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Abstract—A single-sided axial-flux permanent magnet (AFPM)
motor with a fractional slot concentrated winding (FSCW) is
a suitable choice for low-speed and high-torque applications
such as lathe machines. Having a disc-type structure with an
FSCW allows increasing the number of poles to reduce the
motor volume. There are various equivalent two-dimensional (2-
D) models for the analysis of single-sided AFPM motors, but
because of the complex structure, the optimal design of this
motor type requires several three-dimensional (3-D) analyses. For
example, using 2-D FEA for estimating magnets’ eddy current
losses and consequently, the motor efficiency could be misleading
in the design process. This paper aims to provide a design
workflow based on a combination of 2-D and 3-D FEA for
the optimal design of a single-sided AFPM motor. The purpose
is to segregate the calculation of different motor parameters
such as magnetic loading, d- and q-inductance, static torque
curve, efficiency, etc. from each other. This segregation makes
the right selection of the proper model for the calculation of
each motor parameter possible, which leads to a well-targeted
design workflow. To evaluate the performance of the proposed
method, a 4kW-750rpm motor for the lathe machine is designed.
Simulation results are presented and discussed.

Index Terms—Axial-flux, permanent magnet motor, finite ele-
ment analysis (FEA), lathe machine.

NOMENCLATURE

Pout [kW] — Rated output power
rpm [rpm] — Base speed
Tout [Nm] — Rated output torque
Vdc [V] — DC link voltage
ηd [−] — Desired efficiency
cos(φ) [−] — Desired power factor
Bav [T] — Magnetic loading
ac [kA/m] — Electric loading
Jsw [A/mm2] — Stator winding current density
Ns [−] — Number of stator slots
p [−] — Number of rotor poles
ISD [mm] — Inner stator diameter
OSD [mm] — Outer stator diameter

* Corresponding Author: Ali Jamali-Fard

sr = ISD/OSD — Split ratio
IRD [mm] — Inner rotor diameter
ORD [mm] — Outer rotor diameter
dm [mm] — Depth of magnets
dry [mm] — Depth of rotor yoke
dsy [mm] — Depth of stator yoke
dss [mm] — Depth of stator slot
wss [mm] — Width of stator slot
dc [mm] — Depth of coil
wc [mm] — Width of coil
Eph [V] — Phase back-EMF
Vph [V] — Phase voltage
γemf = Eph/Vph — Back-EMF ratio
Rph [Ω] — Phase resistance
Ld [H] — Direct axis inductance
Lq [H] — Quadrature axis inductance
ΛM [Wb] — Flux linkage due to magnets
kw [−] — Winding factor
Ntc [−] — Number of turns per coil
Ntph [−] — Number of effective turns per phase
Nstrands [−] — Number of parallel strands
Np [−] — Number of parallel branches
Kfill [−] — Winding fill factor
dw [mm] — Wire diameter

I. INTRODUCTION

Axial-flux permanent magnet (AFPM) motors are well-
suited for various applications such as traction, hybrid electric
vehicles, appliances, and defense [1]–[5] because of several
advantages: (i) compact structure [6], [7], (ii) high torque
and high power density, (iii) low maintenance, and (iv) high
efficiency [8]–[10]. The role of AFPM motors is especially
prominent in applications where the integration of motors with
other mechanical parts is imperative [11]. The objective of
this research is the lathe machine, with the goal to design
an AFPM motor for driving the chuck. An attractive feature
of AFPM motors is the possibility of using non-overlapping
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fractional slot concentrated winding (FSCW). An FSCW has
the minimum end-winding length, resulting in reduced cop-
per losses and reaching higher efficiency classes [12]. The
non-overlapping aspect of an FSCW makes the motor more
tolerant against phase-to-phase short circuit faults, enhancing
its reliability.

