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Abstract. This paper presents a novel and exhaustive investigation involving in-depth analysis, performance
evaluation and comparative study of two 0.75 hp, 4-pole, 1500 rpm laboratory prototypes of Brushless DC
(BLDC) motors of identical nominal ratings with surface and interior permanent magnet rotor structures having
the same stator and winding (integral slot distributed winding). Both the motors were designed and developed in
the lab. The major electrical variables (such as rated power, speed, voltage, current, number of poles, etc.) and
the stator (such as core material, stator lamination, stack length, winding pattern and wire gauge) of the
fabricated prototypes have also been kept identical to pin-point the direct influence of the two different rotor
configurations (viz., surface vs interior permanent magnet) on the parameters, performance and operation of
these BLDC motors. Additionally, to ensure unbiased basis for appropriate comparison, the overall volumes of
magnets/pole in both the motors have also been kept similar. A detailed comparison of different quantities like
air-gap flux density distribution, THD in induced voltage, torque ripple, losses and efficiency, torque–speed
characteristics with field-weakening capability, steady state parameters at different operating conditions, etc. has
been conducted for the said motors and the salient points duly highlighted. The vulnerability of the permanent
magnets to demagnetisation based on armature reaction, particularly during a sudden fault, has also been
investigated in both the cases. The theoretically determined parameters and analytically evaluated performance
figures have been verified through standard FEM packages, and later validated experimentally on the fabricated
prototypes. Very good mutual agreement has been observed between predicted and experimental values.
Keywords. BLDC motors; surface-mounted PM; interior PM; induced emf; air-gap flux density; inductance;
fault tolerance; torque ripple; torque–speed characteristics; FEM analysis; fabrication; comparative study.

1. Introduction
Brush-less DC (BLDC) motors [1–3] enjoy widespread
application and intense research activities because of their
inherent advantages like higher power and torque densities,
higher efficiency, compact size, etc. with respect to conventional motors. Depending on applications (like electrical
vehicle applications, industrial drives, servo-applications,
etc.), thorough research is being carried out on the construction and design optimisation of BLDC motors to
achieve the desired performance in terms of torque–speed
[4, 5] and power–speed characteristics, efficiency and torque ripple minimisation, etc. High-performance BLDC
drives, operating under direct torque control (DTC), maximum torque per ampere control (MTPA) and such other
strategies, efficiently utilise the motor capability over the
entire operating region in the torque–speed plane. This
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largely depends on motor parameters and characteristics
[6]. The BLDC motor is a special kind of PMAC motor [7]
that has trapezoidal induced emf with quasi-square phase
current waveform. The other type of PMAC motor that has
sinusoidal induced emf with sinusoidal phase current is the
well-known Permanent Magnet Synchronous Motor
(PMSM). In case of the BLDC motors, the inverter operates
primarily in the 120 conduction mode with appropriate
PWM strategy while in case of the latter, 180 conduction
mode with suitable PWM control (e.g. sine PWM, space
vector PWM, etc.) is employed.
It may be well appreciated that the different performance
indices, as mentioned earlier, depend upon various factors
such as rotor geometry, magnet shape, magnet location in
the rotor, etc. Based on rotor construction, BLDC motors
are classified as (i) surface-mounted permanent magnet
(SPM) motors and (ii) interior permanent magnet (IPM)
motors. In case of an SPM motor the permanent magnets
(PMs) are placed on the rotor surface, whereas in case of an
IPM motor the PMs are buried inside the rotor iron.
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Although BLDC motors have superior performance
compared with other motors, they are also costlier than
conventional motors like induction motors. The major cost
component of a BLDC motor (for that matter, any PM
motor) is that of the PM. Hence, proper magnet design,
magnet material selection, minimisation of PM volume and
hence cost economy are some of the critical issues [8].
Also, the PM can get permanently demagnetised during
transient or sudden faults due to the demagnetising effect of
armature reaction [9]. Extensive research is being carried
out to identify the effect of structure, shape, size and
placement of PMs in BLDC motors. The choice of any
particular type of BLDC motor depends on the chosen
application and the desired performance characteristics.
Hence comparative studies among different kinds of PMAC
motors (viz. BLDC and PMSM) have been carried out
[10–17] to determine the suitability of the motor type for
these two rotor configurations (SPM and IPM), justifying
the need for intense research investigation. It will be
important to mention that one has to address the difference
between modelling of SPM and IPM on the basis of two
otherwise identical motors. This will pin point the difference in the modelling arising out of the change in rotor
configuration (SPM/IPM).
Comparative studies on the effects of rotor configuration
(SPM or IPM) have been conducted by many researchers as
highlighted in [10, 11, 14–17] for electric vehicle, traction
and direct drive applications. Finken et al [10] have presented a simulation and an analysis based on numerical
study for different IPM and SPM rotor structures. However,
magnet volume and number of turns for stator winding
were different in each case, which might have rendered the
ground for comparison slightly dubious. Reddy et al [11]
presented a comparative study of SPM and IPM motors but
with fractional slot concentrated winding configuration
(with slot/pole/phase, q  0.5 [12, 13]) but markedly
different mechanical dimensions (active length, stator outer
diameter, etc.). It may be appreciated in this context that
difference in mechanical dimensions largely affects the
performance of any motor. In [14] an IPM and an SPM are
compared, both having the same magnet volume, but the
slot numbers, rotor pole numbers and other mechanical
dimensions are different here too. This may weaken the
basis of comparison, as mentioned earlier. A simulationbased theoretical comparison has been presented in [15],
for two machines having different terminal voltages.
However, for direct comparison of motors, the voltage
ratings should also be similar, if not identical, for the
motors being compared, unless the effect of voltage variation is itself the focus of the study. Another study comparing the losses and thermal characteristics of SPM and
IPM motors has been presented in [16], but discussions on
some important design factors and key quantities such as
magnet volume and average air-gap flux-density (Bavg ) are
found wanting. In [17], the authors have presented a theoretical comparative study of PMSMs (between SPM and
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IPM) with NdFeB and ferrite magnets. The air-gap lengths and
over-all rating of the motors are justifiably kept same in this
study. However, factors like magnet volume, overall motor
dimensions, stator laminations, number of turns and winding
configuration (distributed and concentrated non-overlapping
winding) are surprisingly different in the two cases.
Thus, different comparative studies are found in the
relevant available literature. However, the nominal specifications and dimensions like machine active length, stator
lamination (slot opening), stator slot–pole combination,
winding pattern, etc. are not kept the same. Hence, it is
difficult to compare the motor performance directly as it is
well appreciated that motor performance and parameters
both vary with the active length and dimensions. In the
majority of the cases mentioned earlier, the overall magnet
volumes, for the motors being compared, are different. As
mentioned earlier, the major cost component is entailed by
the magnets and hence the overall magnet volume should
be preferably kept optimum, as also unchanged, in the
BLDC motors of same nominal ratings, if they are to be
considered for comparison.
Hence in this paper, a comparative study of a SPMBLDC motor and an IPM-BLDC motor with same nominal
ratings has been presented keeping the overall dimensions,
stator dimensions and winding configurations identical for
the two motors. This may serve to fill the gap in the existing
knowledge pool as pointed out earlier. The major emphasis
has been laid on maintaining similar magnet volume per
pole for the two machines.
Arc-shaped SmCo-based segmented magnets have been
chosen for the SPM-BLDC to facilitate rotor skewing
process [18] since SmCo-based PMs can be easily fixed
with adhesive on a laminated cylindrical rotor-core structure. On the other hand, NeFeB magnets come with Nicoating and are difficult to be fixed with adhesive. In case
of the IPM-BLDC motor, standard commercially available
segmented Ni-coated NdFeB magnets have been chosen as
the magnets are inserted inside the rotor core. Though the
materials are different due to availability of shapes, however, the grades of the magnetic material (Sm2 Co17 grade28 for SPM-BLDC and NdFeB grade-38EH for IPMBLDC) are so chosen that (BH)max value, remanence flux
density (Br ) and coercivity (Hc ) [19, 20] at operating
temperature can be maintained very close to each other to
strongly justify the comparison of the two types of BLDC
motor on a level ground.
Most commercially available BLDC motors (having
inner rotor) are of the surface-mounted PM rotor type and
use arc-shaped or bread-loaf sintered rare-earth PM
(NdFeB or SmCo), which are costly. However, in case of
the IPM-BLDC motor, standard commercially available
tablet PM blocks of very low cost can be used. The PM
being an imported and costly item, the selection of magnet
shape, size and designing its location inside the rotor are
very important issues in order to reduce the BLDC motor
manufacturing cost.
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The present comparative study between SPM-BLDC and
IPM-BLDC motor having same nominal rating, stator
dimensions and winding structure is of significant importance due to the afore-mentioned reason. The study has
been carried out on multiple aspects like THD of no-load
induced emf, magnet operating point, demagnetisation,
fault tolerance variation of inductances, torque–speed and
power–speed characteristics and efficiency.
The motors considered here have the following common
specifications: 0.75 hp, 1500 rpm BLDC motors (SPM and
IPM) with double-layer distributed winding. Both the
machines have been designed, analysed and developed by
the authors and the corresponding laboratory prototypes
have also been fabricated. The FEM simulations (based on
ANSYS-MAXWELL) and experimental results are compared on various aspects as detailed later. Figure 1 shows a
photograph of 0.75 hp SPM-BLDC and the IPM-BLDC
motors kept side by side in the laboratory. The results
obtained have been compared to those obtained from FEMbased computation and then verified experimentally on the
actual set-ups. The results are found to have excellent
mutual correlation, which is another major highlight of this
detailed and exhaustive work.

