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This paper proposes a design of a 5 kW, 100 volts brushless direct current
(BLDC) motor using an existing stator connected to an inverter and equipped
with Hall sensors. The stator is a radial flux motor-type with 54 slots positioned
at the outer side of the machine. In this case, the design is focused on the rotor
components and winding configuration. However, the inverter aspects are also
taken into account. At the same time, it considers the expected outputs: voltage,
power, speed; and some limitations: maximum current and flux density. Finite
element magnetic-based simulation is performed to extract the magnetic flux
distribution, and analytical calculations are then conducted to obtain the output
values and characteristics. The results show the BLDC motor at nominal speed
produces 5.1 kW output power with 122.34 V voltages, 97.09% efficiency, and
torque of 32.82 Nm. The maximum torque and rotation speeds are 51.39 Nm
and 4,150 rpm respectively, while the peak-to-peak cogging force is 1.35 Nm.
It can be concluded that the BLDC motor has a good performance and is

compatible with the connected inverter.
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1. INTRODUCTION

Recently, the brushless DC (BLDC) permanent magnet motor has been used in many fields, for
example in industrial machines, medical appliances, robotics, also for currently growing trend: electric
vehicles (EVs) [1]-[4]. It is renowned for its excellent properties: simpler construction, relatively small in
size and weight, high efficiency, high torque density, good dynamic response, low noise, and simple
maintenance [5]-[10]. As an actuator, the BLDC motor has characteristics that basically combine the
advantages of DC brushed motor and alternating current (AC) synchronous motor and at the same time
eliminate their main drawbacks. Because the brushed DC motor suffers mechanical losses from the use of
brushes and commutators, the BLDC motor avoids their presence by using an inverter to convert the input
DC-current into a frequency-controlled AC wave. Furthermore, the inverting process employs electronic
switches whose states’ arrangement can be set to determine the resulted AC wave’s frequency [11].
Therefore, a wider range of speed can be obtained along with a higher torque compared to the AC
synchronous motor or the induction motor [12].

Physically, the BLDC motor has three main parts: the stator, the rotor, and the electronic
components. The stator usually has a similar design as the DC brushed motor’s, with some windings to
generate synchronous flux [13]. Meanwhile, the rotor has several poles of permanent magnet that will be
locked to the current-conducting winding to make a rotation. The number of the windings and the poles

Journal homepage: http://ijpeds.iaescore.com


https://creativecommons.org/licenses/by-sa/4.0/

Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 2031

generally define the type and the parameter of the motor; also determine the electrical as well as the
mechanical outputs. Because the motor operates with inverted DC voltage, the frequency of the resulted AC
wave will influence its motion. Here, The BLDC motor performs electronic commutation by using solid-state
components, instead of a mechanical commutator like the one in the conventional DC motor.

For designing the BLDC motor, the model can either be approached from a synchronous motor [14]
or be derived from a common brushed DC motor [15]-[17]. Nowadays, the BLDC motor can also be
designed as a slotted machine to optimize the air gap flux density and to achieve higher power density [12],
or as a slotless one, as it can simplify its structure and minimize resulted cogging torque [13]. Nonetheless,
the design process of the BLDC motor needs the desired outputs to be set at the beginning of the process
[18]. From those pieces of information, the settings and dimensions of the BLDC components can be
determined. There will be a challenge for designing a specific BLDC motor with certain output values if a
certain motor part has existed.

In this paper, a 5 kW, 100 volts BLDC motor design is proposed, but by utilizing an existing stator
body. The provided stator was previously used for an asynchronous motor. It has multi slots but no coil yet.
Hence, the rotor and the stator winding will be configured altogether. Similar studies were previously
conducted by [19], [20], but they do not consider the inverter aspects. In this paper, the dimensions of the
rotor components, the winding arrangement, as well as the inverter settings are determined adapting to
properties and dimensions of the available stator. They also consider some output parameters, including
expected terminal voltage, output power, and rotation speed; also aware of several limitations: maximum
current and flux density. Simulations using finite element magnetic-based software are performed to extract
the magnetic distribution, so analytical calculations can be conducted later to obtain the output values, and
characteristics of the motor. From the research, the presented design process that covers the whole
components of the BLDC motor and uses an existing asynchronous motor’s stator can be reviewed or applied
for the next researches.

