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Performances of BLDCM Drive System for Treadmill Application

Jin-Woo Ahn* and Dong-Hee Lee**

Abstract - In this paper, a BLDC motor and its controller are developed for treadmill application.
Motor size and structure are restricted in the design stage due to the limited and enclosed space of the
treadmill. The shape of the rotor magnet is analyzed using FEM with restricted design conditions.
Manufacturing, cost and performance are also considered. A biomechanical analysis of human locomo-
tion with the change of velocity is considered in the design of the controller.

For stable operation of the treadmill, current and temperature are to be detected by the DSP controller.
The prototype BLDCM and its controller are tested to verify its performances.
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1. Introduction

A brushless DC and its controller are developed for
treadmill application. The BLDC motor has high efficiency
and high power density characteristics [1-3]. In the restricted
design conditions of 24 slot and stator structure, proper
magnet arc and length of magnet end are investigated for
high output torque and low cogging torque. The drive sys-
tem is placed in the enclosed driving room of the treadmill,
and motor size and stator structure are restricted in the de-
sign stage. To determine suitable design parameters, a simple
numerical and FEM analysis are implemented. The shape of
the permanent magnet is investigated for fabrication prob-
lems and motor performance. In addition, tuned gains from
evolution strategy are used for performance improvement
with biomechanical analysis of human motion.

2. Design and Analysis of BLDCM
2.1 Design Parameters

In this paper, a 2.5[HP}/220V BLDCM for treadmill ap-
plication is designed. Fig. 1 shows the configuration of the
treadmill motor. For stable operation, both a double pulley
and a belt are adopted in the application, and the operating
speed is determined by the pulley ratio and motor speed.

In order to produce sufficient output torque and high ef-
ficiency drive with the given restricted dimension shape of
the permanent magnet, winding data are designed as a re-
sult of FEM analysis. Table 1 displays the design specifica-
tions of the prototype motor.
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Fig. 1 Configurations of treadmill motor drive

Table 1 The specifications of BLDCM

Rated Power 2.5 [HP] Phase Number 3
Rated Voltage 220 [V] Connection Y
Rated Speed 3000 [rpm] | Pole Number 4
Stack Length 140 [mm] | Air Gap 1.0 [mm]
Slot Number 24 Slot Depth 12 [mm]
Pole Arc 180 [deg.] | Magnet Depth 13 [mm]
Turn Number 25 Outer Radius 59 [mm]

A three-phase BLDC motor is generally designed so that
the flat top of the phase back-EMF waveform is just over
120° wide. Each phase is supplied with a current waveform
consisting of blocks with a constant current of 120° wide.
During each 120° period, the electromagnetic power con-
version can be calculated as follow.

eaia + ebib + ecic = Tlewm (1)

where, T,: electromagnetic torque,
speed

In (1), e, is back-EMF of a phase, and i, is phase current.
If the EMF and current waveforms are sufficiently flat dur-

,,: mechanical rotor
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ing this period, and the speed is essentially constant, the
electromagnetic torque is also constant. In general, elec-
tromagnetic torque and mechanical rotor speed are deter-
mined by design requirements.

The EMF can be calculated from the air-gap flux distri-
bution. If B, is the average flux-density over one pole-pitch,
the air-gap flux @, is identified as follow.

Tlp
@ = [ B®O)oL, =B
¢ ! £ 2p

nDL, @)

where, r is the stator bore radius, D is the stator bore di-
ameter, L, is the stack length, and p is the number of pole-
pairs.

The peak EMF per phase can be written as follow.

E =0, 2710, 3)
T

where, T, is the number of turns in series per phase. The
air-gap flux is supplied by a permanent magnet attached to
the rotor yoke. For the selection of magnet material, cost
and environmental configuration must be considered. Re-
cently, rare-earth magnetic material is widely used for high
flux density, but the cost is still excessive and demagnetiza-
tion is serious in high temperatures. In treadmill applica-
tion, driving room is enclosed and cooling conditions are
poor.

