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Abstract

In this paper an extensive comparative performance study is carried out between No-load and load condition of an open
loop model of a Brushless Direct Current (BLDC) Motor drive fed from a two-level voltage source inverter (VSI) under 120-
degree conduction mode, using simulations in a MATLAB based software environment. BLDC motors are currently growing
in popularity and replacing the brush motor in many applications, as they can be used in both low and high-speed vehicle
systems and also in servo drives. The high reliability, torque to inertia ratio, high efficiency, high power density, ease of
control and mainly the brushless operation make BLDC motors superior to others. It has a permanent magnet as a rotor with
a balanced 3-phase armature in its stator. The armature winding is driven by a power electronics inverter which is switched
in synchronism with the rotor position, sensed by an optical encoder or a Hall Effect sensor. It is found that torque ripple can
be minimized by tuning the value of rotor position, no load condition and trapezoidal armature phase current. The different
performance parameters for no-load and load condition of the BLDC motor such as phase voltages, phase currents, speed,
electromagnetic torque, d and q axis current and rotor position etc. are determined in MATLAB environment.

Keywords: Brushless DC motor; Open loop model; voltage source inverter (120-degree mode); a position sensor (encoder);
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1. Introduction

The Brushless DC motor is one type of Permanent Mag-
net Synchronous Machine (PMSM) where the stator is com-
prised of a balanced three-phase armature and the rotor is
made of a permanent magnet. As the BLDC motor is a Syn-
chronous motor, the stator and rotor field always operate
at the same frequency, meaning there is no slip [1].But un-
like the Synchronous motor, BLDC motors have trapezoidal
back emf. Basically, with the availability of permanent mag-
net materials and solid-state power semiconductors, con-
ventional brushed DC motors led to the idea of developing
BLDC motors [2]. A standard DC motor has multiple ad-
vantageous satisfying characteristics, such as good effec-
tiveness, smooth speed control and linear torque-speed fea-
tures. It has some disadvantages too, due to the presence
of brushes. Reliability is limited at any time, operation can
be hampered and the brushes may need replacing as they
have a limited working life. Mainly, BLDC motors have been
used to minimize this problem.This motor does not need any
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extra DC supply like a conventional DC motor, as the flux is
generated from a stable, permanent magnet rather than an
electromagnet as in the case of a DC motor. Also, DC mo-
tors have poorer reliability compared to other motors, due to
their use of carbon or metal brushes. This problem is solved
by using electronic commutation and so the need of main-
tenance or replacement of brushes is no longer needed [3].
Thus the BLDC motor has a long operating life and higher
speed range and is also designed with a compressed body.
It is robust and enjoys high efficiency [4]. BLDC motors
have some other advantages, such as high torque to iner-
tia ratios, greater speed capabilities and better operational
speed versus torque characteristics [5]. As mentioned ear-
lier, BLDC motors are electrically commutated in a six step
process; each step has two phases either positively or nega-
tively energized, with one phase floating [6]. As the commu-
tation of a BLDC motor is controlled electronically to rotate
the BLDC motor, a specific sequence should be maintained
to energize the stator windings. The information about the
rotor position is important since the winding to be energized
can be determined by the rotor position in the order of se-
quence. The rotor position is determined by what is basically
a Hall effect sensor embedded into the stator [7]. In this pa-
per, an open loop model for the BLDC motor is analyzed by
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programming in MATLAB, considering the supply to the ar-
mature from a three phase two-level voltage source inverter
(VSI) which operates under the 120° conduction mode of the
inverter switches on the basis of the rotor position informa-
tion. Brushless DC motor applications have been greatly ac-
celerated in variable speed industrial drives by improvements
in permanent magnet materials, in particular rare earth mag-
nets. In open loop the speed control of such a machine can
be carried out in a way similar to that of a conventional DC
machine, by changing the equivalent conceptual “brush” po-
sition and varying the sensor position with respect to the rotor
frame [5, 8].
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Figure 1: Schematic diagram of a BLDC motor fed from a two-level voltage
source inverter
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Figure 2: Overall open loop model of BLDC motor drive