2. Details of the designed BLDC motors
As mentioned earlier, the common nominal ratings of both
the developed motors are given in table 1. Detailed design
of the SPM-BLDC motor (henceforth referred to as SPM) is
presented in [21]. The same low-cost M45 electrical steel
stator lamination has been used in both the BLDC motor
prototypes. The winding (number of turns, wire gauge,
etc.), its distribution and disposition have all been kept the
same for the two machines. Details of the stator (lamination
and winding) are given in table 2. Figure 2 shows a crosssectional view of the designed 0.75 hp SPM-BLDC motor,
whereas the IPM-BLDC (henceforth referred to as IPM)
one is shown in figure 3. A full-pitched double-layer distributed stator winding has been used here with the

Figure 1. Fabricated 0.75 hp SPM-BLDC and IPM-BLDC motor
(with same stator) prototypes.
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Table 1. Rating and basic dimensions of the BLDC motors.
Item
Rated output power (P0 )
DC input voltage (Vdc )
DC input current (Idc )
Phase
Rated rpm (N r )
Poles
Winding connection
Bore diameter (D)
Stack length (L)
Air-gap clearance
Effective air-gap length (lg )
(w.r.t. magnetic circuit)

value
0.75 hp
400 V
1.7 A
3
1500 rpm
4
Y
62.5 mm
103 mm
0.5 mm (for SPM)
0.3 mm (for IPM)
1 mm (for SPM)
0.3 mm (for IPM)

objective of achieving trapezoidal induced emf [19] per
phase, as the case should be in a BLDC motor. The distributed winding is chosen over concentrated non-overlapping winding, as distributed winding exhibits lower slot
leakage inductance and offers better inverter utilisation
factor at base speed [12, 13]. Also, BLDC (i.e. PMAC)
motors with distributed winding have much lesser magnet
eddy current loss than the concentrated non-overlapping
winding structure [22].
polearc
A 180 magnet pole angular spread (polepitch
 1) has
been used here in order to get a square-wave-shaped air-gap
flux density distribution under no-load condition and to
obtain trapezoidal phase induced emf.
To start with, we can consider the expression for input
 2 Lns , where
VA [23] of the machine, Sin ¼ 11kw Bavg acD
the symbols have there usual connection and the specific
magnetic loading or air-gap specific flux density (Bavg ) and
 values are taken as 0.6 T and
specific electrical loading (ac)
11 kA/m, respectively [21, 23].
The air-gap length in small motor can be obtained from
the relation [23]
pﬃﬃﬃﬃﬃﬃﬃﬃ
ð1Þ
lg ¼ 0:2 þ 2 DL:
Hence, for D ¼ 0:062 mm and L ¼ 0:103 mm (discussed
earlier in [21]) the minimal air-gap length (lg ) should be
around 0.35 mm. In case of IPM-BLDC motor, lg is kept
as 0.3 mm. This has been done (i) to try and keep the
volume of magnet material/pole same and (ii) keeping in
mind that the relation (1) holds for IM rotors, which are
much heavier due to the presence of copper or aluminium
bars or windings. An additional sleeve has been used in
the SPM motor to protect the PM against rubbing. The
sleeve used here has a thickness of 0.5 mm. This increases
the overall air-gap length of the SPM-BLDC motor. The
air-gap length lg of SPM motor (1 mm) is chosen such
that magnet volume/pole for SPM and IPM motor are
almost the same and the induced emfs are also similar
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Table 2. Stator and winding details of the BLDC motor.
Item
Stator OD
Stator ID (D)
No. of slots (S)
Coil pitch
Slot/pole/pitch (q)
Conductor per slot (Zs )
Rated phase current (Ia )
Conductor cross-section area (ac )
No. of strands
Layer of winding
Turns per phase (Tph )
Rotor skew
Fundamental
winding factor (kw1 )

Value
102 mm
62.6 mm
24
6 slots
2
70
1.4 A
0:245 mm2
1.0
2
280
1/2 slot angle (for SPM)
and nil (for IPM)
0.943 (for SPM)
and 0.966 (for IPM)

constraints. For the SPM [21], the rotor has been fabricated
with segmented and skewed (1/2 stator slot angle) rotor
poles [18]. However, such rotor skewing cannot be obviously done in case of the IPM motor. The fundamental
skew factor and winding factor (ksk1 and kw1 ) [23] of the
SPM-BLDC are 0.997 and 0.943 and for the IPM-BLDC
motor are 1 and 0.966, respectively.

3. Comparative analytical study of SPM-BLDC
and IPM-BLDC motors
The comparative study of the SPM and IPM motors has
been done based on the following points: (i) comparison
at no-load condition, (ii) PM operating point on B–H
plane and demagnetisation during operation, (iii) inductance for different PM configurations, (iv) fault tolerance,
(v) torque ripple and cogging torque, (vi) torque–speed
and power–speed characteristics and (vii) losses and
efficiency.

3.1 Comparison at no-load condition

Figure 2. Cross-sectional view of the 4-pole, 0.75 hp SPMBLDC motor (stator OD = 103 mm, ID = 62.6 mm, 24 slots).

Figure 3. Cross-sectional view of the 4-pole, 0.75 hp IPMBLDC motor (stator OD = 103 mm, ID = 62.6 mm, 24 slots.)

(Eph ¼ 160 V for SPM and 155 V for IPM) at rated speed
(1500 rpm). As the motor is small, the stator skewing is
not practically feasible due to the manufacturing

Initially, the performance of the BLDC machines has been
investigated at no-load condition (with zero armature current). Figure 4 shows the no-load flux lines (i.e. due to PM
alone) and the relevant equivalent magnetic circuits for
both the machines. From figure 4(a) it can be noticed that in
case of the SPM, almost all the PM flux crosses the air gap
and links with the stator coils and hence, the rotor leakage
can be neglected. However, in case of IPM motor, significant rotor leakage is observed through the rotor rib portions
(figure 4(b)). This causes local saturation (flux density of
1.9 T) in the rib portions of the rotor of the IPM-BLDC.
Such local saturation of rotor iron is not present in the SPM
rotor (as seen in figures 5 and 6). Because of this significant
rotor leakage, magnet utilisation is poorer in case of the
IPM compared with the SPM. Figure 4(c) shows the
equivalent magnetic circuit of the SPM. In this figure, P m is
the permeance of the PMs, and Rg and Ri are reluctances
of air gap and iron parts, respectively, for a complete flux
path (mainly due to saturation), while /g is the air-gap flux.
In case of the IPM, some additional rotor leakage permeances (P rb1 , P rb2 ) are present in the equivalent magnetic
circuit as shown in figure 4(d). Hence, to have the same
average air flux (Bavg , i.e. similar Eph ) in both the SPM and
IPM, a greater volume of magnet is required in case of the
IPM compared with the SPM. Else, in case of IPM, one has
to reduce the air-gap length, to attain the same average airgap flux density with the same volume of magnet as used in
the SPM motor. As already mentioned, the comparison of
performance, overall cost, etc. for the two developed prototypes has been done considering the same PM volume.
This is an important practical constraint and is a significant
addition to the existing knowledge pool in the area of
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Figure 4. No-load flux line and magnetic circuit for surface and interior PM-BLDC motors.

performance comparison of BLDC and PMAC motors. To
have similar magnet volume in both the motors the IPM has
been designed considering an air-gap length of 0.3 mm,
much lesser than the effective air-gap length of SPM (1
mm). The details of magnet volume and other information
are given in table 4.