There are several methods presented in the literature for
modeling, analysis, sizing, and optimal design of AFPM mo-
tors [3], [7], [11], [13]–[16]. In [16] a design optimization ap-
proach using a differential evolution algorithm is implemented.
A simple procedure for nonlinear magnetic analysis of axial-
flux permanent-magnet machines as an assistant design tool
of 3-D finite-element analysis (3D-FEA) is introduced in [15].
The proposed algorithm is based on the magnetic equivalent
circuit (MEC) and an analytical model of air-gap permeances,
including saturable permeances in the core. It is shown that the
computation time for the calculation of motor characteristics
is reduced significantly. Although, the MEC method is fast,
it highly depends on geometry and especially the slot shapes,
and it cannot be considered a general-purpose method like
FEA. Quantities such as torque ripple cannot be calculated
by the MEC method with good accuracy. The authors of
[11] proposed a 2-D analytical model based on the solution
of Maxwell’s equations using magnetic vector potential and
closed-form solution. The model is derived using the Fourier
Transform to determine the torque and other electrical and
mechanical parameters produced by the AFPM motor.

In most of the aforementioned methods, the goal is to
develop either a 2-D or 3-D analytic model using techniques
like MEC or Fourier series analysis. However, while these
methods are fast, they exhibit limited accuracy in calculating
certain critical and deterministic parameters of the motor
during the design process, such as torque ripple or eddy current
losses in the magnets. In these methods, many assumptions
must be made to simplify the problem. Furthermore, when
the designer changes the motor’s topology, reformulations are
necessary to adapt the model to the new structure.

This paper aims to provide a design workflow based on a
combination of 2-D and 3-D finite element calculations for
the optimal design of a single-sided AFPM motor with an
FSCW. FEA is a general-purpose method capable of adapting
to complex geometries. Therefore, modeling time is not a
concern compared to other methods, such as MEC [17]. In
this work, the purpose is to segregate the calculation of motor
characteristics from each other to select the right model for
calculating each of them. For example, the magnetic loading
of the motor could be calculated by running a magneto-static
analysis of the 2-D model. However, for the calculation of
eddy current losses in magnets, we have to run a transient time-
stepping simulation on a 3-D model [18]–[21]. Combining
different models for the derivation of motor performance
curves and parameters can lead us to a well-targeted design
workflow which is presented in this paper. To investigate
the fulfillment of the proposed method, a case-study motor
applicable to lathe machine application is selected, designed,
and optimized. The simulation results of the design process

(a)

(b)

Fig. 1: The motor structure; (a) exploded view of the active
parts, (b) the magnetization direction

TABLE I: Properties of the case-study motor

Parameter Value Parameter Value

Pout 4kW rpm 750rpm

Tout 51Nm Vdc 324V

ηd 90% Stator material M530-50A

Rotor material steel 1010 Magnet grade N38

Ns 12 p 10

and optimal sample are presented and discussed in detail.

II. MOTOR STRUCTURE

Fig. 1a illustrates the exploded view of the active parts of
a single-sided AFPM motor. The stator core is slotted, and
it includes a double-layer three-phase winding. The number
of winding coils is equal to the number of stator teeth. The
stator/rotor cores of AFPM motors can be made of different
magnetic materials, such as laminated electrical steel (ES), soft
magnetic composite (SMC) powders, and solid iron [22]. In
this work, it is assumed the stator core is made of laminated
electrical steel, and the rotor core is simply a solid iron with
magnets glued on it. The magnets are magnetized in axial
direction as shown in Fig. 1b.

To investigate the performance of the proposed technique,
a 4kW-750rpm motor is considered as a case-study. The
application of this motor is driving the chuck of the lathe
machine. The parameters of this motor are presented in Table I.
As seen, the rated output torque of the motor at the base speed
is 51Nm. The motor is required to deliver this torque from
zero to the base speed. The voltage of the DC link is 324V,
and the RMS value of the phase voltage is 220V. The desired
efficiency of the motor at rated conditions should be above
90%. Desired power factor could be considered equal to one.

