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Abstract: Permanent magnet motors have become very important in recent years due to the popular-
ization of electric vehicles in the context of the efforts to transition to zero-emission transportation.
This has encouraged researchers and hobbyists to learn about electric motor design. However, de-
signing electric motors is not a simple task, as the information to achieve it is not easily available
to everyone and it is usually complicated to understand. For that reason, this paper presents the
equations and a basic process to design radial flux surface-mounted PM synchronous motors. This
design method is the result of combining and organizing information from previous publications
to create a relatively simple design guide. The result is a table of equations and a series of general
guidelines that were verified by designing and simulating a 500 W eight-pole 2.6 Nm average torque
dual-rotor motor and a 20 W four-pole 106 mNm single-rotor motor. The simulations validated the
equations and the design method presented in this paper to be used by those interested in the field
of electric motors and vehicles; therefore, in the future, others may contribute with improvements,
particularizations or optimizations of this methodology, or even create their own.

Keywords: design equations; design methodology; permanent magnet motor; FEA simulation

1. Introduction

Energy saving is an important topic in the current times, since most electricity is
still generated with nonrenewable resources, which also contaminate the environment.
Moreover, industries like transportation are highly dependent on fossil fuels. One way to
reduce this problem is the use of electric vehicles. For this reason, in recent years, electric
vehicles have become very popular in many countries [1]; therefore, the investigation and
the interest of many people in electric motors and especially permanent magnet motors
have increased as a consequence. However, transportation is not the only field where
electric motors are important, since they also take approximately 70% of the total energy in
the industry in general, as shown in [2]. This means that the efficiency of electric motors
is one of the parameters that needs to be improved by investigating new design and
manufacturing methods. For this reason, it is important that more people are involved in
these themes.

The main problem when trying to begin in motor design investigation is finding infor-
mation about it. Electric motor design is not an easy topic, since it requires a certain level
of knowledge in electromagnetic theory, magnetic circuits and electricity and, moreover,
the secrecy that most paper authors have when it comes to showing the equations and the
processes, followed along with a direct jump to the results section, which does not help.
In most cases, the brief explanation given and the experimental or simulated results are
not enough for readers to understand the process in between and to learn how to replicate
those results or make their own designs and experiments. Examples of this include [3–19]
where motors are designed but the detailed process is not shown.
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Books like [20,21] are usually better sources of information about electric motor design,
but they are often out of date, and readers, especially those who have very little experience
in electric machines, can become confused by the quantity of theories, analyses, data and
terminology. The lack of practical information may discourage them.

Following this context, this paper presents a methodology for the design of radial
flux surface-mounted permanent magnet motors, including all the equations required.
This methodology was developed by combining the magnetic model from [22,23] and the
electrical and performance equations given in [21], then uniformizing and organizing all
the information. The design equations and the process are presented in tables and easy-
to-follow guidelines, so readers can start understanding how permanent magnet motors
work, create their first simple designs and then go deeper in the matter by consulting the
source references.

The structure of the paper is as follows: Section 2 first presents the main sources
of information used and the advantages and disadvantages of each when it comes to
show how to design permanent magnet motors. Then, the parts of the methodology and
how the information from different sources was combined and uniformized are explained.
After that, a list of initial parameters and design equations are presented in tables, with
some design guidelines given. Next, one dual-rotor motor and one single-rotor motor are
designed using the described methodology and then simulated. Section 3 shows the results
obtained from the calculations and simulations. Section 4 is a discussion of the results
obtained, the validity of the design methodology and future research on this topic.

2. Materials and Methods

As mentioned in the previous section, the developed design methodology was based
on three main sources of information. In [22], one magnetic model for surface-mounted
permanent magnet machines was developed, where various important leakage fluxes were
considered, which resulted in the model being very accurate. Then, in [23], such a magnetic
model was applied to design a dual-rotor motor. The problem in this last paper was that
although the design of the magnetic part of the motor was sufficiently well described, the
electrical part was not; therefore, the results could not be appropriately replicated, nor
was the paper useful as a complete design guide. On the other hand, ref. [21] presented a
complete set of equations, guidelines and the theory to complete the design of one single-
rotor surface-mounted permanent magnet motor. However, the magnetic model used there
was older and not as accurate as the one mentioned before, so the designs created with
such a methodology would usually require several adjustments after the simulation results
are obtained. Considering all these issues, the proposed design methodology combined the
best from the cited references: the magnetic model from [22,23] and the electrical design
equations from [21] to create a complete design methodology.