Figure 5. 2D FEM analysis: no-load flux density of the SPMBLDC motor (Bmax ¼ 2 T).

Figure 7(a) and (b) shows the air-gap flux density Bg
over a pole pair and the corresponding FFT (in %) of Bg for
the SPM and IPM motors, respectively. The air-gap flux

Figure 6. 2D FEM analysis: no-load flux density of IPM-BLDC
motor (Bmax ¼ 2 T).
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Figure 7. Comparative air-gap flux density spatial distribution and corresponding FFT (in%) for SPM-BLDC and IPM-BLDC motors.

density of both the SPM and IPM motors contains several
space harmonic components. The effect of slotting is also
evident for both the motors. However, as the air gap is less,
this effect is more prominent in case of IPM. The higher
order harmonics (like 9th , 11th , 13th , etc.) in air-gap flux
density are more predominant in case of IPM motor compared with SPM one as shown in figure 7(b). In both the
waveforms (figure 7(a)), 12 ‘humps and dips’ are present.
They are obviously generated because of the reluctance
variation in slot-opening portions in between the teeth of
the stator. In both the motors, the number of stator slots
under a pole pair (i.e. 360 electr.) is equal to 12. Hence, we
find 12 ‘humps and dips’ in air-gap flux density plots distribution. They result in higher THD for the IPM motor
(table 3).
THDx is defined as follows:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A22 þ A23 þ    þ A2n
ð2Þ
THDx ¼
 100%
A21
where An represents the amplitude of the nth spatial harmonic of any signal and subscript ’1’ represents the

Table 3. No-load air-gap flux density and induced emf of SPMand IPM-BLDC motors.
Quantity
Bavg
Avg. fundamental gap flux density Bg1
THDB
Total rms Eph @ 50 Hz
Fundamental rms E1 @ 50 Hz
THDE

SPM

IPM

0.6
0.54 T
26%
160 V
158 V
8.7%

0.59
0.5 T
41.3%
155 V
150 V
19.4%

fundamental component for a given variable x (here B or
E). In a synchronous machine, space and time harmonics
become indistinguishable in the observed waveforms (figure 7(b)). Using (2) and the FFT (figure 7)(b), the THD of
Bg can be calculated. The THDB of air-gap flux density for
IPM motor is 41.3%, and for the SPM motor it is 26%.
The fundamental and other harmonics present in the airgap flux induce the corresponding emfs. Now, the rms value
of the fundamental induced emf in a 3-phase BLDC motor
is given by [23]
p
p
E1 ¼ 2pf /p1 Tph kw1 ¼ 2pfBg1 sp LTph kw1
ð3Þ
where all the symbols have their usual meanings. Here,
Bavg ¼ 0:6 T and Tph ¼ 280. Hence, at the rated speed of
1500 rpm (f = 50 Hz) E1 values are 158 and 150 V (rms) for
SPM and IPM motors, respectively. Figure 8 shows the
induced emf per phase (Eph ) obtained by FEM simulation
of the SPM and IPM motors at rated speed (i.e., 1500 rpm
or 50 Hz), and corresponding experimental waveforms are
given in figures 9(a) and (b). The FFTs of induced emfs for
the motors are shown in figure 9(c). The harmonic content
and the THD of emf are much higher in the IPM-BLDC
compared with the SPM-BLDC. The THDE of experimental
induced emf of the IPM motor is 19.4%, whereas that of the
SPM motor is 8.7%.

3.2 Magnet operating point in B–H plane
for the SPM and IPM motors
Magnet design and optimisation are among the most critical
issues in a BLDC motor. Here, arc-shaped Sm2 Co17 (gradeS28) magnets have been used in the SPM motor whereas
rectangular block Ni-coated NdFeB (grade-N38EH)
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Figure 8. Waveforms from FEM simulation: Eph for SPM-BLDC and IPM-BLDC.

magnets have been used in case of IPM motor (due to
reasons discussed earlier). The corresponding diagrams of
the magnets are shown in figure 10. NdFeB and SmCo
magnets have been used here as these PMs have the highest
BHmax [20] product values, which are also quite close in
value to each other (viz. 28 MGOe or 223:3 kJ/m3 for

Sm2 Co17 -S28 and 240 kJ/m3 for NdFeB-N38EH at 100  C
operating temperature) such that magnet volume required to
have a particular air-gap flux density Bavg (0.6 T here) in
the air gap under no-load condition is the least for these two
materials. Also, the second quadrant B–H characteristics of
these particular material-grades (grade-28 for Sm2 Co17 and

Figure 9. Experimental Eph and corresponding FFTs for SPM-BLDC and IPM-BLDC motors.
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Figure 10. Magnet dimensions and shape for SPM-BLDC and IPM-BLDC motors.

grade-N38EH for NdFeB) are linear up to a very high
temperature as shown in figures 13 and 14. Also, the B–H
characteristics at operating temperature (100  C here) for
both the PMs almost resemble each other. In both cases,
demagnetisation B–H characteristics (figures 13 and 14)
are taken corresponding to 100  C assuming an ambient
temperature of around 40–45  C and a maximum temperature rise inside motor of about 50–55  C.
Magnet characteristics and no-load operating point
depend on factors such as PM material, size, air-gap
length, iron/steel material used in the stator and rotor
laminations and the dimensions of the stator and rotor,
i.e., the factors that affect the complete magnetic circuit
details. The operating point at no-load is the intersection
point of the second quadrant B–H characteristic (demagnetisation B–H characteristics) at the operating temperature and the load line as shown in figure 11. Now, the
slope of the load line depends on permeance co-efficient
PC [20] and is given by
PC ¼ 

Bm
1
Ag l m
¼

l0 Hm flkg Am lg

Figure 11. Demagnetisation B–H characteristic of rare-earth
permanent magnet [19, 20].

Now, following [19, 20], the no-load operating point of
the magnet (Bm0 , Hm0 ), as shown in figure 11, can be
expressed as
Bm0 ¼

ð4Þ

where the symbols have their usual meaning. In case of an
SPM motor, the air-gap area (Ag ) is equal to magnet surface
area (Am ) [20]. Here, the major differences between the
SPM and IPM motors are in the different rotor leakage coefficient (flkg ) and air-gap length (lg ) values. Because of
these, the no-load operating points (Bm0 , Hm0 ) of magnets
are different in the two cases. Using the information provided in table 4 the PC of magnet for the IPM rotor is
evaluated as 23, which is much higher than the magnet PC
(=3) for the SPM rotor despite the volume of magnet
required per pole being nearly equal (for SPM 13132 mm3
and for IPM 13184 mm3 ) in the two cases.

