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Abstract: A driver for a brushless dc motor (BLDCM) which is supplied by a wind generator (WG) is
proposed in this paper. The proposed system uses a buck converter with high efficiency and control unit
for implementation maximum power point tracking (MPPT) technique. No optimal characteristic of the
WG or an anemometer for wind speed measuring is needed while the WG works is variable speed mode,
whereas simplicity and reliability of the proposed system is improved, cost and mechanical tension of
the WG is already reduced. Usage of available wind energy is achieved too; specifically under low wind
speeds. The whole system is used in electric vehicle application. In order to evaluation of the proposed
system performormance, simulation is runned by MATLAB/Simulink. The result confirms its advantages.
Keywords: Brushless DC motor (BLDC), electric vehicle (EV), wind generator (WG), maximum power

point tracking (MPPT)

1. Introduction

Nowadays, renewable energy resources be-
come important and interesting because of their
advantages such as pollution-free and unlimited
energy supplies. The wind power generation sys-
tem (WPGS) is one of the most effective gener-
ation systems, developed to capture and change
the form of energy from wind one into electric-
ity. Most of WPGSs have considerable cost—per-
formance ratio and are attractive to investment.
Due to higher reliability and more appropriate
size of the small-scale WPGS, it is more suitable
than the large-scale ones for urban environment.
Recent research studies about small wind tur-
bine global market, made by the American Wind
Energy Association in 2007 [1], have found that
the micro-scale WPGS is a subset of the small-
scale ones and a WPGS with capacity of less than
1kW is applicable in electric vehicle drive appli-
cation. Typically, wind turbine with fixed pitch
angle, permanent-magnet (PM) generator, recti-
fier, dc converter, battery module, and a dc load
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are different parts of a small size¢ WPGS. In or-
der to make them more efficient, using one of the
maximum power point tracking (MPPT) control
algorithms are more common. It regulates turbine
rotor speed according to actual wind speeds. Basi-
cally, there are four different types of MPPT tech-
niques, namely, the tip speed ratio (TSR) control,
the optimal torque (OT) control [2], [3], the power
mapping control [4], [5], and the perturbation and
observation (P&O) searching control [6], [7].
Due to disadvantages of conventional elec-
tric motors such as dc brushed motors, single and
three phase induction ones, attention to other type
of motors has increased. One of them which has
absorbed many interesting, is brushless DC mo-
tor (BLDCM).Some of its attractive features are
high efficiency and energy saving, it can operate
efficiently all over the speed range, more reliable
than of brushed DC motors and more efficient than
AC variable frequency motor on the rated frequen-
cy. Furthermore, comparing with conventional AC
and DC motors, there is an improvement on driving
mileage about 20% to 50% in the brushless mag-
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net motor, they also expand battery life by 30%. In
this paper a control system for driving a BLDCM
which is used in electric vehicle, is developed based
on its mathematical model. The proposed system is
supplied by a wind-generator (WG) which is used
maximum-power point tracking (MPPT) algorithm
through a high efficiency buck-type dc/dc convert-
er and control unit, running the MPPT function,
whithout any need to optimal power characteristic
of WG or an anemometer. Furthermore, WG also
operates in variable speed. Thus, the system has
higher reliability, lower complexity and cost, and
less mechanical stress.

BLDCM with new power converter topology
is proposed by Krishnan and Shiyoung [12]. Four
switch three phase brushless motor in low cost
commercial applications is proposed by Krishnan
[13]. The mentioned literature does not cope with
modeling and simulation problems of buck con-
verter fed BLDCM drive. In this paper, the buck
converter for using in BLDCM drive is proposed.

2. Electric Vehicle Driven Motor Analysis with
Wind Turbine

Although battery technology has been devel-
oped, but yet constrains large-scale automotive ap-
plication. Improving energy efficiency as well as
driving course and proper usage of the battery with
energy management are topics of electric vehicle
research area. Two important items that develop
the electric vehicle technology are as follows:

i) Electric motor driver, using of a suitable
driver according to characteristic of the battery.

i) Electric vehicle motor, because of battery
constraints, electric vehicles is used chiefly for
urban traffic; the main duration of the vehicle op-
eration is in start, acceleration and braking work-
ing conditions. Therefore, the motor startup and
acceleration performance, the efficiency in low-
speed condition, braking and energy recovery
ability, overload capability, electrical energy den-
sity and the reliability of electric vehicle motor
are particularly important problems.

Based on the two points mentioned above,
the driven-motor have an important effect on the
electric vehicle performance, therefore, proper se-
lection of the electric vehicles motor depends on
not only to the battery discharge characteristics,
but also relates to the vehicles operation charac-
teristics too.

