and IPM
Although air-gap length is the same, the shape, size and
numbers of magnets are different for the two prototypes
(rotor). Cross-sectional views of the rotor laminations are
shown in figure 3(a) and (b). For IPM, a V-shape slot
structure has been chosen for the insertion of PMs due to
its established advantages and better performances
[37, 38]. The magnets for IPM have been designed to get
the same Eph (140 V rms) as that of the SPM. Here, due
to large axial length of the motor, axially segmented
magnets are used in both the SPM and the IPM; 12
magnets each with 25.4 mm length have been used for the
prototypes. Bread-loaf and rectangular block magnets are
used in SPM and IPM, respectively, as shown in figure 4.
A detailed comparison of PMs used in the two prototypes
has been presented in table 2. NdFeB magnets have been
used in both PMSMs.
Customised and specially sintered magnets for SPM are
much costlier (almost 3 times) than the rectangular block
magnets used in IPM (table 2). The magnets used here in
the IPM are rectangular blocks. This can be configured
using small standard magnet tablets of appropriate size
available easily with the PM manufacturers. On the other
hand, the magnets for SPM are bread loaf and the diameter
of the magnet arc depends on the rotor diameter itself [31].
Thus, standard available magnets cannot be used for any
particular customised motor design. Hence, customised
order-made magnets need to be bought for a particular
SPM. The cost of such magnets is much higher in case of
SPM. Photographs of the stator and rotor of the prototypes
SPM and IPM have been shown in figure 5.

2.2 Challenges of fabrication and maintenance
of SPM and IPM rotors
The IPM has a much more complex rotor geometry compared with the SPM. Hence, the cost and time involved to
get a single set of the rotor laminations (custom made to our
design) were much higher for the IPM. Additionally, while
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Figure 2. Common stator lamination and winding in both machines.

Figure 3. Dimensions (all dimensions are in mm) of rotor laminations (without magnets).

the magnets are inserted within the rotor core the allowable
tolerance of dimensional mismatch in an IPM is significantly lower than that in an SPM. This need for additional
precision also increases the cost of rotor lamination fabrication as also the labour cost for the IPM. Moreover, for
SPMs, solid rotor construction has also been reported in
[41, 42] for some outer rotor PMSMs, which reduces the
fabrication cost further. However, construction of solid
rotor IPM, given its rotor geometry, is not mechanically
feasible and has hardly been reported in the published
literature.
Now, in an IPM, the same unit magnets can be used in
rotors with different pole numbers or rotors meant for different stators through an imaginatively modified field
design to suit the available shape and size. On the other
hand, the magnets used in an SPM are specific to any
particular motor and cannot be used for any other SPM of a

different rating/rotor diameter. Two uphold this claim and
practically demonstrate the same, three IPMs of different
ratings (viz. (i) 36 slots, 8 poles, 5 kW, 750 rpm (ii) 36
slots, 6 poles, 2 kW, 100 rpm and (iii) 24 slots, 4 poles, 0.5
kW, 1500 rpm) have been fabricated in the laboratory,
where the same tablet magnets have been used. The rotor
laminations for all the three PMSMs are shown in figure 6.
Procurements and cost of magnets being a major issue, IPM
gives better flexibility in this regard.
The IPM also gives better protection for magnets, as the
magnets are inserted within the rotor core. In case of of
SPMs, the rotor speed is limited by the permissible centrifugal force on the magnets mounted on the rotor surface.
Thus, the highest mechanical speeds achievable are limited
for an SPM. However, replacement of magnets, in case the
magnets break (rare-earth magnets are very brittle), is very
difficult for an IPM, specially for the IPMs with higher
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Figure 4. Dimensions of the unit PM used in the prototypes (all dimensions are in mm).

Table 2. Detailed comparison of magnets used in SPM and IPM.
Parameter
Magnet shape
Magnet material
Unit magnet volume (cm3 )
Unit magnet cost
No. of PM units used
Total cost of PM
Total magnet volume (cm3 )
Direction of magnetisation

SPM
Bread loaf of reqd. arc radius
NdFeB 38EH
3.04
11 $
96 (12 PM/pole)
1056$ (as in 2014)
296
Outward (N) & inward (S)

rating and larger axial lengths (here, axial length is 305
mm). Unlike an IPM, in an SPM any single magnet can be
easily replaced as the magnets are on the surface.

IPM
Rectangular block
NdFeB 38EH
1.63
1.7 $
192 (24 PM/pole)
326$ (as in 2016)
312
Unidirectional

Remarks
Need customised magnets for SPM
Same for both machines
Axially segmented magnets are used
Customised PMs for SPM are much costlier
2  12 PMs/pole are used in IPM
3 times costlier for SPM
96 PM units in SPM and 192 in IPM
50% N and 50% S PM in SPM

hardware of the power converter. Additionally, undervoltage protection has been built into the control schemes.
This set-up has been used to conduct all the detailed
experiments on the SPM and IPM machines as reported
here.

3. The experimental rig
The complete PMSM drive comprising the motor(s), Power
Electronic converter and controller platforms along with
loading arrangements is shown in figure 7(a). An IGBTbased converter has been designed; the components are
selected; the hardware is completely fabricated and used to
run the motor. Control strategies (both closed loop V/f and
sensorless vector control) have been designed and adopted,
and the algorithms have been implemented on FPGA
platform. A schematic of the drive is presented in figure 7(b). Details of the speed control algorithm used and
other test results have been already presented in [39, 40].
Yet, for the sake of ready reference, a schematic diagram
and photograph of the set-up have been included here. Precharging facilities for the converter DC-bus, as also overcurrent, device shoot-through and over-voltage protection
schemes, have been implemented in the developed

4. Comparative study under no-load condition
In any PMSM the performance primarily depends upon the
nature and magnitude of air-gap flux produced by the PM
alone. Hence, investigation of air-gap flux has been carried
out under no-load condition (i.e. zero armature current) to
investigate only on effects of the flux generated by the PMs.
It is done either using magneto-static simulation or in
generator mode of operation without any armature current
(no load).