PC
 Br ;
lrec þ PC

ð5Þ

Br  Bm0
:
lrec l0

ð6Þ

Hm0 ¼

In (5) and (6), lrec , the relative permeability of the magnet
¼ lBrHc [20].
0
The no-load operating point of PM (shown in figures 13
and 14) for the SPM is (8 kG, 2.53 kOe) or (0.8 T, 202 kA/
m) and for the IPM is (10.7 kG, 0.23 kOe) or (1.07 T, 18
kA/m), which implies that IPM-rotor magnets are designed
to withstand much higher demagnetising field intensity H d
(figure 11) compared with its SPM counterpart.
The volume of magnet per pole can be expressed as
[19, 20]
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Table 4. Magnet operating points and other details for the two BLDC machines.
Item

SPM

Magnet material
Remanence Br @ 100 C
Coercivity Hc @ 100 C
Relative permeability of magnet (lre ¼ lBrHc Þ
0
Magnet thickness (lm )
Effective air-gap length (lg )
Air-gap area/pole (Ag )
Magnet area/pole (Am )
Permeance co-efficient (PC)
No-load operating flux-density of magnet (Bm0 )
No-load operating field intensity of magnet (Hm0 )
Volume of magnet/pole (Vm )
Total volume of the magnets
Effective air-gap volume per pole (Vg )
Leakage flux of magnet (flkg )
Avg. air-gap flux density (BgðavgÞ )
Reluctance of magnet/pole (Rm )
Reluctance of air gap/pole (Rg )
Maximum allowable demagnetising AT/pole (FdðmaxÞ )
Rated demagnetising AT/pole (FdðratedÞ )

Vm ¼ Am lm ¼

B2g Ag lg
B2g Vg
¼
:
flkg l0 ðBm Hm Þ flkg l0 ðBm Hm Þ

ð7Þ

Figure 12 presents the simplified magnetic equivalent circuit for a pole [20]. In figure 12, P m and P lr are the permeances of the magnet and rotor leakage path, respectively,
and Rg , Ri are the reluctances of the air gap and the iron
parts for the complete flux path for a pole. Fd is the
equivalent d-axis demagnetising AT per pole developed
due to armature reaction. Table 4 shows the details of
operating points of the PMs, and other details for the SPM
and IPM motors. From figures 13 and 14, it can be said that
the safest maximum value of demagnetising field intensity
(H d ), without losing permanent magnetism, for the SPM
motor is equal to 5 kOe (i.e. 398 kA/m) whereas it is 6.3
kOe (i.e. 500 kA/m) for the IPM-BLDC. Hence, the safest

Figure 12. General equivalent magnetic circuit for a pole [20].

IPM

Sm2 Co17 (grade-28)
10.8 kG or 1.08 T
9.8 kOe or 780 kA/m
1.038

NdFeB (grade-N38EH)
11 kG or 1.1 T
10 kOe or 796 kA/m
1.099

3 mm
1 mm
ð42:5  103Þ mm2
ð42:5  103Þ mm2
3
0.8 T
202 kA/m
13132 mm3
52528 mm3
4:717  103 mm3
Nill
0.586 T
5:217  105 AT/Wb
1:805  105 AT/Wb
1192.5 AT
250 AT

4 mm
0.3 mm
ð47:57  103Þ mm2
ð32  103Þ mm2
23
1.07 T
18 kA/m
13184 mm3
52738 mm3
1:47  103 mm3
Nearly 10%
0.596 T
8:787  105 AT/Wb
0:487  105 AT/Wb
2000 AT
256 AT

maximum value of demagnetising mmf per pole, Fd ð¼
Hd lm Þ is 1192.5 AT for the SPM and 2000 AT for the IPM,
which shows that the IPM motor can withstand much
higher demagnetising armature current (Ia ) than the SPM.
The fundamental component of the demagnetising mmf per
pole due to the d-axis current (Id ) is given by [26, 27].
pﬃﬃﬃ
3 2
ð8Þ
kw1 qns Id :
FId ¼
p

Figure 13. Demagnetisation B–H curves of Sm2 Co17 (gradeS28) magnet used in SPM motor at different temperatures (1 kOe
= 79.6 kA/m and 1 kG = 0.1 T) [24].
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Laa
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4 wb 5 ¼4 Mba
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Mca
2

Mab
Lbb

32 3
ia
Mac
76 7
Mbc 54 ib 5

Mcb

Lcc
ic
3
w0 cos hr
6
7
þ 4 w0 cosðhr  120 Þ 5

ð9Þ

w0 cosðhr þ 120 Þ

Figure 14. Demagnetisation B–H curves of NdFeB (gradeN38EH) magnet used in IPM motor at different temperatures (1
kOe = 79.6 kA/m and 1 kG = 0.1 T) [25].

In (8), kw1 is the winding factor of stator winding, q is the
slot/pole/ phase and ns is the number of stator winding turns
per slot or conductors per slot (Zs =2). Using (8) and table 2
it is found that the possible (maximum) demagnetising AT
developed per pole due to rated armature current
(Ia ¼ Id ¼ 1:4 A) is 250 AT for the SPM and 256 AT for
the IPM, which are both within permissible limits for both
cases.

3.3 Inductances for different PM configurations
in the rotor
The phase inductances in any electrical machine (self and
mutual) primarily depend on the air-gap length. Hence, for
machines with different air-gap lengths (such as the case in
the present paper) the inductances will obviously be different. Moreover, unlike the SPM case, the d- and q-axis
permeances are unequal and varying in case of the IPM.
This causes inductance variations for different rotor positions. The total flux linkages of different phases of the
BLDC motor [28] can be written as

where Laa is the self inductance of a-phase coil, and Mab
and Mac are the mutual inductances between a  b phases
and a  c phases, respectively. The term w0 cos hr on the
RHS represents the flux linkage of phase a caused by the
PM. Similarly, the other terms correspond to b and
c phases. In the inductance matrix (Labc ) of (9) Laa ¼
Ll þ L1 þ L2 cos 2hr , Mab ¼ Mba ¼ 0:5L1 þ L2 cos 2ðhr 
120 Þ, Mac ¼ Mca ¼ 0:5L1 þ L2 cos 2ðhr þ 120 Þ [28],
where Ll is the leakage inductance, hr is the rotor position,
i.e. angle between PM rotor d-axis and a-phase axis, L1 ¼
K þK

K K

N12 d 2 q and L2 ¼ N12 d 2 q . Here, Kd and Kq are the d- and
q-axis permeances, respectively [28].
The variations of self and mutual inductances depend on
the rotor position hr and L2 . For the SPM, Kd  Kq and
hence L2 ¼ 0. However, Kd  Kq for the IPM motor and
hence, L2 \ 0. They can be verified from figure 15 also. It
may be observed that in the SPM the self and mutual
inductances are almost constant and the variation with hr is
negligible. However, in the IPM a double-frequency spatial
variation can be observed in both self and mutual inductances as is clear from figure 15 also.
Now, Labc matrix can be converted to Ldq [28] as follows:
3
Ld ¼Ll þ ðL1 þ L2 Þ;
2

ð10Þ

3
Lq ¼Ll þ ðL1  L2 Þ:
2

ð11Þ

In the IPM motor, L2 is negative and Ld \Lq . Hence, from
(9), Laamax ¼ Ll þ L1  L2 and Laamin ¼ Ll þ L1 þ L2 .
Similarly, for mutual inductance, Mabmax ¼ 0:5L1  L2

Figure 15. Variation of phase inductances with rotor structure as obtained from FEM analysis.

Sådhanå (2020)45:26

Page 11 of 24

Table 5. Different inductances of the BLDC motors.
BLDC type Ll (mH) L1 (mH) L2 (mH) Ld (mH) Lq (mH)
SPM
IPM

9.04
49.8

20.7
72.7

0.844
54.85

42
76.57

42
241

and Mabmin ¼ 0:5L1 þ L2 . Hence Ll ; L1 and L2 can be
evaluated using maximum and minimum values of self and
mutual inductances, which can be obtained from figure 15
both for the SPM and the IPM motor. Once Ll , L1 and L2
are obtained, the Ld and Lq are evaluated using (10) and
(11) and enlisted in table 5. The Ld for the IPM (76.59 mH)
is 1.8 times that of the SPM (42 mH). The higher Ld value
results in wider field-weakening speed range and better
fault-tolerant capability of the PM in the IPM. Additionally
L
the saliency ratio [29] n ¼ Ldq  3:14 in the IPM motor
unlike SPM, where the ratio is almost unity. This

26

contributes to the additional saliency torque in IPM in the
field-weakening zone.
Figures 16(a) and (b) show the Ld , Lq variation with
torque–speed map for the SPM, whereas figures 16(c) and
(d) show the same for the IPM motor. It can be observed
that the Ld , Lq values are almost constant for the entire
speed range. Variations of inductances are very minor (only
2%) even in the field-weakening zone (above the base
speed, 1500 rpm here). In the SPM motor, the clearance
between stator and rotor iron core is high (magnet thickness
lm ? air-gap length lg ) and hence, the effect of armature
reaction on the overall core flux is negligible. Hence, Ld
and Lq values are almost constant for the SPM motor. On
the contrary, there is a considerable amount of variation of
d- and q-axis inductances (Ld , Lq ) as can be observed in the
IPM motor in the field-weakening mode (10% variation of
Ld ). In case of the IPM, clearance between stator and rotor
iron core is less (only the geometric air-gap length lg ).