One important consideration when combining models and equations from different
sources and authors is to make sure that all the analyses are compatible. This means
that in the process of developing equations, no different assumptions or simplifications
were determined, and, if so, we would need to recreate the analysis to ensure it was
consistent with the others. Fortunately, in this case, the magnetic and electric parts of
the design were almost independent, so all that was necessary was to homogenize the
terms, organize the initial parameters in Table 1, and include a couple of expressions, like
Equations (44) and (45) from Table 2.
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Table 1. Initial parameters for design.

Parameter Description

P Motor output power, W

ηp Efficiency without mechanical losses, %

Sr Nominal speed, rpm

Emax Peak back-EMF, V

Nph Number of phases

Nm Number of magnet poles

Nsp Number of slots per phase

g1,2 Air gap length, m

RPM1,2 Radius to the upper side of the magnet, m

Rsb1 Stator back-iron inner radius, m

L Motor axial length, m

Γ(Bmax, fe) Steel core loss density vs. flux density and frequency

k f e, ρbi Lamination stacking factor and steel mass density, kg/m3

ρ Copper resistivity

kcu Bare copper filling factor

αm1,2 o αmp1,2 Angular width of each magnet (radians) or magnet fraction w f /τp

Br Magnet residual flux density, T

Bcr1,2 Rotor core flux density, T

Bg1 Air gap flux density, T

Bcs Stator core flux density, T

Bts1,2 Stator tooth flux density, T

µR Magnet recoil permeability

ws1,2 Slot opening, m

αsd Shoe depth fraction

Table 2. Design equations [21–23].

No. Equation Description

(1) ωm = π
30 Sr Mechanical speed, rad/s

(2) ωe =
Nm
2 ωm Electrical speed, rad/s

(3) fe =
ωe
2π Fundamental electrical frequency, Hz

(4) T = P
ωm

Torque from power

(5) Ns = Nsp Nph Number of slots

(6) Nspp =
Nsp
Nm

Number of slots per pole per phase

(7) Nsm = Nspp Nph Number of slots per pole

(8) αcp =
int(Nspp)

Nspp
Coil-pole fraction

(9) θp = 2π
Nm

Angular pole pitch

(10) θs =
2π
Ns

Angular slot pitch

(11) θse =
π

Nsm
Slot pitch, electrical radians

(12) Ris = RPM1 + g1 Inside stator radius
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Table 2. Cont.

No. Equation Description

(13) Ros = RPM2 − g2 Outside stator radius

(14) τp1 = Risθp Pole pitch, inner part of the motor

(15) τp2 = Rosθp Pole pitch, outer part of the motor

(16) τc1,2 = αcpτp1,2 Coil pitch

(17) τs1 = Risθs Slot pitch at air gap, inner part of the motor

(18) τs2 = Rosθs Slot pitch at air gap, outer part of the motor

(19) wt1,2 = τs1,2 − ws1,2 Tooth width at air gap

(20) kd =
sin(Nsppθse/2)
Nspp sin(θse/2)