A new strategy for using renewable energy
sources such as wind turbines is instilling them
below the front bumper or on the car’s roof as
is shown in Fig.1. When the car moves along, it
comes up against the air resistance. The resistance
of the air mass hits turbine blades and leads to
generate electricity. The produced energy is saved
on the battery, and then used in the BLDC motor.
So, for producing energy, less fuel is needed and
decreases the cost.

3. Mathematical Model of BLDC

The schematic module and the control unit of
BLDC motor and is shown in Fig. 2. The brush-
less DC motor is actually a permanent magnet
AC motor whose torque-current characteristics
act similar with a DC motor, but uses electronic
brushless commutation system. BLDC is a modi-
fied PMSM with trapezoidal back-emf instead of
sinusoidal [8]. It is important to know the rotor
position in order to follow the proper energizing
sequence [9]. In this system, Hall effect sensors is
used to sense position of the rotor, namely Hall A,
Hall B, and Hall C, embedded into the stator with
a lag of 120° from the earlier. The position of the
rotor is determined using Hall sensors and related
windings are excited. Since a BLDC motor is easy
to control, it is the choice in many applications re-
quiring precise control of speed [10], [11].

Based on motor model, the electromagnetic
torque, 7, has a linear relationship with the ar-
mature current ia ie., nm = kT 'ia , Where T
is the torque constant. The back- emf in a BLDC
motor is linearly proportioned to the rotational
mechanical speed and its direction is determined
by Flemings right hand rule. Supposing that inten-
sity of magnetic field is B, length of conductor on
the edge of rotor is /, the number of conductors in
the motor is Z rotor radius is 7 and rotor is rotating
at an angular velocity of @),, then the speed of the
conductor is given by:

Figure 1. Electric vehicle with wind turbine.
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Vv, =1, ()
The emf e in that conductor is given by:
e=w.BI(Z/2) ()

The relationship between back-emf and angu-
lar velocity of rotor is:

e= wa 3)

Where, K¢ is the back-emf constant. In three
phases BLDC model the sum of the phase cur-
rents has to be zero, i.e.

ia+ib+ic=0 4)

The following three phase equations are used
to model the two pole three phase BLDC motor:
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The rotor field is induced by the permanent
magnet, embedded in the shape of an arc, induct-
ances of each phase be without dependence on the
rotor position, hence:
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Eequation (5) is simplified as follows:

(v R 0 O01[:

vpl=10 R, O]li|+
v, 0 0 R.||i
- 8
Lp M M 4 i, e, ®
M Lp M ; ip |+ e

t
M M Lp I, e,

Inverter Driver

l %%ﬁéjﬂij

g g fue

Figure 2. The schematic module of BLDC motor.
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Reordering the earlier equations leads to equa-
tion (9):
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4. WG Control Strategy

In this paper, in order to execute maximum
power-point-tracking (MPPT) control of WG, an-
other approach is described. Fig.3 represents the
block diagram of the proposed system model. In
this MPPT process, output power is monitored by
using the WG output voltage and current meas-
urements. The dc/dc converter duty cycle is di-
rectly adjusted according to the result of compari-
son between successive WG-output power values.
Thus, knowledge of the WG power versus the
rotor speed or wind velocity characteristic is not
required. WG is protected from over-speeding by
using a resistive dummy load. The WG wind and
rotor-speed ratings or the dc/dc converter power
rating do not restrict the proposed MPPT method
applications. Although the proposed method has
been modeled for an application like charging a
battery with a dc/dc converter, but it is also able to
use in electric vehicle drive application.

4.1. WG Characteristics

The power derived from wind by the WG tur-

bine blades, P,, depends on the blade shape, the
pitch angle, and the radius and the rotor speed of
rotation as follows:
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21,3

P, =0.5m0C , (4, B)RV (10)
Where p is the air density (typically 1.25 kg/
m3), /3 is the pitch angle (in degrees), R is the
blade radius (in meters), /' is the wind speed (in

m/s) and C,, (4, f) is the wind-turbine power coef-
ficient that is a function of TSR A.

Rectifier Power MOSFET 1
-
)= |Cin ; .
- Zx Ll vae PR = = Vo
-
Dummy = W/G Current &
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on/off Control| K
: M Control Unit

Figure 3. Block diagram of the proposed system
(motor controller).