2. DESIGN OF BLDC MOTOR

In this paper, the design of the BLDC motor consists of three main parts: the existing stator body,
the motion controller to be regulated, and the rotor as well as the winding configuration to be designed. The
first part will be explained, while the later configurations will be discussed subsequently.

2.1. The existing stator design of the BLDC motor

The existing stator body with fixed dimensions is shown in Figure 1. It is a radial flux motor-type
with a cylindrical shape. An axial hollow present at the middle, parallel to the normal of the circular face.
Meanwhile, the detailed dimensions are tabulated in Table 1. Given the available stator structure, it will be
positioned as the outer part of the BLDC motor, while the rotor in the inner part will be designed.

From Figure 1, the existing stator is composed of yoke and slots-teeth regions. The yoke is formed
from sheets of silicon steel material; with a thickness of 0.5 mm each. The magnetization curve of this
material (50H1300-type) is presented in Figure 2. In this matter, the use of ferromagnetic material for the
yoke aims to minimize the magnetic reluctance along the flux passage. Meanwhile, the laminations are
arranged axially (or parallel to z-axis according to Figure 1 to minimize the eddy current loss. To fix the
lamination sheets, they are bolted on six spots at the sheets’ edges. The slots and teeth are in the inner part,
with each amount 54 units. Furthermore, every tooth makes salient at its inner end. This topology is useful to
reduce the teeth' reluctance and to minimize cogging torque [21], [22], hence improve the rotation
smoothness.

Next, the basic model of the BLDC motor is to be stated based on the stator design. Since the
number of the slot is known, it can be considered to determine the number of the winding and the pole pair.
Generally, the higher the number, the torque and the iron loss will be higher, while the lesser number will
make higher speed [23]. Other considerations may also be put into the table, including the manufacturing
difficulties and costs. In this case, the 4 poles-6 windings model of the BLDC motor is chosen. Considering
the existing structure, the 54 stator slots will be divided into 6 groups of slots. They will be allocated for 6
winding sections of 3 phases. Each section is supported by 9 slots, thus the of slots per pole per phase (q) is.

q==- (1)

“ 2pm

Meanwhile, the span of the pole is [24]

span = INT [Zs_;] 2
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Ss is the number of slots, 2p is the pole section number, and m is the number of all phases.

Figure 1. Design of the existing stator

Table 1. Dimension of the existing stator parts 3.0
Part, symbol Dimension Unit
Number of slot, S, 54 units
Inner radius, r; 0.0738 m 2.0+
Inner diameter, D; 0.1476 m [
Outer radius, r, 0.1150 m o
Outer diameter, D, 0.2300 m 1.0
Axial length, I 0.1030 m
Yoke thickness, hys 0.0190 m
Slot opening width, We 0.00288 m 0.0
Salient width, Wys 0.00571 m 0 250,000
Tooth width, Wi 0.0045 m H (A/m)
Slot width, Wy 0.0056 m
Slot pitch, 7 0.0086 m Figure 2. Magnetization curve of stator’s silicon steel
Slot depth, Dss 0.0200 m
Slot area, as 109.9 mm?

2.2. The BLDC controller topology

To make the BLDC motion controllable, first, three Hall sensors are placed on the stator (Figure 3
(a)), to detect the rotor position. Next, the input DC voltage source supplying the three-phase windings
should be first connected to an inverter. Here, 6 MOSFETs will be employed in a full-wave bridge inverter
circuit (Figure 3 (b)). The MOSFETs will play a role as the switches. The states of the MOSFETSs are
regulated based on the Hall sensors’ output to determine the movement of the rotor. When a switch is closed,
DC input current will flow, and vice versa. As the states of ‘closed’ and ‘open’ occur sequentially under a
certain period, square wave current signals will be formed. As presented in the circuit (Figure 3 (b)), the
signals flow to the stator windings, which are connected in a star configuration. The current that flows in a
certain phase winding will generate magnetic flux which flows to the rotor. The magnetic interactions
between the phase winding’s flux and the rotor poles will lock the poles and rotate the rotor. The rotating
direction can be set based on the order of the flowing current to the phase windings, while the rotating speed
can be regulated based on the state’s period or the switching frequency.