In this paper, the permanent magnet on the rotor is made
out of ferrite material, and has a flux density of 0.405
[Tesla]. The ferrite magnetic material has a low tempera-
ture coefficient, and the manufacturing cost is lower than
that of rare-earth magnetic material. In order to protect the
ferrite from mechanical damage, a thin fibrous can is
wrapped on the permanent magnet of the rotor structure. In
consideration of operating speed, the number of poles and
attached type are determined as a 4-pole structure and sur-
face mounted type.

Under restricted design conditions, rotor pole arc is de-
termined as 180 electrical degrees for the highest output
power. However, the shape of the attached permanent
magnet affects the output characteristics of the motor. The
shape and depth of the rotor magnet are determined by fab-
rication and demagnetization problems. Since permanent
magnets with complex shapes increase manufacturing costs,
stmply cutting the magnet end is considered a more eco-
nomical means for improving motor performance. In order
to reduce cogging torque and increase output torque, the
length of magnet end is investigated by FEM analysis.

Fig. 2 and Fig. 3 show the back EMF waveform and
output characteristics according to length of magnet end in
circumference magnet shape.
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Fig. 2 Back EMF waveform according to the length of
magnet end
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Fig. 3 Characteristics analysis according to the length of
magnet end

In Fig. 2 and Fig. 3, back EMF of stator winding de-
pends on both winding method and permanent magnet
shape. With FEM analysis, output power and torque are the
highest at 8§[mm] of the magnet end, and maximum cog-
ging torque is minimized at 8.5[mm] of the magnet end.
Since the treadmill inertia is very large, the effect of cog-
ging torque can be reduced. The length of permanent mag-
net end is determined as 8[mm] from the view of output
torque.

The practical winding is selected according to current
density of winding and slot fill factor. Calculated wire di-
ameter is 1.3[mm], but four strands of parallel windings are
used as a winding for the manufacture.
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2.2 Analysis of Dynamic Characteristics

A numerical analysis is used for verification of proto-
type motor design. Fig. 4 shows a simple block diagram of
nonlinear magnetic circuit representing the MMF drops
associated with one air-gap. The permanent magnet is rep-
resented by a Thevenin’s equivalent circuit comprising the
MMF, F,,, and the reluctance, R, in Fig. 4. The flux densi-
ties in the yoke and teeth sections are calculated from their
permeance area, and the associated MMF drops are ob-
tained using the nonlinear B-H curve of the steel. A simple
equivalent magnetic circuit is solved iteratively. The basic
result of the nonlinear magnetic circuit calculation is air-
gap flux and the average flux density over the magnet
pole arc.

With a simple estimation of the air-gap flux &,, the per-
meance in an equivalent nonlinear model can be calculated
as follow.

A B, r,L
P = v w T Ltk 4
wo = ol L, KKy 2 I, &)

where, 3, is the pole-arc of the magnet in mechanical radi-
ans, Ay is the magnet half-pole area, L¢rx is the stack
length, and L, is the magnet length in the direction of
magnetization. The radius ry, is the effective radius of the
magnet. Similarly the air-gap reluctance is

%, =—£ (5)
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Fig. 4 A simple block diagram of nonlinear magnetic circuit

Total magnetizing force in the magnet is calculated as:

_ (F,+Fy +Fpy +Fy )

™ 6

m

Table 2 shows the general output characteristics of de-
signed motor in time-step method when the motor is con-
trolled by 120° commutation and current chopping. From
the analysis results, requirement performance is satisfied
by the prototype motor.

Table 2 Output characteristics of the designed motor

Output torque | 7.532 [Nm] Output power | 2,366 [W]
Copper loss 304 [W] Iron loss 14 [W]
Total loss 318 [W] Efficiency 88 [%]
Current density | 8.1 [A/mm2] | RMS current 10 {A]

Fig. 5 shows the speed-torque curve. From the numerical
analysis, required conditions are satisfied by the designed
prototype motor.
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Fig. 5 Speed-torque curve

The main controller is designed by TMS320F241 of
Texas Instruments. A basic switching pattern is generated
by a hall sensor and disk type ring magnet on the moving
shaft. The three Hall Effect sensors provide three overlap-
ping signals giving a 60° wide position range. The three
signals can be wired to the DSP input Capture pins, thus
speed information is available by measuring the time inter-
val between two input Captures. The time interval is auto-
matically stored by the DSP into a specific register at each
input Capture. In this paper, Timer 2 of DSP is selected as
the time base for the capture unit and it is set in continuous
up-count mode. The driver uses the 120° commutation
method, and the controller is to have only one current at a
time in the motor. Consequently, it is unnecessary to posi-
tion a current sensor on each phase of the motor. One sen-
sor placed in the line inverter input makes it possible to
control the current of each phase. The current information
is also used to protect over-current.