4.1 Investigations on no-load flux distribution
Detailed investigation of air-gap flux has been done using
standard FEM-based simulation software (magneto-static
condition). In both PMSMs it has been assumed that Bav ¼
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Figure 5. Photographs of fabricated SPM and IPM.

Figure 6. Fabricated stator and IPM rotor laminations with different slot/pole combinations where same unit magnets (as used here) can
be used.

0:6 T in the air gap. Figure 8 shows the no-load flux lines. It
can be verified that, in SPM (figure 8(a)), almost the entire
flux generated from the PM crosses the air gap and the
leakage flux is negligible. However, quite some amount of
flux flows through the ribs and rotor slots in case of the IPM

as can be observed in figure 8(b). Figure 9 shows the corresponding flux density distribution in the two types of
PMSMs. The rib portions, above the rotor slot of the rotor
core in the IPM, have very high flux densities (close to 2.3
T) in the red portions of figure 9(b). Such a phenomenon of
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Figure 7. Complete set-up of PMSM drive used to test the motors.

Figure 8. Flux lines generated by PMs over a pole pair.

local saturation of iron and leakage of flux is not observed
in the SPM (figure 9(a)).
An important point can also be observed from figure 9(a) and (b), which is that in SPM the flux density in
majority of the rotor core is less than 0.5 T and hence some
portions of the rotor core remain unutilised. These portions
of the rotor core laminations can be eliminated. This will
further reduce the rotor weight and the inertia. Now, as PMs
are inserted deep within the rotor slot in IPM, such an
option of elimination of some portions of rotor core is
limited by mechanical constraints in IPM and hardly been
reported.
Now, observing the main flux that crosses the air gap
and the leakage flux in figure 8, the equivalent magnetic
circuit of SPM and IPM can be obtained using existing
methods as given in [43, 44]. Here, for simplicity, it has
been assumed that the unsaturated iron parts, where the
flux density is less than 2 T (using figure 9), is infinitely
permeable. The corresponding equivalent circuits have

been shown in figure 10. Pm and Pg in figure 10 are the
internal permeance of the PM [43] and permeance of the
air gap, respectively. As the magnetic leakage is negligible in SPM, the leakage permeance is negligible in
SPM (figure 10(a) [43]). However, Pb1 , Pb2 and Pc (figure 10(b), (c)) are the permeances of the leakage flux
path through the two rotor ribs in rotor core and through
the rotor slots of IPM, respectively. Although the air-gap
length is the same and also identical stators are used for
the motors, the rotor leakage fluxes are higher in case of
IPM than the SPM. Hence, a higher volume of PM
material is required (enlisted in table 2) for IPM to have
the same value of Bav . Figure 11(a) shows the air-gap
flux density over a pole pair for both PMSMs. The
average B over one half cycle is Bav  0:6 T for both
machines. It can also be observed from figure 11(b) that
B distribution contains higher order harmonics in both
PMSMs and the THD needs to be calculated. THD is
defined as follows:
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Figure 9. Flux density distribution in different parts of the PMSM over a pole pair.

Figure 10. Magnetic equivalent circuits of SPM and IPM.

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
B22 þ B23 þ    þ B2n
THD ¼
 100%
B1

ð3Þ

where Bn represents the amplitude of the nth harmonic and
the subscript ‘1’ represents the fundamental component.
The THD of B is 21.2% and 26% in the SPM (lower) and
IPM (higher), respectively. The THD is much higher in
IPM. The pole embrace in IPM is higher ( 0:85) than in
SPM (0.7). This results in higher value of 3rd harmonics in
the IPM. The effect of higher order flux harmonics should
also be observed in the induced emf and depends upon some
more factors also as presented later.

4.2 Induced emf
Once the air-gap flux is obtained, we can now analyse and
calculate the induced emfs of the two types of PMSM. Here,

the PMSM has been operated in the no-load generating
mode to study the induced emf. The rms value of fundamental induced emf in a PMSM (as for any synchronous
machine) is given by [31, 34]
pﬃﬃﬃ
ð4Þ
Eph ¼ 2pfKw1 Nph /p
where the symbols have their usual significance. The
winding factor kwn for nth harmonic component can be
calculated using conventional methods [34] as
Kwn ¼ Kdn Kpn Kskn

ð5Þ

where Kdn ; Kpn and Kskn are distribution, pitch and skew
factors, respectively [34]. As the stator lamination, layout
of armature winding and the skew angle are identical in
both PMSMs, the winding factors for the different harmonic components are the same in both SPM and IPM. The
Kwn values for different harmonic components have been

Sådhanå (2020)45:69

Page 9 of 24

69

Figure 11. FEM simulation results of air-gap flux density.

calculated (for 36-slot, 8-pole, double-layer distributed
winding with a stator skew of 5o mechanical, as used here)
and presented in figure 12.
Here, the winding factor for fundamental component is
Kw1 ¼ 0:95. At the rated speed of 750 rpm (f ¼ 50 Hz), for
Bav ¼ 0:6 T and Nph ¼ 96, the fundamental component of
induced emf is E ¼ 140 V (rms). As the air-gap flux contains higher order harmonics, the emf also contains higher
order harmonics along with the fundamental component.
The ratio of magnitudes of any harmonic to the fundamental component of induced voltage can be written as [34]
En Kwn Bn
¼
:
E1 Kw1 B1

ð6Þ

From figure 12, Kw3 ¼ 0:55 and Kw5 ¼ 0:12. It can be seen
that for higher order harmonics (n [ 5), the winding factor
is very small (\0:1). Hence, only the 3rd and 5th of small
value calculated using the corresponding flux component

Figure 12. Winding factor and skew factor for different
harmonic components.