III. PROPOSED METHOD

The main aim of this work is to construct a well-targeted
workflow for the electromagnetic design of single-sided AFPM
motors by combining 2-D and 3-D finite element calculations.
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Fig. 2: 2-D and 3-D models of the case-study motor: (a) 3-D full model, (b) circumferential cross-section surface, (c) 2-D
linear model

The first step in this method is the generation of 2-D and
3-D finite element models of the motor. Fig. 2a shows the
3-D full model, Fig. 2b illustrates a circumferential cross-
section necessary for the creation of the 2-D model, and Fig. 2c
represents the linear 2-D model.

The flowchart of the entire design process is shown in
Fig. 3. It comprises 26 steps, and the design workflow involves
four types of finite element analyses, including 2-D and 3-
D magneto-static and transient simulations. The steps of this
flowchart is as follows:

1) In this step, we set the electrical and mechanical con-
straints. For example, one electrical constraint is the
voltage of the DC link, and one mechanical constraint is
the inner diameter of the stator core. Since our objective
is to directly connect the motor to the chuck of the lathe
machine, the inner diameter of the hollow area inside the
motor must be larger than the diameter of the center hole
of the chuck. In the case-study motor, the diameter of
the center hole of the chuck is 80mm.

2) Design targets are the nameplate parameters that must
be satisfied. These parameters include Pout, Tout, rpm,
ηd, etc.

3) In this step, we set or modify the values of decision
variables such as Bav, ac, Kfill, Jsw, etc. Initially, setting
is performed for the first iteration of the design. During
this initial iteration, appropriate initial values must be
selected to yield a well-performing seed motor for fur-
ther optimization. In subsequent iterations, adjustments
are made based on feedback obtained from the following
steps to ensure that the decision conditions are satisfied.

4) The sizing of the motor using analytic equations is per-
formed in this step. A detailed explanation is presented
in Appendix B.

5) The first FEA involves calculating the magnetic loading
using the 2-D magneto-static solver, which is done in
this step. In this simulation type, we can employ a very
fine mesh in the air gap and calculate the waveform of
the z-component of the flux density in the air gap due
to magnets. Because we are running a 2-D FEA model,
the simulation is fast.

6) The value of magnetic loading calculated by the 2-
D FEA model need not necessarily be equal to our
assumption. This is because the 2-D model is a sim-

plified representation, neglecting the existence of the
radial component of flux density. In this step, we check
whether the calculated value of Bav is within a 20% error
of our assumption. If yes, we continue with the design;
otherwise, we should modify our assumptions to ensure
that the calculated value falls within an acceptable range.

7) In this step, we conduct a 3-D magneto-static simulation
to calculate the magnetic loading. In the 3-D model, all
components of flux density are calculated. The purpose
of using the 2-D model for the magnetic loading calcu-
lation in step 5 is to reduce the number of runs of the
3-D model in this step. While the 2-D model has some
limitations, it provides a faster guide to achieving the
desired design.

8) Unlike step 6, the value of magnetic loading calculated
by the 3-D model should be equal to the assumed value.
If the value is equal, we proceed to the next iteration;
otherwise, if there is a significant deviation, we should
modify our assumption and perform the analytic design
again.

9) During the sizing of the motor, we assume maximum
permissible flux density levels at different locations of
the rotor and stator cores. The permissible values are
close to the knee point of the B-H curves of the magnet
materials. If the flux density levels are below and close
to the permissible values, we proceed to the next step;
otherwise, if we have significant saturation or even if
we have low flux density levels, we should modify our
assumptions and redo the design. Deep saturations result
in high magneto-motive force (MMF) drops, and low
flux density levels indicate overdesign.

10) When the flux density levels in the stator teeth, stator
back iron, or rotor core exceed the permitted values,
we should increase the size of the iron cores to reduce
the MMF drops in these parts and keep the flux density
levels below the permitted values. Similarly, if the flux
density levels are considerably lower than the permis-
sible values, we should reduce the size of iron parts to
avoid overdesign.