Fig. 1 shows the drive system for which the proposed
model is developed. The BLDC motor has three phase ar-
mature winding, with the three phase supply being given by
a two-level voltage source bridge inverter which operates un-
der the 120° mode of conduction. The inverter consists of six
self-controlled switches viz. IGBTs with anti-parallel diodes.
As mentioned earlier, the switching of the inverter devices is
done in synchronism with the rotor position information. To
gather rotor position information one sensor or transducer
is placed on the rotor. Generally, a set of three infrared
emitting diodes (IRED) and a gray-coded disc is required
together with a corresponding set of three receptor photo-
diodes, placed on a stationary frame. This position sensor
system generates three electrical pulses in digital form which
are actually considered as a three-bit binary word; this bit
value changes automatically after each 60° rotation of the
rotor. Hence, the information on the rotor position is deliv-
ered after every 60° rotation [6]. Now, as the information
is in binary form simple decoder logic is used to decode
the information in order to provide the switching signals for
the six self-controlled inverter devices, as per the 120° con-
duction logic. The inverter, in general terms, is a converter
which converts a DC voltage to its equivalent AC voltage

as per requirements. Thus, here, a controllable DC volt-
age source, Vdc, which may be varied is connected to the
inverter to achieve speed control in an open-loop configu-
ration, as shown in Fig. 1. The same way armature voltage
control is done in a conventional DC machine with a mechan-
ical commutator to control the speed of the machine. The
overall open loop model of the BLDC motor drive is shown
in Fig. 2. The overall open loop model of BLDC motor drive
consists of three main blocks, i.e. the voltage source inverter
block, abc-dqg transformation block and the BLDC motor, i.e.
the machine block. This model of BLDC motor can be de-
rived by assuming the inverter is to be operated in the 120°
conduction mode [9-12].

3-Phase Voltage Source Inverter

Voltage source inverter, a DC voltage source with very
small internal impedance, is used as input of the inverter.
The DC side terminal voltage is constant, but the AC side
output voltage may be constant or variable irrespective of
load current. For one cycle of 3609, each step should be
on a 60° interval for a six step inverter. In inverter termi-
nology, a step is defined as a change in the firing from one
switch to the next switch in proper sequence. There are two
ways of gating the switch. One way is the 180° conduction
mode, where each switch conducts for 1802 and the other is
the 120° mode of conduction, where each switch conducts
for 120°. But in both these cases, gating signals are applied
and removed at the same 60° intervals of the output voltage
waveform [5]. Here, in the case of the BLDC motor, gen-
erally the 1202 conduction mode is applied, as the voltage
pattern is trapezoidal. Now, for the switching of a sequence
of switches, the rotor position is monitored by an absolute
position encoder and this encoded information is passed on
to the controller block, which actually controls the operation
of the inverter. This inverter controller block processes or de-
codes this information and from there generates the switch-
ing signals accordingly for the inverter [13, 14].
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Figure 3: Schematic Diagram of Two level Three Phase VSI

There are some important points to be remembered in the
case of the 120° conduction mode of inverter operation. One
switch of the upper three inverter devices and one switch
of the lower three inverter devices are always ON simulta-
neously. 120 Degree Conduction: There are six switching
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Table 1: Phase Voltage of 120° mode of three phase VSI

Phase Voltage 61 12 23 34 45 56
v, Vi Vi Vi
Var T
% _Yac 0 Yae Yde 0 _ Vae
b 2 V, & 2 Vv, Vv, 2

sequences. Each SCR conducts for 120 degrees of a cycle.
The switching sequence is 61, 12, 23,34,45,56. From Ta-
ble 1 we can say that the total of the phase voltage is always
nil and thus if one voltage is positive, another one is negative
and the other phase voltage is nil. This is applicable for the
whole switching sequence. As itis a 120 Degree Conduction
mode two phases will always carry voltage and the other one
will be of zero value[15—-19].