(figure 11(b), Kwn and (4)) are expected in emf. Figure 13
shows the FEM generated and experimental waveforms of
emf for the two prototype motors. It can be observed from
the FEM results of the induced emf for both motors that rms
value of emf for both motors is of almost the same magnitude (140 V). This can be validated from the experimental
waveforms of Eph as shown in figure 13. The emf has been
measured by running the SPM and IPM as generators under
no-load condition using the DC machine (operates as DC
motor in this experiment) coupled with the SPM and IPM.
The experimental set-up is shown in figure 7(a). However,
non-idealities present in air-gap flux cause harmonics in
emf too. Slot ripple, one such non-ideality, which is caused
by the presence of slots, is distinct and similar for both
types of motors as can be verified from the flux density
distribution in the air gap (figure 11). The ripple locations
are also the same in both spatial (space–time locked in
synchronous machine) B-waveforms as the stators are
identical. Additionally the flux density is not perfectly
sinusoidal, which also introduces harmonics in emf. However, the effect of winding factor (kwn ) reduces the effect of
higher order harmonics in Eph waveform in both PMSMs.
Figure 13 shows the FFT of the emf for both motors. It is
interesting to note that although higher order harmonics are
present in B, the 7th and the higher order harmonics are
almost absent in the emf of both PMSMs. This is due to the
very small Kwn for higher order harmonics as mentioned
earlier. Using (3) and the FFT (figure 11), the THD of Eph
can be calculated. For the SPM, THDE ¼ 3:5% and for the
IPM, THDE ¼ 8:6%, which is much higher than that for the
SPM. This difference in the values of THD is noteworthy.
In this discussion the flux generated only by the PMs, and
no-load generating mode of operation, has been considered.
It is worthwhile to mention that, even in no-load condition
under motoring mode of operation, the armature current is
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Figure 13. Comparison of Eph of SPM and IPM.

very less (3% of rated current only in both PMSMs). This is
unlike IM, where the no-load current is higher. Hence, the
no-load losses primarily consist of the core loss and friction-windage loss. The core loss itself depends upon the
flux density distribution, and hence it can be calculated
once the flux density distribution is obtained. The details of
these losses for both types of PMSMs have been presented
later in the losses and efficiency subsection.
Now, apart from the PM flux contribution (major), discussed in the earlier section, the total flux linkage of any
phase of the machine also depends on the phase currents
and self and mutual inductances [45]. Hence, these inductances need to be evaluated too. The self and mutual flux

linkages of different phases can be obtained from wellknown relations. They have been included in the Appendix
in (28), for the sake of ready reference.

5. Theoretical estimation and experimental
determination of inductances
As in many machines, the phase inductance of a PMSM
consists of two parts: (i) self and (ii) mutual inductance,
which represent contributions from self and mutual flux
linkages, respectively. It can be observed from (29) in the
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Appendix that the variations of phase inductances with hr
depend on the term L2 [45]. As the permeability of PM is
almost the same as air-gap permeability, the effective airgap lengths along d- and q-axis are almost equal in SPM
and this is ðlg þ lm Þ, where lm is the length of PM along the
direction of flux. Hence, Kd  Kq and L2 = 0 (31) in SPM.
However, in case of IPM, the effective air-gap length along
d-axis is (lg þ lm ), whereas along q-axis it is lg . Hence,
Kd  Kq for the IPM and L2 \0. This results in double
frequency variation of inductance with rotor position (29)
in IPM. The detailed analytical procedure of inductance
determination has been reported in [43]. The nature of
variation of inductance can be verified from figure 14 also.
It can be observed that for the SPM the self and mutual
inductances are almost constant, and the variation with hr is
negligible. However, in the IM rotor (IPM) a double frequency variation can be observed in both the self and
mutual inductances as embodied from (29). One can utilise
(28) in a simple but elegant way to experimentally validate
FEM results (figure 14) as follows. The configuration of the
experimental set-up is shown in figure 15. The a-phase has
been excited and the voltage across the b-phase has been
measured, with the rotor held static in certain fixed positions. From (28), if ib ¼ ic ¼ 0, then
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Figure 15. Circuit diagram used to determine the inductance.

Figure 16 shows the experimental results of va , ia and eb at
two different rotor positions for the SPM and the IPM at
zero speed when va ¼ V, vb ¼ vc ¼ 0 and ib ¼ ic ¼ 0. It
has been verified experimentally that ia , eb remain almost
same for different hr for a constant va (figure 16(a), (b)),
which proves that L2 ¼ 0 in SPM. However, unlike SPM,
va varies with hr to have constant ia (figure 16(c), (d)).
Also, eb varies with hr for the same ia in an IPM (from (31)
since L2 6¼ 0)). This confirms the variations of self and
mutual inductance with hr in IM rotor geometry (figure 16).
Now, Labc matrix can be converted to Ldq [45] as follows:

wa ¼ðLl þ L1 þ L2 cos 2hr Þia þ w0 cos hr ;

ð7Þ

ð9Þ



L1
wb ¼  þ L2 cos 2ðhr  1200 Þ ia
2

3
Ld ¼Ll þ ðL1 þ L2 Þ;
2

ð8Þ

3
Lq ¼Ll þ ðL1  L2 Þ:
2

ð10Þ

þ w0 cosðhr  120o Þ:
Now, if resistance is neglected (measured ra ¼ 0:8 X
(0.07 p.u.)) and for zero speed (xr ¼ 0) with ib ¼ ic ¼ 0,
from (7) and (8) we get
va ¼ea ¼
eb ¼

dwa
¼ ðLl þ L1 þ L2 cos 2hr Þpia ;
dt

dwb
¼ ð0:5L1 þ L2 cos 2ðhr  120o ÞÞpia :
dt

In IPM, L2 is negative and hence Ld \Lq . Hence, from (29),
Laamax ¼ Ll þ L1  L2 and Laamin ¼ Ll þ L1 þ L2 . Similarly, for mutual inductance, Labmax ¼ 0:5L1  L2 and
Labmin ¼ 0:5L1 þ L2 . Hence, Ll ; L1 and L2 can be evaluated using maximum and minimum values of self and
mutual inductance from figure 14 for SPM and IPM. Once
Ll ; L1 and L2 are obtained, the Ld and Lq can be obtained
using (9) and (10), respectively. The experiments were
conducted accordingly. It is perhaps not difficult to

