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Nomenclature

A Area (m2)
a Length of specimen (m)
D Diameter of rod (m)

Greek Symbols

α Volume fraction (dimensionless)
η Efficiency (dimensionless)

Superscripts

(n) nth iteration

Subscripts

a Air
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1 Introduction

Recent technology advancement inDCmotors for electric bike resulted in newenergy
efficient derives using PMBLDCmotors. A BLDCmotor has windings on stator and
alternate permanent magnets on rotor. As the name suggests, BLDC motor does
not have brushes for commutation, but electronic commutation of stator windings
is based on rotor position with respect to the stator windings. The Brushless Direct
Current (BLDC) motor is widely used in many industrial applications, automotive,
instrumentation, etc., due to its several advantages like better speed vs. torque char-
acteristics, high dynamic response in transient states, high efficiency than conven-
tional motor drives, long operation life irrespective of working conditions, noiseless
operation over high-speed operations, higher speed ranges and easy controls [1].
Also, the torque delivered with respect to the size of the motor is higher, making it
useful in applications where space and weight are critical factors like electric vehi-
cles [2]. Torque of the BLDCmotor is controlled by the waveform of back-EMF (the
voltage induced into the statorwinding due to rotormovement). Generally, theBLDC
motors have trapezoidal back-EMF waveforms and are fed with rectangular stator
currents, which give a theoretically constant torque. But, in practice, torque ripple
exists, mainly due to back-EMF waveform imperfections, current ripple and phase
current commutation. The current ripple result is from PWMgeneration technique or
hysteresis control. The back-EMF waveform imperfections result from variations in
the shapes of slot, skew and magnet of BLDCmotor and are dependent on designing
methods. An error can occur between actual value and the simulation results. Several
simulation models have been proposed for the analysis of BLDC motor [3–6]. But
simultaneously, two controls can be carried out to have smooth control over speed of
motor. Inverter triggering is controlled by PWM generated by comparing the actual
speed of rotor and the rotor position, and same rotor speed can be used to control
speed of motor using controlled voltage source. In this paper, using this method
PMBLDC motor speed is controlled and compared with the system uses inverter
triggering using SPWM.

2 Mathematical Model

TheBLDCmotor isworking as same as the traditionalDCmotor, but it is construction
wise different from it. It is a self-rotating synchronousmachinewhose stator is similar
to that of an induction motor, and the rotor has permanent magnet which is rotating
part.

The circuit model of BLDC is as shown in Fig. 1, and the voltage equations of
BLDC motor is given as:

Va = Raia + d

dt
(Laaia + Labib + Lacic) + dλar (θ)

dt
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Fig. 1 Motor circuit model

Vb = Rbib + d

dt
(Lbaia + Lbbib + Lbcic) + dλbr (θ)

dt

Vc = Rcic + d

dt
(Lcaia + Lcbib + Lccic) + dλcr (θ)

dt

Let us assume magnets have high sensitivity, all stator resistances are equal and
rotor induced currents are neglected, then in matrix form for balanced system we
have:
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The above equations described the mathematical model of motor; hence, the rotor
reluctance does not change with angle.

If,

La = Lb = Lc| = L

That is self and mutual inductance is constant, then the voltage equations become
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And the electrostatic torque is given as:
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Te = eaia + ebib + ecic
wr

where wr is rotor speed (rad/sec).
Then equation of motion will be:

dwr

dt
= (Te − Tl − Bwr )/J

where B is friction constant (N-m/rad), Tl is load torque (N-m) and J is inertia of
rotor and couple shaft (kg-m2).

3 Method of Control

3.1 Rotor Speed and Rotor Position PWM

The schematic diagram of system is shown in Fig. 2, and MATLAB model is shown
in Fig. 3. Two control loops are used; the inner loop synchronizes the inverter gate
signals with the actual speed of rotor. The outer loop controls the motor’s speed by
varying the DC bus voltage using PI controller.

The gates signals for MOSFET-based inverter are derived from the error signal
generated by comparing rotor actual speed and position of rotor sensed by Hall
sensor which is decoded. Three-phase windings use one Hall sensors each, which
are provided three overlapping signals giving a 60o wide position range. Whenever

Fig. 2 Schematic diagram
of system

Fig. 3 MATLAB model of
system
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Fig. 4 Position of rotor
decoded

Fig. 5 Gate pulse control

Fig. 6 Gate pulse to inverter

the magnetic poles pass near the sensors, they give high or low signal showing South
and North Pole as shown in Fig. 4.

By varying the voltage across the motor terminals, we can control the speed of
the BLDC, and when pulse is fed to six switches of the three-phase bridge, variation
of motor voltage can be obtained by varying the duty cycle of the PWM signals.
Inner closed-loop control is seemingly automatic as the position of rotor and speed
of rotor are resulting due to rotation of rotor; hence, the gate signals to inverter will
try to switch inverter in such a way to control the voltage input to motor, which will
be corresponding to speed and position of rotor. The final speed control is fully done
by outer closed loop, which is with speed changer or reference speed.