Distribution factor

(21) kp = αcp Pitch factor

(22) ks = 1− θse
2π

Skew factor

(23) wm1,2 = RPM1,2αm1,2 Magnet circumferential length

(24) w f 1,2 = RPM1,2θp − wm1,2 Circumferential length between magnets

(25) gc1,2 = g1,2 +
HPM1,2

µR
Effective air gap for Carter coefficient

(26) kc1,2 =

[
1− 1

τs1,2
ws1,2

(
5

gc1,2
ws1,2

+1
)
]−1

Carter coefficient

(27) ge1,2 = g1,2kc1,2 Effective air gap taking into account the slotting

(28) η = HPM1,2
πµRwm1,2

ln
(

1 + πge1,2
HPM1,2

)
Auxiliar term for Bg y Bm

(29) λ = HPM1,2
πµRwm1,2

ln
(

1 + πge1,2
w f 1,2

)
Auxiliar term for Bg y Bm

(30) Bg1,2,ave =
[
1 + w f 1,2

wm1,2
+ µR

ge1,2
HPM1,2

wm1,2+w f 1,2
wm1,2+2ge1,2

(1 + 2η + 4λ)
]−1

Br Air gap flux density

(31) Bm1,2 =

(
1+

2ge1,2
wm1,2

)
1

µR

HPM1,2
ge1,2

+2η+4λ(
1+

2ge1,2
wm1,2

)
1

µR

HPM1,2
ge1,2

+1+2η+4λ
Br Magnet working point

(32) dyr1,2 = Bm1,2wm1,2
2Bcr1,2

Rotor back-iron width

(33) Ror1 = RPM1 − HPM1 Outer radius of the inner rotor

(34) Rir1 = Ror1 − dyr1 Inner radius of the inner rotor

(35) Rir2 = RPM2 + HPM2 Inner radius of the outer rotor

(36) Ror2 = Rir2 + dyr2 Outer radius of the outer rotor

(37) KLt1,2 = 1− (τs1,2−w f 1,2)
2

2wm1,2τs1,2
Air gap leakage flux coefficient

(38) wts1,2 =
KLt1,2Bg1,2τs1,2

K f e Bts1,2
Stator tooth width

(39) ds1 = Rsb1 − RPM1 − g1 Total slot depth, inner part of the motor

(40) d1 = ds1 − αsdwts1 Conductor slot depth, inner part of the motor

(41) As = d1

[
θs

(
Rsb1 − d1

2

)
− wts1

]
Slot area available for conductors

(42) Rsb2 = Rsb1 + dys Stator back-iron outer radius

(43) ds2 = Ros − Rsb2 Total slot depth, outer part of the motor

(44)
a = −αsd − θs

2 αsd
2

b = ds2 + αsdθsRsb2 + θsds2αsd
c = As − ds2θsRsb2 − θs

2 ds2
2

Terms needed for the calculation of wts2

(45) wts2 = −b±
√

b2−4ac
2a

Stator tooth width, outer part of the motor
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Table 2. Cont.

No. Equation Description

(46) dys =
KLt1KLtt1Bg1τp1+KLt2KLtt2Bg2τp2

2K f e Bcs
Stator back-iron width

(47) ns = int
(

Emax
Nmkdkpks Bg1,2 LRPM1,2 Nsppωm

)
Number of turns per slot

(48) Awire =
kcu As

ns
Bare area of one winding conductor

(49) Emax = Tωm
i = NmkdkpksBg1,2LRPM1,2Nsppnsωm Peak back-EMF

(50) Is =
T

Nmkdkpks Bg1,2 LRPM1,2 Nspp
Peak slot current

(51) Iph = Is
Nphns

√
2 Phase current

(52) Jc =
Is

kcu As
Peak conductor current density

(53) Rs =
ρn2

s L
kcu As

Slot resistance

(54) Re =
ρn2

s πdys
2kcu As

End turn resistance

(55) Rph = Nsp(Rs + Re) Phase resistance

(56) Vst =
[
π
(

R2
os − R2

is
)
− 2Ns As

]
Lk f e Stator steel volume

(57) Pr = Nph I2
phRph Ohmic power loss

(58) Pcl = ρbiVstΓ(Bmax, fe) Core loss

(59) ηp = Tωm
Tωm+Pr+Pcl

100% Efficiency without mechanical losses

2.1. Design Equations and Methodology

In order to clarify the terminology used in the equations and to allow the reader to
become used to the names of the parts of the motor, Figures 1 and 2 present the geometry
of both a single and dual-rotor motors.
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Figure 1. Geometry of radial flux surface-mounted permanent magnet motors. (a) Dual-rotor
topology. (b) Single-rotor topology.
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Figure 2. Geometry of stator teeth and rotor magnets. (a) Stator teeth. (b) Rotor magnets.