In this case, the setting of the Hall sensors, the respective MOSFETS’ states, and the resulted current
flow among the phase windings are presented in Table 2. One Hall sensor changes its state for every 60°
electrical cycle, so it requires 6 stages to complete one Hall sensor cycle. The flow direction between the
windings depends on the combination of the two conducting MOSFETs. Meanwhile, the generated square
wave signal flows to all phases are shown in Figure 3 (c). Each phase is conducting current for a 120°
electrical cycle, with two phases will deliver current altogether for every conducting period (every 60°
electrical cycle).
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Figure 3. These figures are; (a) Hall sensors placement among six winding sections, (b) the full-wave bridge
inverter circuit, (c) the resulted square waves in one complete electrical cycle, 8 (the below numbers are the
states of the Hall sensors 1,2, and 3 respectively)

Table 2. MOSFETS setting and resulted current flow

Hall sensor MOSFETS’ state Current flow

1 2 3 S1 S2 S3 S4 S5 s6 Fromphase Tophase
0 1 0 1 0 0 1 0 0 A B

1 1 0 1 0 0 0 0 1 A C

1 0 0 O 0 1 0 0 1 B C

1 0 1 0 1 1 0 0 0 B A

0 0 1 0 1 0 0 1 0 C A

0 1 1 0 0 0 1 1 0 C B

2.3. Rotor and winding configurations of the BLDC motor

The 4-poles rotor is configured to produce a sufficient amount of magnetic flux, which is
proportional to the output voltage, power, and maximum torque. Under the operation of 120° square wave
signals, the flux generated in the no-load condition is.

Psq = ai(sq)Tplaprm: (3)
T B,
Aisq) = f_;n = BPL; 4)

@sq 1S the resulted flux under the square wave signal (Wb), 7z, and zpm are circular pole pitch (m) and pole
length (m) respectively, la is the axial length of the stator (m), Bay and Bpm show the average flux density and
magnet’s flux density, all in tesla. In this design, the value of a; under square wave signal is equal to the value
under sinusoidal mode. The ratio between the two modes is 1/ks, where.

ke = %sin (a;—n) (5)

From (3) and (4), the dimensions of the magnets will determine the resulted flux.

The generated magnetic flux results in magnetic interaction that will lock the poles to certain phase
windings. It will also result in back-electromotive force (back EMF), whose value is affected by the resulted
flux and the winding configuration [25].

E, = CE,sqPsqMs» (6)
Cesq = 8prhkw1! (7)
ky, = kdkpks (8)

In (6)-(8), Es is one phase back EMF (V), cesq is a coefficient of configuration, ns is the rated speed of
rotation (rpm), Npn is the number of turns per phase, and kw: is winding factor in fundamental harmonics.
Furthermore, kg is distribution factor, k, is pole shortening factor, and ks represents pole skewing factor.

The flux flows from the poles to stator teeth and stator yoke through the air gap, and back to rotor
yoke and suitable poles. While the resulted magnetic flux is arranged to meet the expected output, the flux
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density in both yokes and the stator teeth should be kept below 2 T [26] to avoid the saturation phase (based
on the magnetization curve in Figure 2). The equations of the flux density in the respective parts are.

_ Psq
BYS - 2hyslaxfla‘m, (9)
BpymTs
BTS - Wt:flam’ (10)
Byr = —Ps__ (11)

Zhyrlaxflam'

Bvs, Brs, and Byg are flux density in the stator yoke, the stator tooth, and the rotor yoke successively (all in
tesla). Meanwhile, fiam is the lamination factor of the respective yoke, hys and hy, are the thickness of stator
and rotor yokes (m), while wis is the stator teeth width (m). Based on (9)-(11), the rotor yoke thickness should
be carefully set, by considering the dimensions of the existing stator’s yoke and teeth. Another to be
determined parameter is winding configuration. Based on (6)-(8), the number of the stator turn is related to
the resulted back-EMF. However, it is also affected by the maximum armature current [27], which depends
on the current density and the inverter signal mode.