The termis A the tip-speed ratio, defined as:

= (11)

Where Q is the WG rotor speed of rotation
(rad/s). If the generator efficiency is 77, so the to-
tal generated power by the WG, P, is expressed as:

P=ngP, (12)

When the blades pitch angle is equal with zero,
the WG power coefficient is maximized for opti-
mum value of tip-speed ratio A’Opt' In the char-
acteristic curves of WG output power for various
wind speeds there is a specific point where the
output power is maximum. Therefore, maximum
power is obtained continuously from the wind
(MPPT control) by controlling the load of WG in
variable-speed operation. TSR value is constant
through all maximum power points (MPPs). This
leads to linear relationship between the rotational
speed of WG and the wind velocity as follows:

Vn

Q, =y = (13)
Where €2 ,, is the optimal rotational speed of
WG at a wind velocity V). operation of wind tur-
bines provides 10% to 15% higher output energy,
lower mechanical stress and less power fluctua-
tion [14]. The disadvantage of the variable-speed
operation is requirement of a power stabilizer as
the WG dummy load. However, the development

of power electronics leads to reduce the pow-
er-converter cost and also augment its reliability,
while the higher cost can be compensated by the
energy production gain.

Fig.4 shows characteristic curves of the WG
torque, including the interconnected wind-turbine/
generator system, for various output voltage levels
of generator under different wind velocities. The
generator is designed to act in the almost linear re-
gion, according to the straight part of the generator
torque curves in Fig. 4, under any wind-speed con-
dition. Intersection point of the generator torque
curve and the wind-turbine torque curve is the
WG operating point. During the MPPT process,
applying different changes in the WG load leads to
various generator output voltage levels; thus, the
generator torque is adjusted in order to act at the
target torque under various wind speed. The tar-
get-torque line related to the optimal-power pro-
duction line is shown in Fig. 4, where the energy
captured from the WG system is maximum value.

Generator Torque

Torque

Tmax

Target Torque
Wind Speed: VI<V2<...<Vn

Generator Voltage:
Vph,1<Vph,2<...<Vph,max

& Wind Turbine Torque

Qmax Rotor Speed

Figure 4. Torque-speed characteristics of the wind
turbine and the generator.

4.2. MPPT Algorithm

As mentioned in Section I, in the MPPT pro-
cess of the proposed system, the dc/dc converter
duty cycle is directly adjusted by the result of the
comparison between WG-output-power measure-
ments. On the contrary of the wind speed that var-
ies highly with

time, the power captured by the WG varies
relatively slowly. This is due to the slow dynamic
response of the interconnected wind-turbine/gen-
erator system. Thus, the steepest ascent method is
used to remove the problem of extracting the max-
imum output power of the WG with controlling
the converter duty cycle. This method conforms
to the following control law:
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(14)

Where D, and D,  are the duty-cycle values
at iterations k and k—1, respectively (0 <D, < 1);

AP,_,/AD;_, is the WG power gradient at step k—1;
and C|is the step change.

In order to show the feasibility of the proposed
method and its convergence to the WG MPP un-
der each wind-speed condition, it is sufficient to
confirm that the function P(D), that depends on the
WG power P and the dc/dc converter duty cycle
D, has a single extreme point coincides in the WG
MPPs, which are depicted in Fig. 4. With regard to
the WG power characteristic curves are depicted in
Fig. 4, it is obvious that at the points of maximum
power production,

dP

—=0 (15)
dQ
Where Q is the WG rotor speed.
Also by applying the chain rule, the above
equation is written as:

dp _dP dD dVyg dQ. _,
dQ dD dVy, dQ, dQ

(16)

Where V), is the rectifier output voltage lev-
el and Q is the generator-phase-voltage angular
speed.
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Figure 5. MPP tracking process.

In the case of a buck-type dc/dc converter, the
output (battery) voltage level is related to input
voltage level and the duty ratio is defined as fol-
lows:

V. dD

D= — = —

VO
=-—>—=0 (17

Where V is the battery voltage level. The re-
lationship between wind-turbine rotor speed and
generator speed is expressed as follows:

dQ
Q=pQ—>—=%=p>0 (18)
dQ
Where p is the number of pole pairs in genera-
tor. The rectifier output voltage V. is proportional
to the generator phase voltage V. According to
Fig. 5:

dVv

th >0 (19)
e

dVﬂ >0 (20)

dQ

e

With regard to (16)—(20), it leads to:

d—P =0 d—P =0 (1)
dQ dD

Therefore, it is approved that the function
P(D) has a single extreme point. This point also
coincides in the WG MPP, and adjusting the duty
cycle of de/de converter duty-cycle under the con-
trol law of (15) leads to convergence to the WG
MPP under various wind-speed states. The maxi-
mizing process of power is shown in Fig. 5. Owing
to the duty-cycle adjustment follows the direction
of dP/dD, in the right side of the WG character-
istic curve, the duty-cycle value is augmented. The
increased duty ratio in Buck converter will result in
decreasing WG-rotor-speed and increasing power.
Duty-cycle growth will be continued until the MPP
is achieved.