Additionally, the winding for the dual-rotor motor was chosen to be toroidal winding,
while for the single-rotor motor, conventional single-layer-distributed winding was selected.
The reason for using toroidal winding in the dual-rotor topology was that it needed less
copper for the conductors compared with traditionally distributed winding, and would
also ensure that the current in both the inner and outer parts of the motor would be equal,
simplifying the design process. Figures 3 and 4 show both cases and the letters inside the
slots indicate the phases.
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Figure 3. Winding approach for dual-rotor topology. (a) Front view. (b) Side view.

Now, Table 1 gives the initial parameters needed to start the design process, and
Table 2 presents the equations, which were ordered in a way such that they can be evaluated
consecutively and result in a complete (but not necessarily optimal) design. The main
assumptions considered for the formulation listed in Table 2 were that there was no
saturation in the stator nor in the rotors, the magnetic flux from the magnet to the stator
and to the rotor were equal, the motor was triphasic and the phase current was sinusoidal.
To select the initial parameters, it is recommended to analyze the application for the motor,
the materials and resources available, the maximum flux densities of the materials and, if
possible, to use the characteristics of other motors employed in similar applications as a
guide. It is also important to mention that the equations in Table 2 are for the dual-rotor
topology (subscripts 1 and 2 refer to the inner and outer parts of the motor, respectively), but
the few changes needed for the single-rotor topology were addressed further in the paper.
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Figure 4. Winding approach for single-rotor topology. (a) Front view. (b) Top view.

There were some considerations that needed to be mentioned about these design
equations. When designing a dual-rotor motor, the inner part should be designed first with
the equations from the table and then repeat the process for the outer part, except for the
magnitudes meant to be equal in both parts of the motor, like the number of turns per slot,
phase current, slot area available for the conductors and phase resistance. Moreover, the
output power and the back-EMF should be divided into two parts, since both inner and
outer parts of the motor contribute to their value. In the example presented further in the
paper, those magnitudes were considered half of the total for the design of each part of the
motor, but any other distribution is possible. Additionally, in Equation (47) from Table 2 for
the outer part of the motor, the unknown variable was the air gap flux density, so it should
be calculated instead of the number of turns.

One important consideration is that Equation (45) from Table 2, which is basically a
quadratic formula, may give two different results, but only one can possibly be utilized,
because the other would be negative or too large or small for practical use. If no result can
be utilized (for example, if both results are negative), RPM2 should be modified to be longer
so that there is more room in the slots for the tooth width. It is also important to verify
the flux density of the outer stator tooth, since its width is not calculated using its desired
flux density, but using the area available in the outer part of the motor (Equation (45)
from Table 2), and to apply changes to the design parameters if needed to achieve the
desired value.

The distribution, pitch and skew factors are only necessary when the number of slots
per pole per phase is not 1. Additionally, the angular width of the magnets or the magnet
fraction should be chosen in a way such that τs

2 > w f , because it is a necessary condition
for Equation (37) from Table 2 to be valid. In Equation (30) from Table 2, the variable
to calculate is HPM, but a numerical method is needed to solve it. In the same equation,
variables η and λ are just meant to simplify the complete expression, so it does not occupy
too much space, but when solving for HPM, they and ge must be substituted using their
equations, since they contain the variable HPM. In the case of the shoe depth fraction,
values between 0.25 and 0.5 are recommended in [21].

Since Equation (46) from Table 2 needs parameters from the inner and outer parts of
the motor, when designing the inner part, an estimation of the values from the outer part is
necessary. Considering the values to be equal from both parts is recommended, but it is not
mandatory. Later, when such values are available, the stator core flux density should be
verified and modifications should be applied if necessary. In this same equation, the flux
leakage factor from tooth to tooth KLtt is considered and can be determined with a finite
element analysis, but it is usually small, so it was not taken into account in this paper.



Eng 2023, 4 2847

Equation (51) from Table 2 was obtained considering the current as being sinusoidal;
therefore, if the current were to have a different waveshape, this equation should be
changed, with further information on how to perform this available in [21].