3lq

I, =]aaw:1a(sq) = (12)

I, is armature current (A), Ja is the phase winding current density (A/m?), ay is the conductor front area (m?),
and lasq) IS the armature current for operation of 120° square wave signal. The number of turns in a slot
should not exceed the filling factor (ffs) of the slot. The cumulative winding dimension then also affects the
phase winding resistance ().

Nga,, = ffsaq (13)
R, =R (14)

Ns is the number of turns per slot and as is the surface area of the slot (m?). Meanwhile, pr is the specific
resistance of the wire (Qm) and |y is the wire length of the phase winding (m).

When the bridge rectifier as in Figure 3 (b) is installed and energized, there will be two conducting
phase windings for every conducting period. According to the formed circuit, the phase-to-phase
instantaneous terminal voltage will be.

Vin = (e¢1 - €¢2) + ZRaia + ZXSia. (15)

Vin is the input voltage (V) in the motor input terminal. Operation (e,; — €,2) represents the line-to-line back-
EMF voltage (V) generated in the stator. Notation i, is the instantaneous armature current (A), while Xs is the
synchronous winding reactance (H) which the value is obtained from the equations as shown in [28].

XSd =X[+de,qu =Xl+qu, (16)
_ LiN:* lie
Xy = 4nf o "5 (A + e + M) (17)
_ kwiN1 (Tom_o®—Tpm. i°
Xma = 2mfpg eats (oo ston ) (18)
Xy = 2mfu kwiNy (rpm_Oz_rpm_iz) k (19)
mq 0T, a4 fa

X1 is leakage reactance (), while Xmg and Xmq are mutual reactance according to dg-axis respectively. uo is
air permeability (4x x 10—7 H/m), L; is the effective winding length in a radial direction (m), N1 is the number
of series winding in one phase, /s is slot leakage permeance, Ze is winding end’s leakage permeance, A4 iS
differential leakage flux permeance, g’s and g’q is equivalent air gaps in dg-axis (m), while rpm o and rpm j are
pole’s outer and inner radius (m). Furthermore, ki and kiq are form factors according to dg-axis.

The electromagnetic power (Pem in watt) is the output power of the BLDC motor. This and the
torque of the motor are also affected by the magnetic flux (from the poles settings) and the armature current
(based on the winding configuration). They can be calculated by using the equations.
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Poym = ellla(sq)v € = €p1 — €p2s (20)
CEsq®s
Ty n = Krlasqy kr = =522 (21)

T\ n is the torque under nominal current (Nm). Next, the torque characteristics give information about the
torque-speed relation, especially the limit values that should be obeyed to produce optimum performance. It
is closely related to the rotation speed, as described by the equations as shown in,
1 T
n—no[l—a]—no[l—a. (22)

To is stall torque (Nm), or the maximum torque that stops the rotation of the motor. n, and I, are no-load
rotation speed (rpm) and no-load current (A). They can be calculated by using the equations as shown in,

n, =—8_ |, =2 (23)

o
CE,sq(Psq' Rqg

When the motor is energized, some losses will be dissipated, both electrically and mechanically. The
copper loss (Pcy) and the core loss (Pc) are two dominant electrical losses, all are stated in watt. The core loss
itself is the sum of hysteresis and eddy current loss. These electrical losses are affected by the armature
current, the winding configuration, and the resulted maximum flux density. The values of all those losses can
be calculated using the equations as shown in,

2
Py = ma(la(sq)) R, (24)
P. = C,fB,**"®» + C,f?B,". (25)

Notation mj, is the number of active phases during a conducting period, C is hysteresis coefficient = 0.0025
while C. is eddy current coefficient = 7.94x10°. Notations of a and b are constants that depend on the electric
steel material that is used. In this case, the value of a = 1.8317 and b = 0.0035. Furthermore, By is the resulted
maximum flux density in the respective body (T).