This method is more suitable for speed control for electric bike where the speed
of wheel is in full control of throttle (Fig. 5).

The required speed is controlled by a speed controller. This is achieved by imple-
menting conventional proportional-integral (PI) controller. PI was input by the differ-
ence in actual rotor speed and required speed.Basedon this data, PI controller controls
the duty cycle of PWM pulses which correspond to the voltage amplitude required
to maintain the desired speed. Figure 6 shows the PWM pulses of 50% duty cycle.

3.2 Sinusoidal Pulse Width Modulation

Second method used is SPWM technique, where carrier wave is taken as triangular
with variable frequency, and modulating wave is taken as decoded signal of rotor
position sense by Hall sensor. The PWM generated by comparing these two waves
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Fig. 7 Schematic diagram
of SPWM technique

Fig. 8 Pulses of SPWM
technique

is fed to inverter, as shown in Fig. 8. Figure 7 shows the schematic diagram of this
technique.

4 Results and Discussions

A three-phase motor rated 1 kW, 500 Vdc, 3000 rpm is fed by a six step voltage
inverter. The inverter is realized by MOSFET bridge. The three-phase output of the
inverter is applied to the PMBLDC motor’s stator windings. Load torque of 6 N-m
is applied to the machine’s shaft at t = 0.5 s, and differences are observed.

Figures 9 and 10 show the motor speed when required speed is set to 3000 rpm,
and load torque of 9 N m is applied at t = 0.5 s, the differences in smoothness are
clearly seen

The motor is tested further on different speed requirement such as 2500 rpm and
1650 rpm, and results are shown in Figs. 11, 12, 13and 14.

Fig. 9 Motor speed using
RSRPPWM technique
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Fig. 10 Motor speed using
SPWM technique

Fig. 11 Rotor speed with
2500 rpm using RSRPPWM
technique

Fig. 12 Rotor speed with
2500 rpm using SPWM
technique

Fig. 13 Rotor speed with
1650 rpm using RSRPPWM
technique

Fig. 14 Rotor speed with
1650 rpm using SPWM
technique

Fig. 15 Line-Line voltage to
motor terminal
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Figure 15 shows the line-to-line voltage applied to BLDC motor, which follows
the desired pattern before load and after load application.

The time courses in Fig. 16a belong to the BLDC motor with trapezoidal back-
EMF, and the responses are valid for sinusoidal back-EMF BLDC motor. There
is very good correlation with the responses of the BLDC motor models known in
references [7, 8] (Figs. 17, 18 and 19).

At closer look at the line-to-line voltage applied tomotor reveals that thewaveform
is displaced by 120o, and it is quasi sinusoidal in shape.

The reference speed changing will alter the voltage applied to motor and thereby
the speed of motor, especially in the application of motor for electric bike the robust
control is demanded. The system is also tested on the variable required speeds and the
correlation of required speed and rotor actual speed is studied, as shown in Figs. 20
and 21. It can be seen that usingRSRPPWM technique has superior control over rotor
speed, which is must need for electric bikes and other automobiles requiring fast and
robust control. In Fig. 20, the differences in the higher speed between required and
actual speed are because of rotors and coupler inertia (Figs. 22 and 23).

Fig. 16 Back-EMF and
electromagnetic torque

Fig. 17 Trapezoidal
back-EMF

Fig. 18 DC input from
battery

Fig. 19 Close look to
voltage applied to motor
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Fig. 20 Actual rotor speed
and required speed using
RSRPPWM technique

Fig. 21 Actual rotor speed
and required speed using
SPWM technique

Fig. 22 Variation of motor
input terminal voltages using
RSRPPWM technique

Fig. 23 Variation of DC
input from battery using
RSRPPWM technique

It is observed that using RSRPPWM technique is the best suited for controlling
the speed of BLDC motor in automobile applications. The pulses to inverter will
decide the motor speed and in turn, the speed of rotor will decide the pulse; hence,
the technique of PWM generation performs vital role here. Figure 21 illustrates the
out of relation of actual speed of rotor with required one, in between t = 0.5 s and t
= 0.9 s the rotor speed literally constant without responding to required speed sent
through speed changer. And at t = 0.9 s the rotor responded lately to the requirement
of t = 0.7 s by speed changer. Also as shown in Fig. 21, at higher speed there exist
large gap between two, which could be because of improper pulses.
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5 Conclusion

Simulation and test run of proposed technique is done and presented, and it is seen
that BLDCmotor speed can effectively control byRSRPPWMtechnique. The perfor-
mance results have shown that such method is very useful for applications requiring
single outer closed-loop control. The results are at parwith the theoretical predictions.
The simulation result shows satisfactory performance and hardware implementation
can be done. Further, the required speed input can be scaled down to 1 to 10 so that
controlling becomes easier.
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