The phase resistance can be calculated only once, because it is the same for the inner
and outer parts of the motor, but both are already considered in Equation (57) from Table 2.

For the design of single-rotor motors, the process is easier, since all the extra calcula-
tions, parameters and considerations for the outer part of the motor are not present. The
design process is similar to that of the inner part of a dual-rotor motor, but some equations
need minor changes. Equation (46) from Table 2 would now be dys =

KLtBgτp
2K f eBcs

and Ros could
now be calculated using that magnitude with Ros = Rsb + dys. Due to the toroidal winding,
in the dual-rotor motor design, the end turn resistance was calculated using dys, but in the
single-rotor motor, conventional distributed winding was used, so the end turn resistance

was calculated with τc and the equation changed to Re = ρn2
s πτc

2kcu As
. In Equation (56) from

Table 2, multiplying the slot area by two was not necessary anymore, so the new equation
became Vst =

[
π
(

R2
os − R2

is
)
− Ns As

]
Lk f e. Similarly, the ohmic power loss equation was

not necessary to multiply the phase resistance by two, leading to Pr = Nph
I2
ph
2 Rph because

the rms value of the current was originally used here.

2.2. Design of Dual-Rotor and Single-Rotor Motors

Applying the developed methodology, one dual-rotor motor with both rotors in
corotation, intended to be used in small electric vehicles like hoverboards, electric bicycles
or scooters, was designed. The initial parameters were selected to be similar to those
designed in [24–26], and are shown in Table 3.

Table 3. Initial parameters for dual-rotor motor design.

Parameter Value

P 500 W

ηp ≥90%

Sr 1800 rpm

Emax 24 V

Nph 3

Nm 8

Nsp 8

g1 0.6 mm

g2 2.2 mm

RPM1 70 mm

RPM2 103 mm

Rsb1 82 mm

L 20 mm

k f e 0.9

Γ(Bmax, fe) 1.7 W/kg

ρbi 7650 kg/m3

ρ 17.2 nΩ/m

kcu 0.5

αmp1 0.84

αmp2 0.85
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Table 3. Cont.

Parameter Value

Br 0.4 T

Bcr1 0.5 T

Bcr2 0.514 T

Bg1 0.272 T

Bcs 1.6 T

Bts1 1.5 T

Bts2 1.5 T

µR 1.05

ws1 1 mm

ws2 2 mm

αsd 0.38

A single-rotor motor was designed as well, this time aiming to use the machine as a
mini compressor for refrigeration. The main initial parameters were selected considering
the information given in [27], and the rest were chosen through trying to achieve a high
efficiency. Table 4 shows such parameters.

Table 4. Initial parameters for single-rotor motor design.

Parameter Value

P 20 W

ηp ≥90%

Sr 1800 rpm

Emax 30 V

Nph 3

Nm 4

Nsp 4

g 0.35 mm

RPM 22 mm

Rsb 37 mm

L 21 mm

k f e 0.9

Γ(Bmax, fe) 1.7 W/kg

ρbi 7650 kg/m3

ρ 17.2 nΩ/m

kcu 0.5

αmp 0.84

Br 0.4 T

Bcr 0.5 T

Bg 0.25 T

Bcs 0.8 T

Bts 0.8 T

µR 1.05

ws 1 mm

αsd 0.38
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Although the design examples were for low-power motors, the methodology is valid
for motors of any power. The results obtained by applying the design methodology were
presented in the next section. The simulation of the machines was conducted through
an FEA analysis in FEMM (Finite Element method Magnetics) software, version 4.2. The
materials used in such simulations were 304 stainless steel for the shaft, M-15 steel for the
rotors and stator, regular air for the air gaps, copper for the windings and ferrite for the
magnets. About the magnets, one custom type was used, in which the recoil B–H graph
was a straight line with a residual flux density of 0.4 T and a coercivity of 380.952 kA/m,
which would give a recoil permeability of 1.05.

3. Results
3.1. Dual-Rotor Motor Results

The characteristics and performance obtained from the equations and design process
for the dual-rotor motor are presented in Table 5. It could be noted that the results matched
the initial parameters, like torque and efficiency.