Table 2: Line voltage of 120° mode of three Phase VSI

Line Voltage 61 12 23 34 45 56
V, V, V,
Vab Ve Yac ey, - f T
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Figure 4: Block diagram of open loop model of BLDC motor drive system

2. The abc-dq Transformation Block

The BLDC motor with trapezoidal back EMF is analyzed
using d-q reference frame theory [20]. The d-q reference
frame theory is well-known, where a three-phase system
(called a-b-c frame of reference) of current or voltage or
flux linkage is transformed into an equivalent two phase sys-
tem (called a d-q reference frame, actually d-g-0 frame, but
zeroes sequence neglected, finally, assuming balanced op-
eration) of current or voltage or flux linkage, by means of
a transforming relationship, known as Park transformation.
The slip ring to commutator transformation as introduced by
Park transformation and others (a, b, ¢ to d, g, 0) will now
be considered. This is because the permanent magnet has
distinct d and q axis. d-axis is taken along the axis of the PM
flux and g-axis leads d-axis by 90°. Thus we may write

[Vd,q,u] =K [Va,b,c] (1)
then
[ia,b,c] = KT [id,q,o] (2)
where
cos  cos(@—2n/3) cos(8+2n/3)
K=\ —sin0 —sin(@-2n/3) —sin(@+2r/3) (3)
1 1

I
2 V2 2

Va 3 [ cos®  cos(@—120°)  cos(6+ 120°) Va
[ vg | = \/; —sinf  —sin(0 —120°)  —sin(6 + 120°) Vb (4)
1 1 1
i I % wz ve
iz ] ) cosf cos(@ — 120°) cos(@+ 120°) iq
l iy |= \/; —sinf  —sin(6 — 120°)  —sin(6 + 120°) || i, (5)
. 1 1 L i
0 V2 V2 V2 fe

Where 6 is the angle between the d-axis of the rotor and
g-axis at any instant of time. We may obtain vd, vq and v0 as
shown in equation 4 above, using voltage, current equation
in the d-q axis reference frame. We can also find out the d-
axis and g-axis current from equation (5) and also obtain the
torque equation in the same reference [21-24].

3. The Machine

The mathematical modeling of BLDC motor is generally
analyzed on the basis of “D-Q axes rotor reference frame
theory” [25]. The ‘Machine’ block of the developed model
accepts various components, such as the D-axis (Vds) and
Q-axis (Vgs) components of the BLDC motor stator (arma-
ture) voltage, the instantaneous rotor position value and the
details of load torque (T, fn) as inputs and calculates the
other parameters viz. the stator currents and the flux link-
ages in stator in d-q frame and the electromagnetic torque
(Tem). Next, the necessary equations related to the machine
are shortened, with the symbols having their usual mean-
ings [26—29]. The stator voltage and flux equation in the rotor
reference frame are given below.

qu - f{ qs (6)

Wi = Laiy, + g (7)

Wherey is the flux linkage due to the permanent magnet
v;s = rsi;x + Wl + plﬁ;s (8)

VZS = ré‘izrls + wrw;s + plpflv (9)

The d and q axis voltage may be represented in a matrix
form, which is given below

va | _| T+ Ly -—wL, iy (10)
Vy wL; r+Lgp iy
_ 3P o
T 3_P Ef(lpdv qs - qSlds) (11)
= EE( Wslas = Lq)’qs’ds)
dw,,
Tem = 7 + f,,wm + T[ (12)
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Figure 5: d-axis current vs. Time response of a BLDC Motor drive for
Vdc=48V and TI=0
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Figure 6: Phase-A Voltage vs. Time Response of a BLDC Motor drive for
Vdc=48V and Load torque (Tl)=0
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Figure 7: A-Phase Current vs. Time response of a BLDC Motor drive for
Vdc=48V and TI=0

4. Simulation Results and Discussions

Different parameters of BLDC motor were simulated using
MATLAB software for both no load and load condition and the
simulation results—i.e. the nature of different responses—
are discussed here. Fig. 6 and Fig. 7 represent the phase
voltage and phase current vs time plot of an open-loop model
of BLDC motor drive. In both load and no load condition the
phase voltage and current plot are same. It means there is
the effect of load on the voltage and current, as these are
given from the supply end. The phase voltage response has
an identified six step waveform in which there is a two-level
VSI operating under 120-degree conduction mode in a bal-
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Figure 8: Rotor Position vs Time response of a BLDC Motor drive for
Vdc=48V and TI=0
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Figure 9: Speed vs Time response of a BLDC Motor drive for Vdc=48V and
TI=0
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Figure 10: Speed vs Time response of a BLDC Motor drive for Vdc=48V
with TI=0 TI=2, TI=1 & TI=0.5