Next, the mechanical loss (Pm, in watt) also appears during the motor’s work. When the rotor moves,
there will be losses due to friction in bearing (P, in watt) and air gap (Pgap, in watt). The losses’ values can
be calculated using the following equations,

Py =Py + Pygp, (26)
Pb = kfbmrns X 10_3, (27)
Pyap = 2D, lgyns® x 1076 (28)

ki is bearing friction coefficient whose value ranges between 1-3, my is the rotor total mass (kg), and Dy is the
rotor outer diameter (m). From (26)-(28), the losses’ values are also affected by the rotor dimension.
Moreover, additional losses (Padgs in watt) including loss from leakage flux in slots and leakage flux in
windings also exist. In this case, the value of the remaining losses is approximated 20% of the core loss.
Finally, the total loss (P «t in watt) and the efficiency (» in %) of the motor is.

Pl_tot=Pcu+Pc+Pb+Rqap+Paddl (29)
=_Lfem__ 5100 30
n - Peim+P1_tot ' ( )

Another obstacle when rotating the rotor is the cogging torque phenomena. It is a fluctuating torque
resulted from changing attractive forces between the rotor poles and the ferromagnetic stator body. The
phenomenon will cause ripple during the rotation and if the force is quite strong, it will cause vibrations and
noises [29]. Next, the starting torque needs to increase. The cogging torque is stated by the formula as shown
in,

1 dR
T, =—lp2 28 (31)

2 b,
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R is the air gap reluctance (At/Wb) and 8, is the rotor position during rotation (rad).

3. DESIGN AND ANALYSIS METHOD

The flowchart for the design and analysis process of the BLDC motor with an existing stator body is
shown in Figure 4. After elaborating on the stator design (Figure 1 and Table 1), the rotor design and the
winding configuration are determined. However, prior to that step, some parameters need to be stated as the
design references. They are including the expected output values, the desired settings’ values, and the limit
values for some parameters. The references’ values are listed in Table 3.

The design process is then conducted considering the references’ values and using the analytical
calculations of (1)-(31). The selected inverter configuration is taken into consideration. In (3)-(7), (9)-(12),
(20), (21), and (23), (24), the generated square wave signals from the inverter affect the resulted dimensions
and output values. The electronic switching configuration is also considered, as the resulted current and
polarity among the winding phases at a certain time will determine the magnetic flux flow.

Table 3. References values for design

Determine the BLDC model,
place the Hall sensors, set
up the inverter circuit

l

Calculate the rotor and pole

Y

Find the average flux
density in air gap

v

Calculate fnom, fmax, Eb, Vi, Peim,

T[}, power loss, efficiency, Ts

dimension, arrange the
winding configuration

Determine the air gap width ‘

|

J

Plot back EMF, torque-speed and power-

efficiency-speed characteristics

Extract the magnetic flux
distribution using FEMM
simulation

_,®

Plot cogging torgue

Part, symbol Dimension  Unit
Check the flux density in Maxi Invert_er voltage, Viy | 128 X
staor feeth Brs, rotor yoke aximum inverter current, lmax
Acquire the stator Byr, and stator yoke Bys Numb_er of the pole, 2p 4 -
dimension Nominal frequency, f 50 Hz
Nominal rotation speed, ns 1,500 rpm
Number of phases, m 3 -
Brs, Bve, Bys= 2T i i
Determine the expected (boyard iormale arez) Number of active phases during 2 )
output values and limit COf‘IdUCtIOf‘I, My
values for some parameters Ves Conduction period, T, 0.02 S
l Inverter voltage, Vin 100 Vi

Figure 4. Flowchart of the design, simulation, and analysis

After the design is complete, the magnetic flux distribution is extracted through finite element
magnetic-based simulation using FEMM software under no current and nominal current conditions. The
magneto-static principle is applied, in which the magnetic fields are treated as a time-invariant function. In
this case, the flowing current that produces certain magnetic fields is fixed at a specific state, so that the
magnetic parameters at that state can be extracted. To change the design condition (i.e., rotating the rotor) or
the phases’ current values, the state is updated, and the new parameters’ values can be obtained again. Hence,
to model time-variance progress, several different states are captured sequentially. In magneto-static mode,
the relation between the magnetic field and the current density satisfies the following equations.