Figure 16. Plots from 2D-FEM analysis: Ld , Lq variations of BLDC motors (SPM and IPM).
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Additionally, the rib portions of the rotor, which provide
path for leakage flux of PM, come out of saturation because
of demagnetising current (Id ) during field-weakening
operation. Hence, Ld and Lq values increase in the fieldweakening zone in case of the IPM [26]. The effects of the
same have also been observed in the lab prototype.
One can utilise (9) in a simple yet elegant way to
experimentally validate [30] numerical inductance values
obtained from FEM analysis (figure 15) as follows.
From (9), if ib ¼ ic ¼ 0, then
wa ¼ðLl þ L1 þ L2 cos 2hr Þia þ w0 cos hr ;

ð12Þ

Figure 17. Experimental waveforms: va , ia , eb at two different hr
when ib ¼ ic ¼ 0 and xr ¼ 0.

wb ¼ð0:5L1 þ L2 cos 2ðhr  120 ÞÞia
þ w0 cosðhr  120 Þ:

ð13Þ

Now, for zero speed (xr ¼ 0) with ib ¼ ic ¼ 0, using
(12) and (13) we get
va ¼ia ra þ
eb ¼

dwa
¼ ia ra þ ðLl þ L1 þ L2 cos 2hr Þpia
dt

dwb
¼ ð0:5L1 þ L2 cos 2ðhr  1200 ÞÞpia
dt

Figure 17 shows the experimental results of va , ia and eb at
two different rotor positions for the SPM and the IPM
motors at zero speed with one phase excited only (phasea here with 50 Hz AC voltage) since ib ¼ ic ¼ 0. The va , eb
values remain almost unchanged for different hr values for
a particular ia value, in case of the SPM motor (figures 17(a) and (b)). This implies that the mutual inductance
(Mab ) is constant and the L2 value is negligible. However,
in case of the IPM, va has to be varied with hr to have
constant ia (figures 17(c) and (d)). The eb also varies with
hr for the same ia . Hence, it can be concluded that the self
and mutual inductance (Laa , Mab ) varies with hr in the IPM
motor. Experiments have been planned and conducted
accordingly on the prototypes [30]. It is perhaps not difficult to appreciate that the voltmeter (Van , Vbn ) and ammeter
(Ia ) readings (corresponding circuit diagram is given in
figure 18) for different rotor positions can be used to
determine the Ll ; L1 and L2 and hence Ld and Lq values.

Figure 18. Circuit diagram used to determine the inductance [30].
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Figure 19. Demagnetisation conditions of PM during sudden 3-phase short circuit of BLDC motors at rated speed (1500 rpm).

The experimental results are very close to those obtained
from FEM analysis (table 5), which highlights both the
precision of the experimental set-up and the accuracy of the
FEM analysis.

3.4 Fault tolerance
The most critical and costly component in a BLDC motor
(and any PM motor) is the PM. Steps have been also taken,
as discussed earlier, to reduce the cost by minimising the
volume of PM material. During operation, the PM should
be dynamically protected from possible demagnetisation
due to armature reaction. Also, temperature rise due to a
sustained large current may lead to demagnetisation due to
thermal reasons. However, with large currents flowing
(under faulted or over-loaded conditions), the demagnetising current can be very high and it may partially or totally
demagnetise the PMs. For both the motors (SPM and IPM),
three-phase symmetrical short circuit fault has been considered to inspect the fault-tolerant capability of the motors.

FEM simulation has been done in generating mode at the
rated operating speed (1500 rpm, i.e. 50 Hz) for both the
motors to evaluate the maximum allowable currents under
fault. We know that the short circuit current is directly
proportional to the SCR (short circuit ratio) of a synchronous machine [23].
The SCR of a BLDC machine can be expressed as
SCR ¼

1
Xbase Lbase
¼
¼
:
Xd ðp:u:Þ
Xd
Ld

Erated
Here, base inductance Lbase ¼ 2pfI
. The Lbase values are
rated
363 mH for SPM and 352 mH for IPM. Using Ld values
from table 5, one can evaluate that for the SPM, the SCR =
9.1 and for the IPM, the SCR = 4.3. 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
shown in figure 19. The short circuit current in the SPM is
10.6 A, while in the IPM type it is 6.36 A as per calculations. Again, the d-axis inductance (Ld ) is lesser in case of
SPM motor and eventually occurrence of a higher fault
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current is obvious in the SPM-BLDC. The maximum value
of fault current is used as demagnetising current (Idmag ) in
the FEM analysis exercise to identify the location of the
operating point of the PM in the second quadrant of B–H
characteristics during 3-phase symmetrical fault occurrence. The H corresponding to the worst case operating
point for SPM is –7.7 kOe (i.e. –615 kA/m) and is –5.63
kOe (i.e. –450 kA/m) for IPM. It can be understood from
the B–H characteristics of Sm2 CO17 magnet for SPM
(figure 13) that the operating point may shift very close to
the knee point (the coercive force, H c  –675 kA/m or –8.5
kOe). This also implies a partial but permanent demagnetisation of the PM. Hence the operating point under noload settles at a lower remanence value (Br ) along the recoil
line post-fault. Hence, it may be concluded that the IPM is
more fault tolerant. Thus, from considerations of fault tolerance, the IPM motor may be preferred. This is an
important conclusion. Since such an invasive test will lead
to irreversible damage of the SPM-BLDC motor, the same
could not be experimentally verified in the existing lab setup.

3.5 Comparison of average torque and cogging
torque
For the BLDC motors (both SPM and IPM), the rated
load
torque
P0
T shaft ¼ 2pN r ¼ 560 W= 157 ðrad/sÞ¼ 3:57 N-m.

Sådhanå (2020)45:26
Figure 20(a) shows the developed electromagnetic torque
vs time plot at rated speed (1500 rpm) at rated load
current (1.4 A). The quasi-square current waveform as
expected in a BLDC mode is observed without any phase
advance [6, 7]. The peak to peak toque ripple is much
higher in case of the IPM motor compared with the SPM
motor (for IPM 1.2 N-m and for SPM 0.6 N-m). The
FFT (in %) of the peak to peak ripple torque for both
motors is shown in figure 20(b). The 6th , 12th , 18th and
24th harmonics are predominant in the peak to peak
ripple torque.
Cogging torque [31–33] is another important factor in
case of BLDC motor, which contributes to the torque ripple. Figure 20(c) shows the cogging torque waveform for
the SPM and the IPM motor. The peak to peak cogging
torque is much higher in case of the IPM motor compared
with the SPM (for IPM, pk–pk Tcog ¼ 0:5 N-m and for
SPM, 0.2 N-m). Cogging cycles per mechanical revolution
(CPMR) [33] Nco ¼ LCM (stator teeth, rotor pole)
¼ LCMð24; 4Þ ¼ 24. Hence, cogging cycles per electrical
revolution (360 electr.) is 12 as shown in figure 20(c). In
FFT of the peak to peak ripple of load–torque, 12th harmonic is generated because of cogging toque. For the SPM
motor, the cogging torque is reduced by skewing of each
rotor pole [18] (by half stator slot pitch, i.e., 4 mm). The

s
corresponding angle is 0:5s
L ¼ 2:22 mech. There is no such
arrangement in case of IPM motor as discussed later in
section 4.