Table 5. Results from equations for dual-rotor motor.

Variable Result

fe 120 Hz

T 2.652 Nm

Ns 24

Ris 70.6 mm

Ros 100.8 mm

wm1 46.181 mm

wm2 68.762 mm

HPM1 2.7 mm

HPM2 2.7 mm

Bg2 0.184 T

dyr1 15.925 mm

dyr2 15.956 mm

Ror1 66.176 mm

Ror2 122.056 mm

Rir1 50.251 mm

Rir2 106.1 mm

wts1 3.519 mm

wts2 3.243 mm

dys 9.898 mm

As 167.353 × 10−6 m2

ns 21

Iph 9.773 A

Rph 0.051 Ω

Pr 7.387 W

Pcl 7.73 W

ηp 97.065%

Figure 5 was obtained from a simulation, and confirmed that the flux densities were
very close to the expected values in all parts of the motor. There were also a few flux lines
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passing through the slots. The space surrounding the motor was air, but no flux lines
passed into it, since the flux density in the outer rotor core was low.
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Figure 5. Dual-rotor motor simulation.

Figure 6 shows the load torque and cogging torque of the motor, considering the sum
of the contribution of both rotors. Although the average torque of 2.4964 Nm was very
close to the calculated value, there was some fluctuation, known as a torque ripple. The
acceptable magnitude of a torque ripple depends on each application, but in motors, like
the one from [25], less than 10% is good enough. In Figure 6a, the torque ripple was close
to 14%, which was a good value considering that the motor had two rotors instead of one.
This torque variation was normal in all permanent magnet motors and was caused due to
effects like the cogging torque, which is also shown in Figure 6b.
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Figure 6. Torque results for the dual-rotor motor. (a) Load torque. (b) Cogging torque.

The waveform of the back-EMF is shown in Figure 7. The shape was almost sinusoidal
and the peak value of 22.87 V was very close to that which was initially calculated. It is
important to clarify that the phase currents were simulated as being sinusoidal, so if the
current waveforms are different, the generated back-EMF waveform should be different
too. This is relevant, because a different phase current may also affect variables like the
flux densities, torque ripple and efficiency.
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Figure 7. Back-EMF generated with the dual-rotor motor.

Finally, a comparison of the main performance parameters is presented in Table 6.
The results showed that the errors were low, which meant that the design methodology
was valid for this motor topology. In the case of efficiency, it is important to mention that
mechanical loss was not considered, so the real value would be lower. Additionally, the
torque ripple was not a parameter established by the designer and the methodology did
not address it, but, as mentioned before, 10% is a good value for single-rotor motors, so, in
this case, less than 20% was considered acceptable, just like in [28,29], where the torque
ripple of the designed dual-rotor motors was approximately 20% before the optimization.

Table 6. Comparison between calculated or expected and obtained results for dual-rotor motor.

Variable Expected Value Obtained Value Error

Torque 2.652 Nm 2.4964 Nm 5.87%

Total air gap flux density (inner and outer part of the motor) 0.456 T 0.437 T 4.12%

Back-EMF 24 V 22.87 V 4.71%

Efficiency ≥90% 97.065% 7.065%

Torque ripple ≤20% 14.37% 5.63%

3.2. Single-Rotor Motor Results

The characteristics and performance obtained from the equations and design process
for the single-rotor motor are presented in Table 7. Just like in the case of the dual-rotor
motor, it could be noted that the results matched with the initial parameters, like the torque
and efficiency.

Figure 8 was obtained from a simulation and confirmed that the flux densities were
very close to the expected values in all parts of the motor. In this case, there were no flux
lines passing through the slots, probably because of the lower power and characteristics of
the machine.

Figure 9 shows the load torque and cogging torque of the motor. The average torque
of 109.273 mNm was very close to the calculated value, but there was some fluctuation, as
in the case of the dual-rotor design. However, for this motor, the torque ripple was close
to 7%, which was an acceptable value considering, again, the information from [25]. The
cogging torque is also shown in Figure 9b.