VxH=]VeB=0 (32)

H and B represent the vectors of the magnetic field (A/m) and flux density (T). Relation between both
parameters can be expressed in vector potential A,

B=uuH=VxA (33)

¢r = Brag (34)
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¢ is the flux magnitude in a salient (Wb), By is the salient flux density (T), and a; is the tooth surface area
(m?). At this stage, it needs to be ensured that the flux densities in the stator and rotor do not exceed the
maximum allowable value, otherwise the rotor and the winding need redesigning. To find the back-EMF, the
flux linkage is gained from the circuit properties extracted through FEMM simulation. The value can be
approached from the sum of the flux magnitudes in teeth which are covered by the respective phase coil.

A~ Ns deeth_ covered kiBniat (35)
A is the flux linkage of a coil phase (Wb), k is a coefficient. The back-EMF is then

dA dég
E, = FTRTS (36)
6, is the angular position of the rotor (rad), and dé./dt represents the nominal angular speed (rad/s). From
those values, several output parameters can then be calculated, including the line-to-line voltage, terminal
voltage, electromagnetic power, dissipated losses, efficiency, as well as stall torque. The characteristics of
torque and speed can also be plotted based on the calculations. Finally, the cogging force will be measured
through the simulation for checking the smoothness during the rotor rotation.

4. RESULTS AND DISCUSSION
In this section, the resulted design of the rotor, as well as the winding configuration, will be
described first. Then the output of the BLDC motor will be explained subsequently.

4.1. Rotor design and winding configuration

The resulted design of the rotor is shown in Figure 5, while the dimensions of its all parts are

tabulated in Table 4. In the rotor, each pole section consists of five segments of the magnet; all are made of
NdFeB material with N45H-type which has a remanence of 1.32 T and a maximum operating temperature of
120 °C. Every magnet is separated one another by the rotor yoke column. The magnetic polarities of the two
opposite pole sections are the same. Hence, two opposite pole sections have the “North" poles in the outer
part and the inner part for the other opposite ones. Furthermore, the magnets are “half-buried”. Their outer
surfaces still face the stator and are in contact with the air gap. However, the main bodies are fixed inside the
rotor yoke, while the edges of the outer magnets’ surface are held and locked by parts of the rotor yoke.
The use of several magnet segments is to divide the magnetic flux flow to the rotor yoke and to increase the
overall surface area of the magnet. Therefore, the maximum flux density can be lowered. Then the hysteresis
and eddy current losses can also be reduced. Meanwhile, the total flux flow to the stator can still be kept,
since the additional air gap from the height of the clippers at the edges of the permanent magnets is relatively
small. Furthermore, the division of each pole into several magnet segments will more distribute the attractive
force (with the stator body) along the longer pole arc. The use of the half-buried permanent magnet
configuration with edges’ clippers is to more easily fix the magnets’ position into the rotor.

On the other hand, the winding employs a spiral-type configuration as shown in Figure 6 (a). Each
phase’s windings fill certain stator slot numbers Figure 6 (b) in a certain way. Every slot is divided into two
layers: the inner and outer layers. Each layer is filled with different phase windings Figure 6 (c). In Figure 6
(c), the positive sign means the wire is coming out and the negative means it is coming into. As only eight
slots in each section are filled, there will be six empty slots in total, out of 54 slots. The configuration is
chosen by evenly distributing the six empty slots to reduce cogging torque and to avoid unbalanced magnetic
pulls. However, such configuration causes the winding to shorten, shortening four slots to give ky = 0.853.
From these arrangements, the value of kg, ko, and ks can also be obtained. They are recorded in Table 4.

The resulted rotor movement based on its configuration and the inverter input is shown in Figure 7.
The arrows in the poles show their magnetic orientations. Meanwhile, the sequence of the flowing phase
current from Figure 7 (a) to Figure 7 (f) is based on Figure 3 (c) and Table 2. For instance, in Figure 7 (a) the
electrical cycle is from 0 to 60 degrees. The current is flowing from phase A to phase B (Table 2). Thus, the
positive current flows in phase winding A, whereas the negative one flows in phase winding B. According to
the configuration shown in Figure 6 (c), the current in the phases of A and B will generate certain magnetic
fields in certain directions. In Figure 7 (a), the arrows in the stator show the direction of the fields, and the
letters show which phase produces them. The same analysis can be carried out for Figure 7 (b)-(f). Based on
the 4 poles-6 windings configuration and the order of the conducting phases, one pole pair needs one
complete electrical cycle to make a complete rotation. Thus, every pole section needs two complete electrical
cycles to make a full mechanical rotation.
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Figure 5. Resulted rotor design, with the arrows in the poles’ magnets (left) show their magnetic orientations