11) In this step, we calculate the static torque curve by
performing 2-D magneto-static simulations. We set the
value of the current amplitude equal to the rated value
and change the current angle from zero to 180 electric
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Fig. 3: The flowchart of the proposed method for design of an AFPM Motor with an FSCW



degrees.
12) After calculating the static torque curve, we can compare

the maximum value of the electric torque that the motor
can generate at the rated current (which occurs when
the current angle is equal to 90) with the desired value
of electric torque mentioned in the design targets. If the
desired torque is achievable, we can continue with the
design; otherwise, we should modify our assumptions
and redo the design process.

13) The total energy density available in the air gap is
proportional to the volume of magnets. When, for a spe-
cific value of electric loading, the desired torque is not
achievable, we should conduct a parametric analysis on
magnet dimensions to find the correct values, especially
focusing on the magnets’ depth. This parametric analysis
can be performed using 2-D magneto-static simulations.
In these simulations, we set the value of the stator
current angle equal to 90 electric degrees.

14) In this step, we calculate the profiles of Ld and Lq as
functions of the stator current phasor amplitude using
3-D magneto-static simulations.

15) The flux linkage curves, and induced voltage waveforms
due to magnets only are calculated in this step by a
transient no-load simulation using the 3-D model.

16) In this step, we calculate the performance curves of the
motor, such as the torque-speed curve, by solving the
equivalent circuit model (Appendix C) of the motor.
The values of parameters in the equivalent circuit are
calculated in two previous steps. Solving the equivalent
circuit is efficient, allowing us to quickly evaluate the
performance of the motor at different speeds.

17) In this step, we analyze the torque-speed curve of the
motor. From zero to the base speed, we should have the
rated torque (constant torque region), and at the base
speed, the motor should deliver the rated power for the
rated current. If operation in the field weakening region
is of interest, the maximum achievable speed and the
efficiency map should be analyzed as well.

18) When the torque-speed curve is not acceptable, there are
several probable reasons. For instance, when the number
of turns per coil is high, the value of phase back-EMFs
is also high, and the supply may not be able to inject
rated currents into the winding at the base speed. From
the equivalent circuit point of view, we should modify
circuit parameters to achieve the desired torque-speed
curve. For example, we compare the values of Ld and
Lq with the desired values that we need, and based on
this comparison, we modify the assumptions.

19) Calculating torque ripple with sufficient accuracy re-
quires a fine mesh in the air gap and a small time step
size. However, employing a fine mesh in a 3-D transient
FEA model with a small time step size increases the
simulation time. Therefore, in this step, a proper choice
is to use the 2-D transient FEA model to evaluate the
value of torque ripple.

20) In this step, we compare the calculated value of torque

ripple with the maximum permissible value. If the torque
ripple is lower than the permissible value, we continue
with the design; otherwise, we should modify our as-
sumptions to reduce the torque ripple. For example, one
approach could be modifying the shape of the stator
tooth shoe.

21) In step 16, we calculated the performance curves of
the motor, such as the torque-speed curve, using the
equivalent circuit model. We derived Ld and Lq profiles
as functions of phase current amplitude. However, it’s
important to note that this model does not consider the
effect of cross-magnetization. Additionally, the effect of
torque ripple is neglected in the torque map. The aim of
this step is to recalculate the performance curves using
the 2-D transient FEA model with greater accuracy.

22) This step is similar to step 17. The difference lies in the
fact that the torque-speed curve analyzed in this step has
higher accuracy, and the sample design reached at this
step has an acceptable value of torque ripple.

23) In this step, we calculate the overall efficiency of the
motor by performing a 3-D time-stepping transient sim-
ulation. In all of the previous steps, we didn’t concern
ourselves with the motor efficiency because accurate
estimations of the motor efficiency rely on the exact
calculation of eddy current losses in magnets. In this
simulation, we should consider a fine mesh and a fine
time step size as well.

24) In this step, we compare the calculated overall efficiency
with the acceptable value. If the efficiency is within an
acceptable range, we proceed with the design; otherwise,
we should run a sub procedure to increase the motor
efficiency or reconsider our assumptions and restart the
design flowchart from the beginning.