ancing condition. The frequency of this waveform as well
as phase current are found to gradually increase from the
starting point because speed gradually builds up and is self-
synchronized with the rotor position. It can be seen in Fig. 7
that the current waveform is not a pure sinusoid. The rotor
position vs time is shown in Fig. 8. It starts from a negative
position and goes up to the positive maximum position due
to the change of position of a switching sequence of the six
step VSI. The rotor position plot is also same for both condi-
tions. Now the effect of load and no load can be judged from
the next figure, i.e. from Fig. 9 and Fig. 10. These figures, i.e.
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Figure 11: Electromagnetic Torque vs Time response of a BLDC Motor drive
for Vdc=48V and TI=0
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Figure 12: Electromagnetic Torque vs Time response of a BLDC Motor drive
for Vdc=48V with TI=0 TI=2, TI=1 & TI=0.5
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Figure 13: g-axis current vs. Time response of a BLDC Motor drive for
Vdc=48V and TI=0
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Figure 14: g-axis current vs Time response of a BLDC Motor drive for
Vdc=48V with TI=0 TI=2, TI=1 & TI=0.5
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Figure 15: d-axis current vs Time response of a BLDC Motor drive for
Vdc=48V with TI=0 TI=2, TI=1 & TI=0.5

Fig. 9 and Fig. 10 represent the speed vs time response for
input voltage 48 volt for no load and load condition respec-
tively. It can be seen from Fig. 9 that the speed is increased
from zero in transient condition and found to settle finally to
a steady state value. The speed response has no tendency
for instability at no load condition i.e. TL=0. But from Fig. 10
we can say that with the application of load for a particular
time period, the speed falls depending on the value of load
applied to the motor and as the load is removed the mo-
tor achieves its steady state stable previous position. The
important parameter is torque and so the electromagnetic
torque vs time response to the same condition of the open
loop model of BLDC motor drives is shown in Fig. 11 and
Fig. 12 for no load and load accordingly. From this response,
it can be seen that torque is initially higher for high current
passing through the open loop model without connected to
the load on the output side and finally reaches a steady state
condition having some ripples. But, when the load is applied,
the response showed an overshoot at that time. It means
that with the increment of the load in the BLDC motor in an
open loop configuration, the torque also increases as shown
in Fig. 12 . Actually, the electromagnetic torque of BLDC mo-
tor depends on the g-axis current and that we can find from
Fig. 13 and Fig. 14 , which are the plots of g-axis current
for no load and load condition. The torque exactly follows
the g-axis current response because this is the torque pro-
ducing component of this model and so it has the same plot
shape. It has been seen from Fig. 12 and Fig. 15, which are
the plotting of the d axis current vs time characteristics, that
the d-axis current is initially increased and finally settled at
a steady state value with some ripples for both no load and
load.

5. Conclusion

In this paper, a comparative performance study between
No load and load condition of an open loop model of a Brush-
less DC (BLDC) Motor drive has been simulated in MAT-
LAB based software. The different block of the open loop
model of BLDC motor has also been discussed. The model
is developed for a trapezoidal back EMF based BLDC motor,
meaning the motor is operated through a three phase self-
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synchronous 1200 conduction mode two level bridge voltage
source inverter. This paper determines all the possible dif-
ferent responses of an open loop model of the BLDC mo-
tor drive under both load and no load condition and these
responses are: speed response, rotor position, electromag-
netic torque, phase voltages, phase currents, d-q axis cur-
rents. The inverter DC link voltage can be varied in order to
achieve open loop speed control, which is similar to the ar-
mature voltage control of a separately excited conventional
DC motor. This paper enriches the concept of the behavior
of various components of a BLDC motor in an open loop load
and no load condition.
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Appendix

The parameters of the Brush-less DC motor (BLDC), on
which the studies are made in this paper, are: Number of
poles, P = 4, armature resistance, rs = 3.2, D-axis syn-
chronous inductance, Ld = 0.0531H, Q-axis synchronous in-
ductance, Lq = 0.041H, rotor peak permanent flux linkage
referred to the stator, O'r = 0.418 Wb-turns, combined mo-
ment of inertia, J=0.061kg-m2.
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