Table 4. Resulted rotor dimensions and winding parameters

Part, symbol Dimension Unit
Radius of the rotor axis, ra r 24.15 mm
Pole outer radius, rom o 725 mm
Pole inner radius, rpn i 61.5 mm
Pole pitch, z, 20.2 mm
PM length, zpm 14 mm
PM thickness, hpm 5 mm
Height of the PM edges’ clipper, hg 1.2 mm
Width of the PM edges’ clipper, Wg 2 mm
Wire diameter, Dy, 3.7 mm
Turn per phase, Ny, 64 -
Coil per slot, Ng 2 -
Wire per coil, N, 2 -
Current density, J 3.2 Almm?
Distribution factor, kg 0.964 -
Pole shortening factor, k, 0.885 -
Pole skewing factor, k 1 -
Winding factor, K 0.853 -

(@) (b)

[ 2] 3] 4] 5] 8] 910 M 1213141516 [17[18[19[20[21[22[23 [24 [ 25] 26 [ 27
2829|303 35 | 36 | 37 | 38 | 39 [ 40 | 41 | 42 [ 43 | 44 [ 45 [ 46 [ 47 | 48 | 49 | 50 | 51 | 52 | 53 | 54
A AT A ] [AJA[A[AJAJA[AJA] [C[C[-C]CI+A[+A[+A]+A]
B[ B[B B| [+c|«cl+c[+c|+B|+B[+B[+B] [+B[+B[+B[+B[-C[C[-C|C|

Figure 6. These figures are, (a) winding configuration, (b) slot numbering, (c) winding arrangement based on

the numbering
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Figure 7. Rotor position sequence during the rotation on the electrical cycle of, (a) 60°, (b) 120°, (c) 180°,
(d) 2400, (e) 300°, (f) 360°

4.2. Output of the BLDC motor

The flux distributions of the resulted motor under no current and nominal current conditions are
shown in Figure 8. In no current condition (Figure 8 (left)), the flux density is concentrated around the
magnets as the magnetic flux sources. However, when nominal current is injected, the windings will generate
reverse magnetic flux that opposes the poles’ magnetic flux. In that situation, the flux density in the stator
yoke will increase, especially in the stator yoke area which is passed by magnetic flux flowing between two
opposite polarity poles (Figure 8 (right)). Regarding the value, the maximum flux density reaches slightly
above 2 T, but is still in the tolerable saturation range of the stator’s 50H1300 material [26].

The air gap flux density in a stator tooth fluctuates as the rotor rotates. Its value depends on its
relative position with respect to the rotor. Figure 9 (left) shows the graph of the flux density in a tooth when it
is passed by the rotor. The resulted five-wave peaks show the amount of magnet segment in each pole
section. The flux and flux density reach the maximum values as the tooth directly faces a magnet segment.
When nominal phase current is injected, there are increases in negative values of the flux densities. In this
case, the positive flux direction is coming out of the rotor’s poles. The increases are the result of the stator
phase windings generating opposite magnetic flux in opposite directions with respect to the poles’ magnetic
flux. The negative flux will also reduce the resultant flux magnitude. From Figure 9 (left), the average flux
density in no current condition is 0.4713 T, while under nominal current it decreases to 0.2810 T.

The resulted flux magnitude will determine the back EMF as well as the output torque. The first
term is proportional to the required input voltage to produce certain amounts of torque and power. In Figure 9
(right), the back-EMFs for all phases are presented. For each phase, the graph forms a trapezoidal shape as in
the usual BLDC motor [30], with the width of its peak is 120° electrical cycle, and transition from zero
voltage to the peak is about 60°.