25) When the efficiency is lower than the acceptable value,
the relative amplitudes of different loss types should be
compared. Appropriate modifications should be consid-
ered to reduce losses. For example, if the copper losses
in the stator winding are considerable, we should reduce
the assumed value of current density in the initial stage
of the design. Similarly, when the value of eddy current
losses in magnets is high, methods such as magnet
segmentation can be employed.

26) When everything is in order, in this step, we print design
parameters and export the model for the next analysis
types, such as mechanical and thermal.

IV. RESULTS AND DISCUSSION

In this section, simulation results are presented and dis-
cussed. Fig. 4a shows the flux density and flux lines due to
magnets derived by the 2-D magneto-static analysis. In this
simulation, the stator current is zero and the aim is to calculate
the waveform of the axial component of flux density in the air
gap. As is seen in Fig. 4a, flux density levels in iron parts are
below the permissible values. Fig. 4b represents the waveform
of flux density in the air gap.



(a)

(b)

Fig. 4: No-load magneto-static analysis of 2-D model: (a) flux lines and flux density magnitude, (b) flux density waveform in
air gap

Fig. 5 shows the streamlines of the flux density field, in
the middle of the structure. Fig. 6 illustrates the magnitude of
flux density on a surface in the middle of the air gap. The aim
of this simulation is to calculate the magnetic loading with a
more accuracy compared to 2-D analysis.

The next step in the design workflow involves visualizing
the amplitude of the flux density in the iron parts of the
motor to check the level of saturation. To do this, we should
first consider candidate paths. Circular candidate paths are
considered in the back irons of the rotor and stator cores, while
line paths are considered in the middle of stator teeth. Fig. 7
shows all candidate paths and amplitude of the flux density
on them. As observed, the maximum values are within the
permissible range, and we can proceed with the design.

Fig. 8a shows the calculated static torque curve using the 2-
D model. As is seen, the maximum torque for the rated current
is close to the desired rated torque. When the motor cannot
generate the desired torque, a quick parametric analysis that
can be done at this step is sweeping over the magnet depth
to find a proper size for it. Fig. 8b shows an example of a
parametric study by changing the dm. As observed, the desired
torque is achievable when the magnet depth is between 7 to
8mm.

Fig. 9 represents the flux linkage curves calculated in no-
load simulation. The maximum value of these waveforms is
the ΛM in the equivalent circuit. To complete the equivalent
circuit, we need to calculate Ld and Lq profiles. Fig. 10a and
Fig. 10b show the Ld and Lq profiles as a function of current

Fig. 5: Streamlines of flux density field

Fig. 6: Magnitude of the flux density in the air gap
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Fig. 7: (a), (b), and (c) are candidate paths to visualize the level of saturation in iron parts; (d), (e), and (f) magnitude of flux
density on candidate paths

(a) (b)

Fig. 8: Magnet sizing process: (a) the static torque curve, (b) Maximum developed torque versus dm

level calculated by the 3-D magneto-static solver, respectively.
When the equivalent circuit is ready, we can solve it for
different speeds to calculate the torque-speed and power-speed
curves. Fig. 11a represents the calculated torque-speed curve
for different current levels. As seen, the motor can deliver the
rated torque at the base speed.

When the torque-speed curve is acceptable, the next analysis
type is the calculation of torque ripple. Fig. 12 shows the elec-
tric torque profile calculated by a 2-D steady-state simulation.
In this simulation, a fine mesh in the air gap and a fine time
step size for the solver are considered to calculate the torque
profile with enough accuracy. As is seen, while the average
torque is 51Nm, the peak-to-peak value of torque ripple is
below 2.4Nm, in other words, the torque ripple is below 5%.