Figure 14. Variation of inductances with rotor position in case of SPM and IPM.
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Figure 16. va , ia , eb at different hr when ib ¼ ic ¼ 0 and xr ¼ 0.

appreciate that voltmeter (Van ), (Vbn ) and ammeter (Ia )
(corresponding circuit diagram is given in figure 15) for
different rotor positions can be used to determine the Ll ; L1
and L2 and hence Ld and Lq .
These inductance values have been experimentally
evaluated as per the process detailed earlier, and they are
enlisted in table 3. Quantitatively speaking in terms of
ratios it can be observed that the Ld for the IPM (7.55 mH)
is 1.5 times that of SPM (4.95 mH). Similarly, it can be
L
seen that the ratio Ldq  2 in IPM, unlike SPM, where the
ratio is almost unity.
It has been discussed earlier that leakage for SPM is lower
than for an IPM of identical rating and stator disposition. The
same has been painstakingly upheld through (i) design and
fabrication of two machines identical in all aspects except for
the rotors and (ii) conducting properly planned experiments
on the machines. This is claimed as a major highlight and a
salient contribution of this work. Now, self and mutual
inductances may vary with change in operating conditions
Table 3. Different inductances of SPM and IPM.
PMSM
SPM
IPM

Ll (mH)
2.4
2.8

L1 (mH)
2.4
5.4

L2 (mH)
–0.05
–2.3

Ld (mH)
4.95
7.55

such as variations of id and iq . FEM simulation has been done
to investigate these variations of the inductances. Variations
of Laamax , Laamin , Labmax , Labmin , etc. with id and iq have
been presented in table 4 for both motors. It is observed that
variations of inductances with id and iq are not very significant for SPM. Noticeably, 10% variation in Laamin can be
observed for the IPM. As the no-load flux density distribution
in stator is similar for both motors and both motors have
identical stators, effects of variations of id and iq are the same
in both motors.

6. Determination of on-load performance
As the no-load operation and inductances of the PMSMs
having been obtained, the different on-load performances can
now be evaluated with appropriate armature current in the
phases. The d- and q-axis components of armature current
govern the on-load characteristics, as shall be evident.

6.1 Analysis of torque developed
Lq (mH)
5.1
14.5

The torque produced by a PMSM can be written as [45]
se ¼

3p
½w iq þ ðLd  Lq Þid iq 
2 0

ð11Þ
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Table 4. Inductance variations with change in current for SPM and IPM.
Motor type

id (A)

iq (A)

SPM

0
0
–12
–12
12
–24
–5
0
0
–12
–12
12
–24
–5

0
12
0
12
0
0
5
0
12
0
12
0
0
5

IPM

Laamax (mH)
4.78
4.78
4.81
4.81
4.72
4.8
4.8
11
10.8
11.1
10.9
10.8
11
11

where the first term on the RHS of (11) is the cylindrical
torque term and the second term corresponds to the saliency
torque. In SPM, since Ld  Lq , the saliency torque is
always zero for any combination of id and iq . However, for
IPM, Ld \Lq and this contributes to positive saliency torque
with positive iq (motoring mode) and negative id (field
weakening). This ensures extended field weakening speed
range in case of IPM. Referring to [45], we recall that
Ia ¼ Id þ jIq and the stator current limit Ilim ¼ Irated (12 A
here). In the complex Id  Iq plane, the motor rated current
Ilim limits the current phasor to a circular locus described by
2
Ilim
 Ia2 ¼ Iq2 þ Id2 :

Laamin (mH)

Labmax (mH)

4.7
4.68
4.77
4.75
4.58
4.8
4.73
6.5
6.5
6.4
6.85
6.6
6.2
6.45

–1.23
–1.20
–1.21
–1.2
–1.18
–1.2
–1.22
–0.9
–0.9
–1
–1
–0.8
–0.9
–0.95

Labmin (mH)
–1.28
–1.28
–1.29
–1.28
–1.3
–1.3
–1.27
–5
–4.9
–4.9
–5
–5.2
–4.8
–4.95

MTPA is obtained when dT
db= 0. Thus, the condition for the
optimum value of b can be obtained as
3p
I2
fE0 Ia sin bopt þ a Xd ð1  nÞ cos 2bopt Þg;
2xe
2

dT
dbjb¼b

¼

dT
dbjb¼b

¼0

opt

opt

0

) bopt ¼ sin1 @

E0

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1
E02 þ 8ð1  nÞ2 Xd2 Ia2
A
4ð1  nÞXd Ia

ð12Þ

ð14Þ

Hence, id and iq need to be optimised to get MTPA. Figure 17(a) and (b) shows the phasor diagram of an SPM and an
IPM, respectively. As the Xd is higher in IPM (table 3), the
torque angle (d) is higher in IPM (figure 17(b)) than in SPM
(figure 17(a)). From the phasor diagram of IPM (figure 17)(b),
Iq ¼ Ia cos b and Id ¼ Ia sin b. Substituting in (11), we get
3p
1
se ¼ ½w0 Ia cos b þ ðLd  Lq ÞIa2 cos 2b
2
2
ð13Þ
3p
Ia2
½E0 Ia cos b þ ðXd  Xq Þ cos 2b:
¼
2xe
2

where n ¼ LLdq . For SPM, n ¼ 1 and the optimum bopt ¼ 0
always. This is indicated in figure 17(a). It can be observed
from (14) that bopt is independent of motor speed and varies
only with Ia for a particular motor.
Figure 18 shows the electromagnetic torque produced by
SPM (figure 18(a)) and IPM (figure 18(b)) for different b
and Iph values. It can be verified that the maximum torque
occurs at b ¼ 0o for SPM while for the other one, b corresponding to the maximum torque varies with Iph
(bopt ¼ 10o for Iph ¼ 12 A, etc.), as can also be verified

Figure 17. Phasor diagrams of SPM and IPM under MTPA operation.
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Figure 18. Variation of output torque with b for different phase currents.