Table 5 then tabulates the outputs of the BLDC motor at nominal speed. The output power is 5.1
kW, which slightly exceeds the desired output of 5 kW. The copper loss accounts for the largest loss
proportion suffered by the BLDC motor, while the estimated additional loss has the smallest value. From the
resulted losses, the efficiency of the motor at the nominal speed is obtained at 97.09%. Meanwhile, the
maximum torque or the stall torque is 51.39 Nm and the rated torque is 32.82 Nm.

The output torque-speed characteristic is further shown in Figure 10 (a). The torque is linearly
opposite to the rotation speed. In this design, the maximum allowable speed is 4,150 rpm, in which the
motor’s torque is down to zero. In Figure 10 (b), the relation between the output power and efficiency
towards the rotation speed is shown. The maximum power of the motor, 5,584.25 W occurs at 2,100 rpm but
is followed by the drop of efficiency to 96.63%. After that point, the motor’s output power and efficiency
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continue to decrease as both core loss and mechanical loss continue to increase at high rotation. Meanwhile,
the cogging torque graph is presented in Figure 11. The peak-to-peak range of the torque is 1.35 Nm (0.43
Nm to -0.92 Nm), which is relatively small (4.1% of the rated torque). Thus, the resulted torques are
expected to not making significant noise and ripple during rotor movement.

From the results, all aspects that contribute to the work of the BLDC motor have been presented and
analyzed. The winding and rotor configurations are suitable for the inverter setting. A similar study has been
partially conducted [19]. This research completes the analysis by involving the inverter components. The
resulted flux density is still within the range of tolerance. Meanwhile, the output voltage and output power
have reached the expected values. The torque and rotation speed show sufficient values and suit the targeted
results. Furthermore, the peak-to-peak cogging torque is relatively insignificant to disturb the rotation of the
rotor. Hence the designed BLDC motor in overall shows a relatively good performance. This design process
of BLDC motor from an existing stator can then be reviewed and applied in similar cases in other researches.
Further improvement for the next research can be performed by selecting optimum materials with smaller
reluctance. Hence the output voltage and power can be maximized.
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Figure 8. Flux distribution of the LPMG design under no current (left) and nominal current (right)
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Figure 9. Flux densities in a tooth under no current and nominal current (left) and back-EMF of all phases
(right)

Table 5. Output values of the BLDC motor

Part, symbol Dimension Unit
Line-to-line back EMF, ey 122.34 \Y%
The input voltage, Vi 198.25 \Y%
Armature current under square wave signal, lagsq) 42.14 A
Electromagnetic power, Pem 5,155.29 W
Copper loss, Py 74.77 W
Core loss, P¢ 33.75 w
Mechanical loss, P, 39.51 W
Additional loss, Pagq 6.75 w
Total loss, Py ot 154.78 W
Rated torque, T 32.82 Nm
Stall torque, T, 51.39 Nm
No-load current, I, 65.98 A
No-load rotation speed, n, 69.19 rps
Efficiency, n 97.09 %
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Figure 10. These figures are, (a) torque-speed characteristics, (b) graph of output power-efficiency towards
rotation speed
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Figure 11. Cogging torque of the BLDC motor

5. CONCLUSION

A BLDC motor, connected to an inverter circuit and equipped with Hall sensors, has been designed
based on an existing stator body. The motion converter and the rotor with half-buried permanent magnets are
designed to adapt to the dimension and topology of the stator. Some desired outputs are stated, including
expected voltage, output power, and rotation speed. Meanwhile, several limitations, including maximum current
and flux density, are also considered. The flux distribution is extracted by using finite element magnetic-based
software of FEMM, and it is found that the maximum flux density is still in the tolerable range. Analytical
calculations show that: At nominal speed, the BLDC motor can produce acceptable results, which are 5.1 kW of
output power with 122.34 V of voltage, 97.09% of efficiency, and 32.82 Nm of rated torque; the maximum
torque and rotation speed obtained from the torque-speed characteristics are 51.39 Nm and 4,150 rpm,
respectively; the cogging torque curve shows a relatively small peak-to-peak value of 1.35 Nm. The results
conclude that the BLDC motor has a good performance and is compatible with the connected inverter. Next
research can be performed by optimizing the materials used to minimize the reluctance.
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