When the torque ripple is acceptable, the next step is
recalculation of the torque-speed curve using the FEA model

Fig. 9: Flux linkage waveforms derived by no-load simulation
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Fig. 10: Inductance profiles versus current level: (a) Ld profile, (b) Lq profile

(a) (b)

Fig. 11: Performance curves derived by solving the equivalent circuit for different speeds, considering different current levels:
(a) torque-speed curve, (b) power-speed curve

Fig. 12: Electric torque profile calculated by a 2-D steady-state
simulation

instead of using the equivalent circuit model to include the ef-
fect of cross-magnetization. Fig. 13a illustrates the torque map,
and Figs. 13b and 13c show the flux linkage maps calculated
by performing 2-D time-stepping FEA simulations. In these
simulations, we change the values of direct and quadrature
currents in the second quadrant. Then, by conducting the
simulations and calculating average values, we can generate
contour plots, and finally construct the following functions:

Te(id, iq), λd(id, iq), λq(id, iq) (1)

Where, Te is the developed electric torque, λd is the d-
axis flux linkage, λd is the q-axis flux linkage, and id and iq
are d and q components of the phase current. Using (1), we
can include the effect of cross-magnetization and calculate the
new performance curves. Fig. 14a shows the new torque-speed
curve calculated using the map curves. As is seen, the motor
is able to deliver the rated torque from the zero to the base
speed.
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Fig. 13: Map curves calculated by performing 2-D steady-state simulations: (a) torque map, (b) d-axis flux linkage map, (c)
q-axis flux linkage map

200 400 600 800 1000

Speed [rpm]

0

10

20

30

40

50

60

T
e 

[N
m

]

Te
max

 = 50.89Nm

(a)

200 400 600 800 1000

Speed [rpm]

0

1000

2000

3000

4000

5000

P
ou

t [
W

]

Pout
max

 = 4.40kW

(b)

Fig. 14: Performance curves calculated by map curves: (a) torque-speed curve, (b) power-speed curve

Fig. 15: Induced eddy currents in magnets

To complete the design process, in the final stage, we run a
3-D transient simulation considering iron loss and eddy current
loss calculations to evaluate the motor efficiency. Fig. 15
represents the induced eddy current in one magnet in this
simulation. The calculated efficiency is equal to 92.7%. The

TABLE II: Parameters of the designed case-study motor

Parameter Value Parameter Value

ISD 110mm OSD 210mm

wss 18mm dss 40mm

dsy 14mm dry 14mm

dm 7mm g 1.2mm

Ntc 58 Nstrands 4

Np 1 dw 0.81mm

parameters of the designed case-study motor are given in
Table II.

V. CONCLUSION

In this paper, a workflow for the design of axial-flux
permanent magnet (AFPM) motors with a fractional slot
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Fig. 16: Geometrical dimensions of the stator core: (a) iso-
metric view, (b) top view, (c) side view

(a)

(b)
(c)

Fig. 17: Geometrical dimensions of the stator winding: (a)
isometric view, (b) slot dimensions, (c) coil dimensions

concentrated winding (FSCW) was presented. The aims were
to develop a well-targeted method based on 2-D and 3-D finite
element calculations, and calculating different parameters of
the motor with the right model. A 4kW-750rpm case-study
motor was designed for the lathe machine using the proposed
method. As shown, the method can generate an appropriate
seed design after a few iterations. One of the advantages of
the proposed method is to avoid running 3-D time-stepping
finite element simulations by implementing the corresponding
simplified simulations (either 2-D or 3-D magneto-statics).

APPENDIX A
GEOMETRICAL DIMENSIONS

Geometrical parameters of the stator core, stator winding,
and rotor core are shown in Fig. 16, 17, and 18, respectively.