60

Figure 20. Rated electromagnetic torque and cogging torque of the SPM and IPM-BLDC motors.
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(measured with respect to q-axis). Now, using (14), the
electromagnetic torque expression can be re-written as [29]

3.6 Comparison of torque–speed and power–speed
characteristics
The torque–speed and power–speed characteristics of the
BLDC motors are analysed with respect to fundamental
induced emf and current component.
The electromagnetic torque in a BLDC motor developed
due to fundamental current component can be expressed as
[28, 34]
T ¼pfwm iq1 þ ðLd  Lq Þid1 iq1 Þg
3p
) T ¼ fE1 Iq1 þ ðXd  Xq ÞId1 Iq1 Þg
x

26

ð14Þ

where p is pole pair, wm is d-axis flux linkage of PM, flux
wmﬃﬃ
linkage per phase due to PM w0 ¼ p
, armature current
3
(fundamental component) Ia1 ¼ Id1 þ jIq1 where Id1 ¼ pid1ﬃﬃ,
3

i

Iq1 ¼ pq1ﬃﬃ3, x is electrical frequency of PM motor, fundawm
ﬃﬃ, and Xd and
mental induced emf per phase E1 ¼ Eq ¼ jx p
3
Xq are, respectively, d- and q-axis synchronous reactances
[28].
We know that the electromagnetic torque expression
(14) of a PM motor has two components: (i) ‘cylindrical
torque’ or ‘magnet alignment torque’ (Tmag ) and (ii) ‘reluctance torque’ (Tsl ) [20]. In an SPM motor, since
n ¼ Lq =Ld ¼ 1, the reluctance torque is always zero for
any combination of Id1 and Iq1 . However, for an IPM
motor n [ 1 and this contributes to a positive saliency
torque with positive Iq1 and negative Id1 component since
(L d –L q ) is negative.
Figure 21(a) shows the phasor diagram of a 3-phase SPM
motor and figure 21(b) for an IPM motor considering the
fundamental components. From figure 21(b) the d- and qaxis components of the armature current can be written,
respectively, as Id1 ¼ Ia1 sin b0 and Iq1 ¼ Ia1 cos b0 , where
b0 is the current angle or phase advancing angle [7]

3p
I2
fE1 Ia1 cos b0 þ a1 ðXd  Xq Þ sin 2b0 g
x
2
2
3p
Ia1
) T ¼ fE1 Ia1 cos b0 þ Xd ð1  nÞ sin 2b0 g:
x
2
T¼

ð15Þ

This expression guides the operation in an extended fieldweakening mode in case of an IPM motor. For an IPM
motor, the MTPA is obtained at a specific negative I d1 and
positive I q1 current value (i.e. angle b0 [ 0) up to the
dT
motor’s rated speed [34]. The MTPA is obtained when db
=
0
0, where the optimum current angle (bopt ) [34] can be
obtained as in (16) for MTPA trajectory up to rated Ia1 . It is
shown that [34]
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1
0
2
E1  E12 þ 8ð1  nÞ2 Xd2 Ia1
A
bopt ¼ sin1 @
4ð1  nÞXd Ia1
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1 ð16Þ
0
2
w0  w20 þ 8ð1  nÞ2 L2d Ia1
A:
) bopt ¼ sin1 @
4ð1  nÞLd Ia1
It can be observed from (16) that bopt is independent of
motor speed and varies only with Ia1 for a given motor. For
an SPM motor, n ¼ 1 and the optimum value bopt ¼ 0
always.
The variations of output torque for different b0 and
fundamental phase current (Ia1 ) values are shown in figures 22(a) and (b), respectively, for SPM and IPM motor. It
can be verified that the maximum torque occurs at b0 ¼ 0
for SPM motor while for the IPM, b0 corresponding to the
maximum torque varies with Ia1 (bopt ¼ 20:37 for Ia1 ¼
1:32 A here).
In the complex plane (I d1 –I q1 plane), fundamental
component of rated armature current (Irated1 = I lim , here

Figure 21. Phasor diagrams (for fundamental component) of SPM-BLDC and IPM-BLDC motors at rated condition.
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1.32 A) limits the current phasor to a circular locus
described by
2
Ilim

2
2
2
Ia1
¼ Iq1
þ Id1
:

ð17Þ

The steady state voltage (fundamental component) of a
BLDC motor can expressed as [34, 35]
Vd1 ¼  Xq Iq1
Vq1 ¼Xd Id1 þ E1
and hence


Vlim 2
Xq

2
Vlim

ð18Þ

2
2
2
Va1
¼Vd1
þ Vq1

 2 
 2

Va1
1
E1 2
2
¼Iq1
þ
Id1 þ
:
n
Xq
Xd

ð19Þ

Here the fundamental component of motor terminal voltage
V lim , which corresponds to rated terminal voltage of the
BLDC motor, limits the motor terminal voltage to a separate circular locus (in V d1 –V q1 plane) as expressed by (18).
For ease of calculation, the motor armature resistance drop

has been neglected here. Now, (19) represents the voltage limited current locus in (I d1 –I q1 ) plane with terminal voltage V a  V lim .
Figures 23(a) and (b) show the voltage limit loci, current
limit circle and constant torque locus, respectively, for the
SPM and IPM motors [29, 34, 36, 37]. In case of an SPM
motor, as saliency ratio n ¼ 1, the voltage locus (figure 23(a)) is circular in shape following (19). Here
Xd ¼ Xq ¼ Xs , i.e. the synchronous reactance. The voltage
limit circle (figure 23(a)) has a radius of Vlim =Xs with center
at A3 ðE0 =Xs0 , 0). The constant torque trajectory is a
straight line as can be obtained from (15) with n ¼ 1. The
electromagnetic torque solely depends on the Iq1 current
component for SPM motor. In case of IPM motor (n [1),
the voltage limit locus is an ellipse (figure 23(b)) with foci
at A3 ðE0 =Xd0 , 0) or (w0 =Ld ; 0). The half major axis
Vlim
length (A) of the ellipse is VXlimq ¼ xL
and half minor axis
q
Vlim
length (B) is VXlimd = xL
. Using the torque expression (15),
d
constant torque locus [37] is plotted for IPM in the Id1  Iq1

Figure 22. Plots from FEM analysis: variation of output torque with b for different phase currents [32].

Figure 23. Current limit, voltage limit and constant torque locus for BLDC motor in Id1  Iq1 plane (with fundamental component)
[34].
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Table 6. Comparison of parameter and performance of identical SPM- and IPM-BLDC motors.
Item

SPM-BLDC

IPM-BLDC

Remarks

Eo or E1 @ 50 Hz (fundamental)
qﬃﬃ
Rated Ia ¼ 23Idc (quasi-sq. current shown in figure 20(a))
pﬃﬃ
Ilim = rated Ia1 ¼ p6 Idc (fundamental)
Vlim (fundamental)
Rph
Ld
Lq
Xd0 or Xd @ 50 Hz
Xq0 or Xq @ 50 Hz
n
bopt
Id1 at bopt
Iq1 at bopt
Trated
Tmax at bopt
Torque constant kt
Magnet Tmax at bopt
Salient Tmax at bopt
(Eo  Xd0 Ilim )
Eo =Xd0
Demagnetising co-efficient (qmax ¼ XEd0oIlim )
Max. attainable speed xmaxðp:u:Þ

158 V
1.4 A

150 V
1.4 A

1.32 A

1.32 A

Same for both

175 V
7:5 X
42 mH
42 mH
13:8 X
13:8 X
1
0
0A
1.325 A
3.65 N-m
4 N-m
2.86 N-m/A
4.01 N-m
0 N-m
130 V
–12.1 A
–0.129 p.u.

175 V
7:5 X
76.57 mH
241 mH
24 X
75 X
3.14
–22
–0.52 A
1.3 A
3.65 N-m
4.25 N-m
3.03 N-m/A
3.6 N-m
0.65 N-m
111 V
–6.28 A
–0.231 p.u.

Same for both
Same for both motors
Higher in IPM
Higher in IPM
Higher in IPM
Higher in IPM
Higher in IPM
Higher in IPM
Higher in IPM
Higher in SPM
Same for both
Higher in IPM
Higher in IPM
Higher in SPM
Higher in IPM
Higher in SPM
Much higher in SPM
Higher in IPM

1.27 p.u.

1.48 p.u.