Fig. 6 shows sensor signals and switching patterns.

A PWM technique and PI. control method are used for
speed control of a treadmill. At the starting and operating,
smooth running is required for user safety. Gains of speed
controller are tuned by evolution strategy as considerations
of user weight and command speed.

Fig. 7 shows the block diagram of speed controller using
TMS320F241. The actual speed of the motor is calculated
by a CAPTURE module with timer2 in DSP.

The speed feedback is derived from the output signals of
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the position sensor. From the position signals, the time in-
terval between 60 electrical degrees can be detected. The
speed of the motor can be calculated as follow.

Vea

b —— 1

[

Fig. 6 Sensor signais and phasé current according to
switching pattern

o= A%t @

where, 8 is the electrical angle at which it is possible to
obtain the speed from the computed elapsed time between
two captures. Between two commutation signals the angle
variation is constant as the Hall Effect sensors are fixed
relative to the motor, so speed sensing is reduced to a sim-
ple division. And the speed control is implemented by the
duty cycle of each commutated power switch as follows.

AC POWER AC-DC
SUPPLY RECTIFIER

BRUSHLESS|

Fig. 7 The global block diagram of the controller

Ao=0,, -0, ®)
T, =K, (@,.W;) 40 + K,(0,.W,)- [Aw-dr 9)

where, T, denotes turn-on time of PWM period. Kp(®, Wy)

and K(®,Wr) are the learned gains according to motor
speed (@,) and user weight (Wy), respectively.

Gain Table @ <)

Torque Limit

Fig. 8 Block diagram of speed controller

The control gains are stored in the memory table. Over
current is detected by current sensor L.16P025 of the Ta-
mura Company. The output signal of the current sensor and
over current limit reference are compared to protect over
current of the drive. Fig. 8 shows speed controller which
uses PI controller. The gain is calculated using weight of
the user and applies an anti-windup integrator to have a
stable transient response.

3. Experimental Results
Fig. 9 shows the housing and rotor structure of the proto-

type motor. For effective cooling of the stator, aluminum
housing is used.

(b) rotor with ring magnet
Fig. 9 Prototype motor and rotor with ring magnet

Fig. 10 shows the starting characteristics at rated speed
conditions with 1.5 [kW] load. The actual speed is reached
at 3000 [rpm] in 150[ms], and the current is stable after
starting.
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Fig. 10 Starting characteristics at rated speed condition

Fig. 11 shows speed response and current waveform at
500[rpm] and 3000[rpm] of reference speed, respectively.
In a wide operating region, experimental results show sta-
ble speed responses at a sudden load disturbance.
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Fig. 11 Speed response with load disturbance at 500[rpm]
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Fig. 12 and Fig. 13 illustrate performance of the proto-
type treadmill. The treadmill responds well when it is used
for running. The tests are executed using an 85[Kg] adult

male.
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Fig. 12 Acceleration and deceleration response
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Fig. 13 Walking and running response
Fig. 14 shows the efficiency and torque characteristics.

The measured efficiency is 86.8[%] at rated load, which is
equal to the analyzed result.
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Fig. 14 Efficiency and torque of the prototype motor

5. Conclusion

A BLDCM and DSP controller are designed for com-
mercial treadmill application. The prototype motor is ana-
lyzed by both a numerical and FEM analysis. Analyzed re-
sults indicate that the performances satisfy the require-
ments. At restricted stator core, the shape of the permanent
magnet is analyzed by FEM analysis, and the shape is se-
lected considering output and cogging torque with re-
stricted conditions.

For stable operation, controller gains are tuned by evolu-
tion strategy according to user weight and reference speed.
Over-current and overheating protectien circuits are ap-
plied for robust drive. Experimental results show stable op-
erating characteristics in a wide speed range.
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