Figure 19. FEM results of output torque at rated current (12 A) and rated speed (750 rpm).
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using (14). Figure 19(a) shows the corresponding output
torque with Iph ¼ 12 A for the two different motors. It is
interesting to observe that some torque ripple is present in
both machines. This simulation has been done with a
sinusoidal current (which contains fundamental component
only) excitation. Since there is no harmonic component in
current, a part of the torque ripple is obviously caused by
the harmonic components present in the emf. The remaining
part of the torque ripple arises from the cogging torque (due
to slot harmonics) of the PMSM.

induced emf with the fundamental current can be calculated
using (15). Similarly, (16) applies for the 3rd harmonics.
When all the 3 phases are excited by a balanced current
with fundamental component only, the 5th harmonic present
in the emf interacts with this current and produces a ripple
torque having a frequency of 6 times the fundamental frequency; the 3rd harmonic produces zero instantaneous torque all along; they can be calculated using (15) and (16),
respectively, as
ðeR5 iR1 þ eY5 iY1 þ eB5 iB1 Þ=xr ¼

6.1.1 Analysis of cogging torque and overall torque
ripple The cogging torque can be computed by
calculating the co-energy around the region of interest,
i.e., around the edges of the magnet in the proximity of the
nearest tooth and slot opening pair. The relevant equations
from electro-mechanics are [46]
Tec ¼

dWc
dh

R B2
where Wc ¼ 2lh ðdVr Þ. The presence of slot and teeth
0
causes change of air-gap energy for different rotor positions
and gives rise to cogging torque. Here, the cogging torque
of the machine has been investigated using an available
FEM-based software package. Figure 19(b) shows the
cogging torque of the designed PMSMs. As may be
observed from figure 19(b), the cogging torque is periodic
in nature and may be written as [46]
Tcog ¼

þ1
X

Tn ðnNcog hm þ /Þ

n¼1

where Ncog cycles of cogging torque occur per revolution
and hm is the rotor position in mechanical degrees. The Ncog
is the LCM of slot and pole numbers (here, 36 and 8,
respectively) [46]. Here Ncog ¼ 72; i.e. cogging torque has
72 cycles per revolution or 18 cycles per electrical 360o . It
can be observed from figure 19(c) that the overall torque
contains 18th harmonic as expected from the previous discussion. Although the skewing effect reduces (less than 2%
of rated torque) the cogging torque in both PMSMs, the
peak value of cogging torque in IPM is 0.9 Nm, which is
almost double of cogging torque in SPM, as may be
observed from figure 19(b). The other source of torque
ripple is the harmonic components present in the induced
emf.
Now, the fundamental components in emf and current
produce the average output power and torque. The higher
harmonics present in the emf interact with the fundamental
current, and give alternating power with zero average values. Hence, they produce ripple torque and do not contribute to average torque. The emf in both the SPM and IPM
majorly contain the 3rd and 5th harmonics. The torque
produced by the interaction of 5th harmonic component of

69

3
E5 I cosð6xtÞ; ð15Þ
2xr

ðeR3 iR1 þ eY3 iY1 þ eB3 iB1 Þ=xr ¼0:

ð16Þ

Since, the 5th harmonic (E5 ) is higher in the SPM than in
the IPM, the value of the 6th harmonic in the torque (figure 19(c)) is higher in SPM. It is interesting to note that the
3rd harmonic and the THD of induced emf are much higher
in the IPM. Yet the percentage peak to peak torque ripple in
IPM (4%) is lower than in the SPM (5.4%).

6.2 Torque–speed characteristics and field
weakening capabilities
Although, the electromagnetic torque developed depends
on id and iq directly, for a VSI-fed PMSM drive, the primary limit is rated terminal voltage of the PMSM (at rated
speed and load). This implies that beyond the rated speed,
MTPA is limited by the voltage-limit locus [47, 48] of
figure 20. The motor terminal voltage in d  q reference
frame can be written as [45]
" #
 


vd
wq
d wd
¼
þ xe
dt wq
vq
wd
ð17Þ




Lq iq
d Ld id þ w0
¼
þ xe
dt
Lq iq
Ld id þ w0
where the symbols have their usual meaning. In steady
state, this reduces to


Vd
Vq




¼ xe

Lq Iq
Ld Id þ w0




¼

Xq Iq
Xd I d þ E


:

ð18Þ

Also
~a ¼ V~d þ jV
~q:
V

ð19Þ

Using (18) and (19) [47, 48], we get
ð

Va 2 2 ðE þ Id Xd Þ2
Þ ¼Iq þ
;
Xq
Xq2

1¼

Iq2
ðVa =Xq Þ

þ
2

ðId þ E=Xd Þ2
ðVa =Xd Þ2

ð20Þ

:

ð21Þ
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Figure 20. Voltage and current limit loci for SPM and IPM in Id  Iq plane.