Much higher in IPM

plane, which is a hyperbola. The asymptotes of this
hyperbola are the axes of Iq1 ¼ 0 and the vertical line
m
.
Id1 ¼ Lw
d Lq
The areas of the voltage limit locus for both the SPM and
IPM motors are reduced with increase in speed and frequency (x2 [ x1 ) above the base speed (x1 ) of the motor.
The common region, shared by the voltage and current limit
locus [34] on Id1  Iq1 plane for a particular frequency, is
the operating area of the motor. The intersection point (A1 )
between the voltage limit locus (corresponding to base
speed x1 ) and current limit circle is the MTPA operating
point at rated current of the motor as shown in figure 23.
Above the base speed (x1 ), the motor (both SPM and IPM)
does not follow MTPA trajectory, as the operating zone
does not include the MTPA trajectory there. The motor then
operates in the field-weakening mode. It can be also verified from figure 23 that at x2 frequency (x2 [ x1 ), A2 is
the new operating point, corresponding to the modified
voltage limit locus and the current limit circle, which does
not include MTPA trajectory in each case. As the speed
increases, the torque output reduces for both the motors.
This variation of voltage limit loci restricts the maximum
attainable speed and the corresponding torque–speed
characteristics. Different parameters and performance data
of the motors (for both SPM and IPM) are enlisted in
table 6.
Figures 24(a) and 25(a) show the voltage limit loci and
current limit locus on Id1  Iq1 plane of the SPM and IPM

motors, respectively, based on the data provided in
table 6. Here, at rated speed (1500 rpm for 50 Hz), the
lengths of major and minor axis of voltage limit ellipse of
the IPM are 6.92 and 2.4 A, respectively, with focus at ((–
6.62 A, 0) in Id1  Iq1 plane) (figure 25(a)), whereas the
diameter of the voltage limit circle of the SPM is 27.66 A
with centre at
(–12.1 A, 0) in the Id1  Iq1 plane (figure 24(a)).
It may be easy to appreciate that the maximum speed
(xmax ) is achievable when Ia1 ¼ Id1 ¼ Ilim and Iq1 ¼ 0.
Substituting these values in (19), we get
Vlim ¼E1  Ia1 Ld xmax ¼ xmax

Higher in SPM
Same for both



Eor
 Ilim Ld
xo

ð20Þ

) Vlim ¼ ¼ xmaxðpuÞ ðEor  Ilim Xd0 Þ:
In (20), Eor is fundamental induced emf per phase at rated
speed xo , xmaxðpuÞ ¼ xxmax
is per unit maximum speed of the
o
motor and Xd0 is d-axis synchronous reactance at rated
speed (13.8 X for SPM and 24 X for IPM). Figure 24 shows
the voltage and current limit locus, output torque, power
and the corresponding Id1 and Iq1 curves at different speeds
for the SPM, while figure 25 shows the same for the IPM
motor. The power–speed characteristics of both the motors
are linear up to rated speed xo (here, 1500 rpm or 50 Hz).
The maximum attainable speed for the SPM-BLDC motor
is 1900 rpm (1.27 p.u.) and for the IPM-BLDC is 2200 rpm
(1.48 p.u.) with Ia1 ¼ 1:32 A as shown in
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Figure 24. Operating characteristics of 0.75 hp SPM-BLDC motor with 1 p.u. fundamental load current (Ia1 ¼ 1:32 A).

figures 24(b) and 25(c). The motors are operated in
constant torque mode up to the rated speed and above the
rated speed in field-weakening mode, as usual.
The demagnetising coefficient (q) [34] is another
important factor for such PM motors. It is defined as the
ratio of the d-axis flux linkage to PM flux linkage. The
maximum value of q ¼  wLd Ia ¼  XEdoIa . The demagneti0ðratedÞ

sation co-efficient at rated current (1 p.u.) for SPM is –
0.129 p.u., whereas for IPM motor it is –0.231 p.u. as
enlisted in table 6. Because of higher demagnetisation
coefficient at rated current, the IPM-BLDC motor can
achieve wider field-weakening zone and can go up to much
larger speed compared with the SPM one as shown in figures 24(b) and 25(b). The ratio of peak-speed to base-speed
(or rated speed) can also considered as an index of performance. In the present case, it is 1.27 for the SPM motor
and 1.48 for the IPM motor. These values give a clear view
of the criteria based on which a user may choose between

an SPM and IPM-BLDC motor for practical use depending
on the applications.

3.7 Losses and efficiency
The major electrical losses that occur in a BLDC motor are
ohmic losses Pcu , core losses Piron and magnet loses Pmag .
Additionally, a small percentage of the loss occurs as
mechanical friction and windage losses Pwgd . This loss is
almost the same for both the machines as all mechanical
dimensions and mechanical construction, bearing details
etc., are identical in both cases. Here, Pwgd is around 15 W
at rated speed for both the motors. Also, since both the
motors have identical stators and the rated current for both
the motors is the same (Ia ¼ 1:4 A), the ohmic losses in
both the BLDC motors are almost the same (here,
Pcu ¼ 3Ia2 Rph  45 W) for the rated phase current.
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Figure 25. Operating characteristics of 0.75 hp IPM-BLDC motor with 1 p.u. fundamental load current (Ia1 ¼ 1:32 A).

Figure 26 shows the core loss distribution Pcore of
BLDC motors in motor iron part (SPM and IPM) at rated
speed (1500 rpm). It can be verified that in case of the
SPM motor there is almost no heat generation in rotor
iron whereas, in case of the IPM rotor, minor heat generation occurs at pole face in the rotor iron. In rotor iron,
core loss can be neglected as there is no major flux
alteration in rotor iron except during transients and the
rated frequency of both motors (50 Hz) is not much high.
For both the machines, no-load and full-load flux density
distributions are similar as the magnets contribute predominantly to the air-gap flux, shown earlier in figures 5
and 6. Change in stator core flux density due to demagnetising armature reaction at rated current is not significant for these motors (demagnetising co-efficient q for
SPM is –0.129 and for IPM is –0.231). The major heat
generation zone due to core losses is concentrated in
stator iron part (yoke and teeth) mainly, as can be seen in
figure 26.
As is well known, the core losses [37, 38] in the motor
comprise eddy current Pe losses and hysteresis Ph . Eddy
current losses [23] in the machine is given by
pe ¼

p2 f 2 B2m t2
p2 f 2 B2m t2
W=m3 ¼
W=kg
6qr
6qr dmass

ð21Þ

where operating frequency is f ¼ 50 Hz (rated), the

maximum flux density is Bm ¼ 1:3 T in teeth and 2 T in
stator yoke (figures 5 and 6), resistivity of stamping qr
¼ 0:3  106 X m, lamination thickness t ¼ 0:5 mm and
mass density dmass ¼ 7650 kg/m3 . From (21), at the rated
speed of 1500 rpm, the eddy current loss in stator teeth
and yoke, respectively, are peddyteeth ¼ 0:3841 W/kg and
peddyyoke ¼ 1 W/kg. The hysteresis loss density is given
by
ph ¼ kh fBkm W=m3 ¼

kh fBkm
W=kg
dmass

ð22Þ

where hysteresis loss co-efficient is kh . The hysteresis loss
densities in the stator teeth and yoke, respectively, are
physteeth ¼ 2:048 W/kg and physyoke ¼ 5:13 W/kg. The net
core loss density in the stator teeth piteeth ¼
peddyteeth þ physteeth ¼ 2:432 W/kg. Net iron loss density
in stator yoke piyoke ¼ peddyyoke þ physyoke ¼ 6:13 W/kg.
The volume, weight and loss coefficients of different parts
of stator core (teeth and yoke) are enlisted in table 7. The
hysteresis loss density is higher than eddy-current loss
density at the rated frequency of 50 Hz because of laminated core. Now, net iron loss in stator (using the data
provided in table 7) is given by
Piron ¼ Wteeth piyoke þ Wyoke piteeth ¼ 18 W:

ð23Þ
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Figure 26. Plots from 2D FEM analysis: core loss density distributions for both the BLDC motors at 1500 rpm.

Table 7. Core loss components in stator iron parts.
Items
Stator
Stator
Stator
Stator

Values
yoke
yoke
teeth
teeth

volume
weight (Wyoke )
volume
weight (Wteeth )

237449 mm3
1.828 kg
139050 mm3
1.07 kg

Items
physteeth
peddyteeth
physyoke
peddyyoke

4. Fabrication of the prototypes
Values

2.048 W/kg
0.3841 W/kg
5.13 W/kg
1 W/kg

From the FEM analysis, it is found that Pmag is around 2 W
for both the SPM and IPM motors at rated speed (1500 rpm
or 50 Hz). Here, bulk conductivity of SmCo magnet is
1,111,111 S/m and for NdFeB magnet is 625,000 S/m as
used in SPM and IPM rotors, respectively [24, 25].
Thus, the efficiency at rated condition is
rated power Po
input power Pin
Po
¼
¼ 87%
Po þ Piron þ Pcu þ Pmag þ Pwdg

grated ¼
) grated

for both the SPM and IPM motors. The efficiency maps and
torque–speed characteristics for both machines are shown
in figure 27. From the efficiency map, it is found that with
rated torque (3.65 N-m) at low speed (say 500 rpm) the
efficiencies of both the SPM and IPM is around 74%. The
maximum efficiency is achieved with rated torque at rated
speed in case of SPM around 87% while in case of IPM, the
efficiency maximum is obtained a little above the rated
speed (1500 rpm). It can be concluded that the two
machines exhibit similar kind of efficiency in almost the
entire speed range.