The waveform of the back-EMF is shown in Figure 10. Again, the shape was almost
sinusoidal and the peak value of 29.53 V was very close to that previously calculated. The
phase currents were simulated as being sinusoidal too.
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Figure 9. Torque results for the single-rotor motor. (a) Load torque. (b) Cogging torque.
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Table 7. Results from equations for single-rotor motor.

Variable Result

fe 60 Hz

T 106.103 mNm

Ns 12

Ris 22.35 mm

wm 29.028 mm

HPM 1.08 mm

dyr 8.71 mm

Ror 20.92 mm

Rir 12.21 mm

wts 3.835 mm

dys 5.735 mm

As 159.418 × 10−6 m2

ns 344

Iph 0.315 A

Rph 7.778 Ω

Pr 1.156 W

Pcl 0.555 W

ηp 92.119%

Now, Table 8 presents a comparison of the main performance parameters. The results
showed that the errors were very low which, meant that the design methodology was valid
for this motor topology too. Again, in the case of efficiency, mechanical loss was not consid-
ered, so the real value would be lower. Additionally, the torque ripple was not a parameter
established by the designer, but, as mentioned before, 10% was considered acceptable.

Table 8. Comparison between calculated or expected and obtained values for single-rotor motor.

Variable Expected Value Obtained Value Error

Torque 106.103 mNm 109.273 mNm 3%

Air gap flux density 0.25 T 0.246 T 1.6%

Back-EMF 30 V 29.53 V 1.57%

Efficiency ≥90% 92.408% 2.408%

Torque ripple ≤10% 7.26% 2.74%

4. Discussion

A design methodology for radial flux surface-mounted permanent magnet motors
was developed based on previous studies and validated with a finite element analysis. This
methodology was found to be suitable for single-rotor and dual-rotor machines, and is
available for researchers to use, in comparison with previous papers, where the design
process was not completely shown, so this design’s equations and process may be useful,
especially for those trying to start in motor design and investigation.

By applying the design equations and process, a 500 W dual-rotor motor and a 20 W
single-rotor motor were designed. In both machines, the results of the flux densities,
efficiency, average torque and torque ripple were very close to the expected values, as
shown in Tables 6 and 8. Especially worth mentioning was the efficiency of both the motors
with values above 90%. However, mechanical loss was not considered in this methodology,
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so the experimental results would be different. Additionally, the efficiency was not directly
extracted from the simulator, but calculated from individual results like the flux density,
current and wire resistance. The torque ripple was found to be relatively low, with values at
approximately 14% and 7%, respectively, and a curious fact to note is that in the dual-rotor
motor, the torque ripple was twice that for the single-rotor motor. It would be interesting
to investigate more the relation between the torque ripple and the motor topology.

Another result to mention is that the errors between the expected and simulated
values were almost twice as high in the dual-rotor motor than in the single-rotor machine.
Investigating the causes of this would be interesting as well.

The back-EMF waveforms were almost sinusoidal in these specific cases, mainly
because of the sinusoidal currents set in the simulator, since the design and geometry were
chosen to allow such a result. However, the causes of the back-EMF not being completely
sinusoidal despite the current and design should be investigated.

In this paper, only machines with integer slot/pole numbers were designed, so motors
with fractional slot/pole numbers could be designed using the developed methodology
in future research. Additionally, since all the currents were simulated as being sinusoidal,
another aspect of future research would be the investigation of the effect of different current
waveforms and different, or even nontypical, test environments in the performance of
motors designed with this methodology. The behavior during the start and the transient
response data, like the torque steps and speed ramp, is important for future works as well.
The effect of the different winding approaches may be interesting to investigate as well.
Moreover, parameters like the stator resistance and d–q axis inductance were not addressed
in this paper, so they remain as interesting topics for a future investigation.

It is important to mention that this methodology is a general design process, which
means that it is not focused on any specific parameter or goal. This allows researchers
to develop their own methodologies depending on their needs or what they want to
achieve, like creating designs that keep specific parameters fixed or optimizing the general
methodology to, for example, obtain a high efficiency, high torque density, low torque
ripple, etc. All these, along with the comparison between the motors designed using this
methodology and others reported in the literature, are interesting topics for future research.
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