Figure 21. Operating characteristics of SPM.
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Here, (21) corresponds to the voltage limit locus of PMSM
(figure 20). This voltage limit locus together with the current limit circle governs the possible operating conditions.
It is easy to understand that the overlapping region (MNOP
in figure 20(a), (b)), shared by the voltage and current limit
loci on Id  Iq plane, is the operating area for the PMSM.
Region MNOP is the intersection of two circles in SPM
(figure 20(a)) or of a circle and an ellipse in IPM (figure 20(b)). Now, (21) represents an ellipse resembling (22):
1¼

x  x 2 y  y 2
1
1
þ
:
A
B

ð22Þ

Comparing (21) and (22), we get A ¼ Va =Xq and
B ¼ Va =Xd . For SPM, A ¼ B ¼ Va =Xd . Hence, (22)
becomes a circle. Thus, for SPM, a voltage limit circle is
obtained unlike an IPM where voltage limit ellipse is to be
obtained. Figure 20(a) and (b) shows the voltage limit
circle (SPM), voltage limit ellipse (IPM) and current limit
circles for both the surface and interior PMSM [47–49],
respectively. Here, at rated speed (750 rpm for 50 Hz), the
lengths of major and minor axis of the voltage limit ellipse
are 120 and 65 units, respectively, with focus at (–56,0) in
Id  Iq plane (figure 22(b)), whereas the diameter of the

69

voltage limit circle is 175 units with center at (–90,0) in
Id  Iq plane (figure 21(b)). It may be important to note that
(21) involves frequency-dependent terms. This results in
variations of the axis lengths of voltage limit ellipse in the
case of IPM. Similarly, the diameter of the voltage limit
circle in the SPM changes with frequency (speed) (figure 20) (x2 [ x1 ) variations. This variation of voltage
limit loci limits the maximum attainable speed and affects
the corresponding torque–speed characteristics.
The torque–speed characteristics of the PMSM correspond to the operating zone within the allowable current
and maximum available voltage. It is, of course, desirable
to get the maximum torque output from the PMSM for a
particular phase current (which is MTPA control itself).
However, MTPA operation is possible up to a certain speed
at which the intersection (point M in figure 20) of voltage
limit locus and current limit loci just includes the MTPA
trajectory. The PMSM is designed such that the intersection
point corresponds to the rated speed. Beyond this speed the
PMSM operates in the field weakening region, as the
common area shared by voltage and current limit loci
changes (common overlapping area reduces to PQRS from
MNOP in figure 20(a), (b) at some higher speed

Figure 22. Operating characteristics of IPM.
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Figure 23. Torque–speed characteristics of two PMSMs for different currents (1 and 2 p.u.).

corresponding to x2 ). The id and iq values have to be
approximately modified to have the operating point within
the common overlapping region. Above the rated speed, the
common overlapping region does not include the MTPA
trajectory. As the speed increases, the torque output reduces
for both PMSMs. The maximum speed (xmax ) is achieved
when Va ¼ Vrated ¼ Vlim , Id ¼ Irated ¼ Ilim and Iq ¼ 0.
From (18) and (21) we get


Eo
Vlim ¼ E  Ia Ld xmax ¼xmax
 Ilim Ld
xrated
ð23Þ
¼xmaxðpuÞ ðEo  Ilim Xd0 Þ:
In (23), Eo , rms value of induced emf (140 V) per phase
at rated speed (xrated ¼ 750 rpm), E, rms value of induced
max
emf at xmax , xmaxðpuÞ ¼ xxrated
, per unit maximum speed of
the motor (1.26 p.u. in SPM and 1.44 p.u. in IPM) and Xd0 ,
d-axis synchronous reactance at rated speed (5 mH in SPM
and 7.5 mH for IPM) as usual. Figure 21 shows the output
torque, voltage limit circle or ellipse, current limit circle
and the corresponding id and iq at different speeds (i.e.
different frequencies) for the SPM. Similarly, figure 22
shows the same for the IPM. The maximum attainable
speed for SPM is 950 rpm (1.26 p.u.) and for IPM is 1080
rpm (1.44 p.u.) with Iph ¼ 12 A (1 p.u.). It can be observed
in figure 23 that the IPM, even with the same air gap as that
of the SPM, has a wider range of speed variability with
higher torque output compared with the SPM. Moreover,
the extra 1 p.u. overloading condition is for a short time
(Iph ¼ 24 A (2 p.u.)) and the duration is set by thermal
limits; the maximum speed attainable for the SPM is 1125
rpm and for the IPM is 1375 rpm. It can be observed that
SPM with 2 p.u. current (for short duration) can achieve the
same maximum speed (as attained by the IPM with 1 p.u.
current). Hence, if the maximum speed in IPM is to be
obtained for a short time, one can achieve the same speed in
an SPM with 100% higher phase current (as may be

allowable for short duration in many cases) and of course
with reduced efficiency and higher heating. This can be
observed in figure 23. Analytically, the surface-mounted
motor can achieve a maximum speed of 1150 rpm with 2
p.u. current (for short duration only) (figure 24), which is
even higher than the maximum speed achieved in IPM
machine (1080 rpm) with 1 p.u. current. Hence, SPMs can
be used to get high speed if such an operation is required
for a short time only. This also clarifies how to decide on
the selection of an SPM or an IPM for a given application
in marginal cases of over-speed like the afore-mentioned
ones. The cost, weight, fabrication complexity and issues of
fault tolerance may be deciding factors then.

6.3 Losses and efficiency
The major electrical losses that occur in a PMSM are ohmic
losses and core losses. Additionally, a small percentage of
the loss occurs as friction and windage loss (pfw ). This loss

Figure 24. Operating characteristics of IPM at overload condition (2 p.u. current).
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Figure 25. Core-loss density distributions for the two motors at 750 rpm and h ¼ 0o .