(a) (b)

(c)

Fig. 18: Geometrical dimensions of the rotor core: (a) isomet-
ric view, (b) top view, (c) side view

APPENDIX B
ANALYTIC SIZING

The procedure for sizing of the motor is as follows:
1) Calculation of the rated output torque:

Tout = Pout/ωm (2)

here, ωm[rad/s] is the rated angular mechanical speed.
2) Calculation of the input power:

Pin = Pout/ηd (3)

3) Calculation of the terminal current:

It =
Pin√

3Vt cos(φ)
(4)

the winding connection is star type; Therefore, the phase
current (Iph) is equal to the terminal current (It). The
number of parallel branches (Np) is also one, and the
coil current is equal to the phase current. The coil current
is used to calculate the wire size, considering a proper
value for Jsw. The wire diameter is equal to:

dw =

√
4× Ic

π ×Nstrands × Jsw
(5)

4) The output equation is as follows:

Pout = G×D2L× rps (6)

here, G is the output coefficient [23],

G =
1.11× π2 × kw ×Bav × ac× ηd × cos(φ)

γemf
(7)

D is the mean diameter,

D = (ISD +OSD)/2 (8)

L is the stack length,

L = (OSD − ISD)/2 (9)

, and rps is the rated revolutions per second. γemf in (7)
is the back-EMF ratio,

γemf = Eph/Vph (10)

in motor mode, the back-EMF ratio is lower than one.
5) Calculation of the outer stator diameter:

OSD =
3

√
8× Pout

G× rps× (1 + sr)2 × (1− sr)
(11)

here, sr is the split ratio,

sr = ISD/OSD (12)

The split ratio is a number lower than one, and it should
be assumed by designer. Knowing the split ratio, we can
calculate ISD. IRD is slightly lower than ISD, and
ORD is slightly higher than OSD.

6) Calculation of the total air gap flux:

ϕtotal = Bav × πDL (13)



knowing the total air gap flux, we can calculate the stator
tooth flux,

ϕst = ϕtotal/Ns (14)

, and the pole flux,

ϕp = ϕtotal/p (15)

7) Calculation of the desired cross-section area of the stator
tooth (dAst is shown in Fig. 19a):

dAst = ϕst/Bst,max (16)

here, Bst,max is the maximum permissible flux density
level in the stator tooth that is assumed by designer.

8) Knowing dAst, we can calculate wss from the following
equation:

dAst =
πDL−NswssL

Ns
(17)

9) Calculation of the number of effective turns per-phase:

Ntph =
Eph

4.44× fs × kw × ϕp
(18)

here, fs is the supply frequency. Knowing Ntph, we can
calculate Ntc using the following equation,

Ntph = Ntc ×
Ns

3Np
(19)

10) Knowing Ntc, we can calculate the net copper area of a
coil arm (cAca):

cAca = Ntc ×Nstrands × dw (20)

11) Knowing cAca, and assuming a suitable number for Kfill,
we can calculate the gross area of coil arm (gAca):

gAca = cAca/Kfill (21)

gAca is the total area occupied with the coil arm; it
includes copper, insulation, and air.

12) Knowing gAca, we can calculate the coil depth (dc), and
finally depth of the stator slot (dss),

dc = gAca/wc (22)

13) Fig. 19b shows cross-section surfaces of the stator back
iron. Approximately, half of the tooth flux pass through
one cross-section. Therefore, dsy is calculated using the
following equation:

ϕst

2
= Bsy,max × dsy × L (23)

here, Bsy,max is the maximum permissible flux density
level in the stator yoke that is assumed by designer.

14) dry is calculated using the following equation:

ϕp

2
= Bry,max × dry × L (24)

here, Bry,max is the maximum permissible flux density
level in the rotor yoke that is assumed by designer.

* Note: The magnet depth is determined through magnetic
loading and static torque analyses.

(a)

(b)

Fig. 19: Cross-sections of the stator core: (a) desired area of
the stator tooth, (b) the stator back iron
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Fig. 20: Dynamic equivalent circuits of the motor in the rotor
reference frame (ωe is the electrical angular speed)

APPENDIX C
EQUIVALENT CIRCUITS

Fig. 20 shows the dynamic equivalent circuits of the motor
[24]. For a quick calculation of the performance curves, we
can solve the equivalent circuit model for different speeds,
considering voltage and current limitations.
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