The SPM and IPM motors have both been fabricated using
identical stators and windings. Figure 28(a) shows the
fabricated stator of both 0.75 hp, 4-pole BLDC motors.
Figure 28(b) shows the photograph of the fabricated 4-pole
surface-mounted PM rotor with imported arc-shaped SmCo
PM. The L/D ratio for this machine is 1.7. The SPM rotor is
skewed by 0.5 stator slot pitch, i.e. 2 mm over the axial
length. Each pole of the SPM rotor is axially made of 9 unit
lengths of SmCo arc magnets (figures 10(a) and 28(b)) of
0.5-inch length and 3-mm thickness. The PMs were fixed to
the rotor surface with adhesive (Araldite) in case of SPM.
Arc-shaped SmCo magnets are easy to fix on SPM rotor
surface by means of adhesive compared with Ni-coated
NdFeB magnet. Segmented small unit magnets are used as
a single long magnet is costly, difficult to assemble and will
cause similar difficulties during replacement or
maintenance.
In the IPM rotor, standard commercially available rectangular NdFeB block magnets of 1-inch length (figures 10(b) and 28(d)) have been used. Each rotor pole is
made
out
of
8
unit
block
magnets
(12:7 mm  16 mm  4 mm). The outer diameter (Drotor )
of rotor is 62 mm. Due to this the per unit cost of magnets is
much lesser in case of IPM, although precision mechanical
tooling for insertion of magnet is required to fabricate the
IPM rotor. Also, IPM rotor provides better protection to
magnets than SPM, as magnets are embedded inside the
rotor iron. A sleeve material (figure 28(c)) is required for
SPM rotor to protect magnets from dislodging due to centrifugal forces, from external dust and rubbing. It is easy to
appreciate that rotor pole skewing is nearly impossible
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Figure 27. Efficiency map along with torque–speed characteristic for SPM-BLDC and IPM-BLDC motor.

Figure 28. Photographs taken at different stages of fabrication of 0.75 hp, 1500, 400 V (DC-link) rpm BLDC motors (for both SPM and
IPM).
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Table 8. Qualitative comparison of the SPM and IPM-BLDC motors.
SPMBLDC

Parameters
Fabrication complexity
Rotor skewing

Simpler
Possible

Cost of PM

Much
higher
Lower
Lower
87%
Lower
Lower
Lower
Lower
Lower

Torque ripple
Fault tolerance
Efficiency
Rotor leakage flux
THD of Eph
Cogging torque
Per unit Inductances
Field-weakening capacity and maximum speed
range
Saliency ratio (Lq =Ld )

IPM-BLDC

Remarks

Complex SPM easier
Very SPM advantageous
difficult
Lower IPM is preferred
Higher
Higher
87%
Higher
Higher
Higher
Higher
Higher

Almost
unity

(unless segmented rotor is made) in the IPM motor with at
least the present technology, unlike SPMs. In both cases,
laminated rotor core is used for ease of fabrication though
that is not an essential requirement electromagnetically
since core losses in the rotor are negligible. The air-gap
length lg and clearance, both, for IPM rotor are kept as 0.3
mm while for the SPM the effective air-gap length is 1 mm
electromagnetically, even though the mechanical clearance
is only 0.5 mm. This may be noted.

5. Conclusions
In this paper, a thorough, exhaustive and comprehensive
comparative study on different analytical and practical
aspects of two BLDC motors namely (i) an SPM-BLDC
and (ii) an IPM-BLDC (both designed and developed in the
laboratory) has been done. Both the machines have the
same nominal ratings, identical overall dimensions, same
stator windings and laminations. The magnet volume/pole
has also been kept the same for both the motors and to do
so, the air-gap length is so adjusted that both of the
machines produce similar induced emfs at rated speed. The
PM materials (for SPM, SmCo magnet and for IPM, NdFeB
magnet) are selected in such a way that remanent flux
density (Br ), coercivity (Hc ) and BHmax product (stored
energy) of magnets are very close to each other in the two
cases at the operating temperature. An analytical comparison, accompanied by FEM simulation (ANSYS-MAXWELL based) for verification, has been presented,
highlighting motor performance and parameter variations.
Both the motors have been fabricated and the experimental
results have been found to be in very close agreement with
the simulation results. Thus, the theoretical analysis and

[1

SPM gives better performance
IPM is preferred
Same stator and winding leads to similar loss and efficiency
SPM better
SPM better
SPM preferred
IPM better
IPM better
Positive saliency torque in IPM during field weakening

experimental studies justify each other. This is a major
highlight of this work.
This paper also shows the effect of air-gap reduction and
impact of similar magnet volume/pole on motor parameters
and performances. The study is claimed as a significant contribution to the existing knowledge-base on distributed winding BLDC motors. The conclusions can be drawn as follows.
In case of the IPM motor, the THD and spatial harmonics
in induced emf and no-load air-gap flux density are much
higher compared with that of that of the SPM motor. With
both the motors having similar magnet volume/pole and
higher air-gap length for the SPM compared with IPM, the
permeance coefficient (PC) of magnet in IPM motor is
much higher compared with SPM one. This causes higher
demagnetising mmf withstanding capacity for the IPM
motor compared with the SPM one.
The d-axis inductance (Ld ) and leakage inductance (Ll )
are higher in IPM than SPM. Higher Ld value enables
extended field-weakening range and higher fault-tolerant
capability for the IPM motor. Additionally, the effects of
saturation, cross-saturation and the resulting variations of
Ld and Lq under different operating conditions have also
been investigated for both SPM- and IPM-BLDC motors.
The d-axis and q-axis inductances variations from no-load
to full-load with rated d- and q-axis current have been
observed depending on relative saturation of rotor iron parts
(rib portion mainly) in case of the IPM motor. On the other
hand, the Ld and Lq values are almost constant for the SPM
motor throughout the operating range.
Although the average output torques of both the motors
are the same, the peak to peak electromagnetic torque
ripple and cogging torque are higher in case of the IPM
motor compared with the SPM motor. Additionally, the
SPM motor inherently operates at zero optimal current
angle or phase advancing angle (bopt ¼ 0) to obtain
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maximum torque per unit current (MTPA) condition up to
the base speed whereas in case of IPM-BLDC motor, the
motor may be operated with positive optimal current angle
(bopt [ 0), with negative id current to get MTPA condition.
The MTPA is higher in case of the IPM motor because of
the positive saliency torque component. This positive saliency torque is obtained in the field-weakening zone also.
The torque per unit current is also much higher in fieldweakening zone for the IPM motor compared with the SPM
motor.
The lesser time and higher ease of fabrication of the SPM
motor seems to tilt the choice in favour of SPM. In case of
IPM, the rotor laminations need to be precisely aligned for
magnet insert. However, the fabrication cost, especially the
magnet cost (being an imported item) is much lower in case
of the IPM motor compared with the SPM motor with arcshaped or bread-loaf-shaped magnets. Also, the chance of
magnet getting dislodged, due to centrifugal forces, is not
there in the IPM. Apart from toque ripple, the other considerations like fault-tolerance, demagnetisation withstanding ability, MTPA, field-weakening capacity, etc.
build the case in favour of the IPM motor. Hence, for
applications (general purpose applications) where torque
ripple is not a major concern, the use of IPM motor may be
a preferred over the SPM-BLDC. Table 8 summarises the
findings qualitatively.
It is claimed that such a detailed and point-by-point
comparative study, involving both analytical and experimental aspects, is hardly found elsewhere in the published
technical literature on BLDC motors. Excellent agreement
between the predicted and experimental values is also a
noteworthy features of this paper, highlighting accuracy of
modelling and analysis and precision of experiment.
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