Figure 26. Variation of core loss, flux linkage, id and iq vs xr .

is almost same for the two machines as all mechanical
dimensions and mechanical construction are identical in the
two cases (here, pfw  20 W) at rated speed for both motors
as measured experimentally. Also, since the two PMSMs
have identical stators and the rated current for both motors
is the same, the ohmic losses (pcu ) in both PMSMs are also
same (here,  345 W at rated phase current for both
motors). Only the core losses, which depend on the flux
density magnitude and distribution in the machine iron part,
need to be closely investigated and evaluated. Since the
average air-gap flux densities for the two motors are the
same, the maximum flux densities in the stator teeth and
yoke are also almost same for the two machines.
Eddy current loss [34] in the machine is given by
 2 2 2 2
p t f Bm
f 2 B2m
ð24Þ
pe ¼
¼ ke
W=kg
6q
md
md

where f , operating frequency ¼ 50 Hz (rated), Bm ,
maximum flux density ¼ 1:7 T in teeth and 1 T in stator
yoke (figure 2), t , lamination thickness ¼ 0:5 mm, q,
resistivity of stamping ¼ 0:5  106 Xm, md , mass density ¼ 7650 kg/m3 and ke , eddy current loss co-efficient.
From (24), at the rated speed of 750 rpm, the eddy current
losses in stator teeth and yoke, respectively, are pet ¼ 0:77
W/kg and pey ¼ 0:27 W/kg. The hysteresis loss [34] is
given by
ph ¼ kh

fBkm
md

W=kg

ð25Þ

where kh , hysteresis loss co-efficient. The hysteresis
losses in the stator teeth and yoke, respectively,
are pht ¼ 3:46 W/kg and phy ¼ 1:76 W/kg. The total
weight of stator teeth Wt ¼ 6:2 kg, and that of the stator

69

Page 20 of 24

Sådhanå (2020)45:69

Figure 27. Efficiency maps of the two motors at different speeds and output torque.

Table 5. Detailed comparison of SPM and IPM.
Parameter

SPM

IPM

Rated Eph (V)
Rated Iph (A)
Ke (ELL =k) (rpm)
KT (Nm/A)
Ld (mH)
Lq (mH)
Rph ðXÞ
Kw
% torqueripple (only fundamental I)
Core loss at x1p:u: (W)
Magnet loss at x1p:u: (W)
Field weakening co-eff. (p.u.)
xmax (rpm) (with I ¼ 1 p.u.)
Magnet volume (cm3 )
Rotor weight (kg)

142
12
332
5.3
4.95
5.1
0.7
0.96
5.4
45
6
0.145
950
292
13.24

138
12
328
5.3
7.6
14.5
0.7
0.96
4
50
4
0.2
1080
312
14.6

yoke is Wy ¼ 12:5 kg. Hence, net iron loss in the stator
[34] is
pi ¼ ðpet þ pht ÞWt þ ðpey þ phy ÞWy ¼ 51:6 W:

ð26Þ

Figure 25 shows the core-loss distribution in the stator of
the machine. Figure 26 shows FEM results for the core loss
in the SPM and for the IPM at different speeds (with Iph ¼
12 A). It can be seen that the core loss at the rated speed is
50 W (close to the calculated value of 51.6 W using (26)) in
the IPM and almost same in the SPM (45 W). Up to the
rated speed (750 rpm) the flux density is almost constant,
and since core loss increases as the operating frequency
increases it can easily be calculated using(24) and (25). In
the field weakening region, the flux density reduces as in
figure 26. It shows the core loss at different rotor speeds,

Remarks
Almost same for both machines
Kept same for both machines
Almost same for both machines
Kept equal for both machines
Higher in IPM
Higher in IPM
Same stators & windings in both machines
Same stators & windings in both machines
Lower in IPM
Almost same for both machines
Very low in both machines
Higher in IPM
Much higher in IPM
Higher in IPM
Higher in IPM

and the corresponding id , iq considering Ia ¼ Ilim ¼ 12 A.
Also, to be more precise, the major part of the core loss,
which mostly occurs in the stator core, is almost same, in
the two machines. In both motors, the core loss increases
linearly up to base speed and decreases slightly in the overspeed range (field weakening region). Although the frequency increases, it is found that the overall core losses
decrease in the field weakening region (figure 26). Hence,
the maximum efficiency point is obtained in the field
weakening region and depends on the power–speed characteristics of PMSM (known as the Constant Power Speed
Range (CPSR)).
The efficiency at rated condition is
g¼

Po
Po
¼
¼ 92:4%:
Pin Po þ pi þ pcu þ pfw

ð27Þ
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Figure 28. Operating point of PM during sudden 3-phase short circuit.

Figure 27 shows the efficiency map for the two PMSMs.
Since all the major losses for the two motors are almost
same, the maximum efficiency ( 93% in both machines,
very close to the calculated value as obtained in (27)) and
the nature of corresponding efficiency maps are also same.
To summarise, a detailed comparison between the SPM
and IPM has been listed in table 5. It is interesting to note
that the weight of the IPM rotor is higher than that of the
SPM rotor. Also, the overall magnet volume is higher in
IPM. However, this is when the air gap of IPM is kept
equal to the air-gap length of the SPM (0.8 mm). Till
now, only the normal operating condition has been considered. In the next section the faulted condition has been
investigated too.

6.4 Fault tolerance
The critical and vulnerable component in a PMSM is the
PM. During fault, the demagnetising current (armature
reaction) can be very high and can demagnetise the PM.
Here, 3-phase symmetrical short circuit fault has been
simulated on both PMSMs to investigate the fault tolerance
capabilities of the motors. The fault has been simulated in
the generator mode at the highest possible operating speed
(1000 rpm for SPM and 1100 rpm for IPM) for both motors,
as the fault current is maximum at the highest possible
speed (largest emf) (and this may be a case for regenerative
braking). Now, the short circuit current is proportional to