Similarly when the starting point of process
is situated in the left side of characteristic curve,
following the direction of dP/dD results in du-
ty-cycle becomes smaller and the speed of WG
rotor higher, eventually convergence is happened
at the MPP.
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Figure 6. MPPT process algorithm

The flowchart algorithm of the control system
is illustrated in Fig. 6. The battery voltage is ob-
served and when it gets to level higher than thresh-
old value, charging status is finished and the MPPT
operation is stopped in order to protect the battery
stack from being overcharged. In order to deter-
mine the sign of the duty-cycle change AD, the WG
output power at the current iteration is computed
and compared to the WG output power at the previ-
ous one of the algorithm. Based on the comparison
result, the sign of AD will be reversed or remain
unchanged and subsequently the variation of PWM
output duty cycle is applied properly, according to
the control law described by (15).

After adjusting the duty-cycle, the voltage lev-
el of WG must be measured. Based on the result,
two modes can be happened, When it is below the
maximum predefined value, the dummy load is
separated from the circuit. On the contrary, when it
is upper than the maximum predefined value, this
load is connected to the dc/dc converter input to
prevent the WG from over speeding. The hysteresis
limits are set by the maximum and minimum pre-

defined value. This is necessary to stop the dummy
load from continuing its on/off state.

5. Simulation Results

Parameters of BLDC motor that is used for
simulation are listed in table.1. In order to eval-
uate the operation of proposed system, the wind
velocity variation is shown in Fig. 7. The WG out-
put power and the rotor speed are shown in Fig.
8. It is apparent that the WG output power profile
imitates the wind speed changes. It can be seen
from Fig. § that due to the improved dynamic re-
sponse the power comes rapidly near to its final
value. It results to less energy consumption. Also
by implementing the proposed system, more wind
energy can be obtained in the higher wind speed
variation. The generator current wave form of the
proposed system is illustrated in Fig. 9.

Table 1. Parameters of BLDC Motor.

Items Specification
Inverter MOSFET
Stator resistance Bridge
Stator inductance Rs=2.95 Q
Flux induced by Ls=6e-3 H
magnets 0.183 W
Back emf flat area 120 degrees
Inertia 0.2e-3
Friction factor le-3
Pole pairs 4

Wind Speed(rpm)
=)

0 1 2 3 4 5 6
Time(s)

Figure 7. Wind speed versus time.

Power(w) & Rotor speed(rp

=Rotor Speed
~—Power

. . .
1 2 3 4 5 6
Time(s)

o2

Figure 8. Output and Rotor speed, versus time.
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Pi-filter is used for filtering the buck converter
output. The output of the pi-filter is implemented
to the three phase inverter and the BLDC is sup-
plied by three phase inverter voltages. Pulse width
is 33% and output voltage level of Buck converter
is 24 V. Voltage wave forms of the three phase in-
verter are shown in Fig. 10. The voltages are shift-
ed by 120°. Three phase currents are given by the
motor are shown in Fig. 11. The back-emfs are pre-
pared for applying to the three phases of motor are
shown in Fig. 12. Fig. 13 represents speed of rotor.
As it can be seen, just before 1s motor reaches al-
most its final value due to fast dynamic response
of motor and proper effect of the control system.
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Figure 10. Voltages of inverter.
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Figure 11. Output currents of inverter.
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Figure 12. Back EMF waveforms
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Figure 13. Rotor speed of BLDC.
6. Conclusions

A control system which is appropriate for
driving a BLDCM in electric vehicle application
has been presented in this paper by using its math-
ematical model. Because the motor is supplied by
the wind generator, a MPPT technique was pre-
sented to increase the efficiency and improve op-
eration of the system. It is done by using a buck
type dc/de converter which is high efficiency, and
MPPT managing control unit. Performance of the
proposed system and its advantages are analyzed
by MATLAB/Simulink. The results verify oper-
ation of the proposed system such as improving
the dynamic response, although no need to ane-
mometer. Furthermore, WG acts in variable speed
mode, whereas mechanical stress and also power
fluctuation are reduced. Moreover, application of
the proposed MPPT method is not restricted by
the capacity of WG, rotor-speed or power of dc/dc
converter. Buck converter is used to decrease the
input voltage to required value.
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