the SCR (short circuit ratio) of any synchronous machine
[34], i.e.
SCR ¼

1
:
Xd ðpuÞ

rated
Here, Xbase ¼ EIrated
¼ 11:7 X. From table 5, for SPM,
SCR ¼ 6:4 and for IPM, SCR ¼ 4:6. Hence, the short
circuit current is much higher in the SPM compared with
the IPM. The phase currents for both the SPM and IPM
have been presented in figure 28. The short circuit current
in the surface PMSM is 115 A, and in IPM it is 85 A, as
per calculations. The d-axis inductance is lower in SPM,
and hence a higher fault current is of course expected in
the SPM. The maximum value of current is used as
demagnetising current in FEM analysis to verify the
operating point of PM during 3-phase symmetrical fault.
The H corresponding to the worst operating point in SPM
is 715 kA/m, and 550 kA/m in the IPM. It can be
understood from B  H characteristics of NdFeB38 PM
(figure 28(e) [50]) that the operating point may shift
towards the knee point (at 80 o C, the coercive force H c 
7:5 kOe (600 kA/m)). This also means that a partial but
permanent demagnetisation of the PM can occur in the
SPM, as the operating point shifts towards knee point of
B  H curve of PM. Hence, the IPM is more fault tolerant. Thus, from considerations of higher speed range and
better fault tolerance, the IPM may be preferred. This is
noteworthy.
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7. Conclusions
In this paper a novel and detailed comparative study of two
PMSMs, viz. (i) an SPM and (ii) an IPM having same main
dimensions, identical stators, same air-gap lengths, same PM
material and identical nominal ratings, has been presented.
Standard commercially available FEM package (ANSYS
Ma-xwell) has been used to predict the performance of the
two motors. Both motors have been fabricated and tested, and
the experimental results are compared to validate the predicted theoretical results. There is excellent general agreement between the theoretical/predicted and experimental
results. The study has brought out major quantitative comparison between the two motors on features that are usually
commented upon qualitatively or, at best, through abstract
algebraic expressions. It can be seen that the performances of
the two motors are somewhat similar in normal speed ranges
with pros and cons in favour of both, depending upon the
feature that is of interest. This approach is claimed as novel
(though extremely painstaking) and the study is claimed as a
major contribution to the existing pool of knowledge on SPM
and IPM distributed winding PMSMs. The conclusions can
be drawn feature by feature as follows.
Going by motor parameters, the direct axis inductance Ld is
higher in IPM than in SPM even when the air gap and the stator
are same for both machines. This affects the motor performance. It allows for wider field weakening option and extended speed range for the IPM. It is additionally shown here that,
if the high-speed operation is required for a short duration only,
the same speed range can be achieved also in SPM but with
100% over-current. It has also been demonstrated that the IPM,
having higher Ld , has better fault tolerance and possibility of
demagnetisation of PMs is much lesser. Also, the positive
saliency torque during field weakening region for IPM results
in the higher operating speed in IPM. The leakage inductance
of the IPM is also higher than that of the SPM, the major
contributor being from rotor leakage.
However, constructionally speaking, the IPM laminations are more complex to design, fabricate and repair. This
increases the cost of fabrication/repair and maintenance
time for an IPM. SPMs are simpler to design and easy to
fabricate. Moreover, IPM requires higher volume of magnet
compared with SPM (table 5), as the rotor leakage is much
higher in IPM. The overall weight of the IPM rotor is

2

LRR

6
4 LYR
LBR

LRY

2

LYY
LBY

LRB

higher than the rotor weight of the SPM. This finding justifies the popular notion that air gap is kept smaller in IPMs
(implying PM volume and cost reduction with reduced airgap length). Thus, the SPM with same dimensions as those
of IPM has lesser inertia and better dynamic response.
Moreover, solid rotor SPM is used in many low-cost outerrotor-type applications as PMs can be easily placed on solid
rotor body (since the rotor core loss is negligible in
PMSM). However, such an option is not available in an
IPM. It is worthwhile to mention that, unlike SPM rotors,
standard tablet magnets can be used in different IPM rotors
with different ratings as already discussed. This may reduce
the overall manufacturing cost of the IPM.
The control of the SPM is much simpler (id ¼ 0 in normal
speed range) unlike the IPM, where MTPA leads to variable id
(corresponding to bopt ) even in the normal speed range.
Moreover, for the IPM, this id depends on Ld and Lq . It is
popularly known that the IPM is more suitable where very high
over-speed range is required. However, for a short time, SPM
can also be used with 1 p.u. over-current. The selection of these
motors depends on the targeted applications and the required
torque–speed characteristics, drive cycle and motor duty. The
present study has brought out these aspects in a quantified way.

Appendix
The total flux linkages of different phases of the PMSM
[45] can be written as
2 3 2
32 3
wa
Laa Lab Lac
ia
6 7 6
76 7
4 wb 5 ¼4 Lba Lbb Lbc 54 ib 5
wc
Lca Lcb Lcc
ic
2
3
ð28Þ
w0 cos hr
6
7
þ 4 w0 cosðhr  120o Þ 5
w0 cosðhr þ 120o Þ
where Laa is the self inductance of a-phase; Lab and Lac are
the mutual inductances between a  b phases and a  c
phases, respectively; w0 cos hr etc. correspond to the flux
linkage of phase a (similarly b and c) caused by the PM.
Following [45], the inductance matrix (Labc ) of (28) can be
expanded as

3

7
LYB 5
LBB
Ll þ L1 þ L2 cos 2hr

6
¼ 4 0:5L1 þ L2 cos 2ðhr  120o Þ
0:5L1 þ L2 cos 2ðhr þ 120o Þ

 0:5L1 þ L2 cos 2ðhr  120o Þ
Ll þ L1 þ L2 cos 2ðhr  120o Þ
 0:5L1 þ L2 cos 2hr

 0:5L1 þ L2 cos 2ðhr þ 120o Þ

3

7
 0:5L1 þ L2 cos 2hr
5
ðLl þ L1 þ L2 cos 2ðhr  120o Þ

ð29Þ
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where Ll is the leakage inductance, hr is the rotor position
and
L1 ¼N12

Kd þ Kq
;
2

ð30Þ

L2 ¼N12

Kd  Kq
:
2

ð31Þ

[13]

[14]

Kd and Kq are the d- and q-axis permeances, respectively
[45].

[15]
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