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ABSTRACT

Permanent Magnet Brushless DC (PMBLDC) motors are generdly powered by
a conventional three-phase voltage source inverter (VSI) or current source inverter
(CSI) which is controlled using rotor position. By varying the commutation
(switching) angles of the transistors in the inverter circuit, the performance of these
motors could be greatly varied. This can studied in this paper using the dynamic
motor model, which was performed using Matlab/Simulink software package. A
study on the influence of switching angles on motor performance shows that the
motor operates better when advancing the switching angle, and there is certain
angle at which the motor operates with the highest efficiency. An improvement of
the different operating characteristics of PMBLDC motor has been accomplished
by adjusting the chosen set of the switching angles and using appropriate
conduction angles.
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INTRODUCTION

Conventional DC motors are highly efficient, however, they need a
commutator and brushes which are subject to wear and require
maintenance. This deficiency can be overcome by the new type of DC drive

based on brushless DC motors. The brushless DC motors are distinguished not

only by the high efficiency but also by their low maintenance. The brushless DC
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motors are permanent magnet motors where the functions of commutator and
brushes were implemented by solid state switches [1].

Brushless DC motors find use in many applications ranging from printer head
motors to large conveyor belt drivers. An example where constant torque control is
used is in grinding mills, while constant speed operation is typically used for
conveyor bt drives in process control plants. On the other hand, a wide range of
constant power operation is highly desirable for Electric Vehicle (EV) applications
because it can minimize the required motor size, and can also facilitate high speed
cruising [2].

The PMBLDC mator consists of a wound stator and a rotor. The rotor just has
permanent magnets and rotates synchronously with the magnetic field generated by
the stator winding. At the motor start-up, the rotor has zero speed. Due to its high
inertia, it cannot instantaneously shoot to its synchronous speed. However, this can
happen if the stator winding is supplied with frequency, rising gradually from 0 to
its rated value. To do this, the motor has to be supplied from a variable frequency
inverter as shown in Fig. 1. In this paper three-phase inverter is considered.

The frequency can be controlled when the motor itsdf can set an appropriate
frequency value required for its actual speed. In this case, the motor must be
equipped with a speed or position sensor [3].

The commutation instances of the PMBLDC motor from the current and
voltage signals which are accomplished by the eectronic switches, supplies current
to the motor windings in synchronization with the rotor position [4]. Therefore,
one of the main factors which influence the performance of the motor is the
commutation (switching) angle of the inverter transistors. As the switching angle is
advanced, the difference between the back-emf induced in the phase winding and
supply phase voltage increases, and the torque thereby increases. However, there
exists an optimal advanced angle beyond which the drive performance
deteriorates.

C-L Chiu, et.al [5] had used the finite-element method to simulate the optimal

shift angle to improve efficiency and torque performance of a single-phase BLDC
motor. B-G Gu, et.a [6], had been presented the lead angle adjustment scheme
based on the mathematical method to get low copper loss and high efficiency
induced by the low motor currents. SM. Sue, et.a [7] had presented a phase
advanced commutation scheme for IPM-BLDC motor drives. The proposed
scheme can achieve higher efficiency and more extended speed range than the
conventional control scheme does. M. A. Enany, et.a [8], proposed the method to
simply reduce the torque ripples and improve motor operation by varying the
switching-on and the switching-off angles for motor phase current and for same
speed.
The current paper, ams by using Matlab/Simulink to study the influence of
inverter switching conditions on motor performance, as wel as investigating the
effects of advancing the switching angles on improving of motor operation
characteristics and reducing the torque ripple.

INFLUENCE OF SWITCHING ANGLE ON MOTOR PERFORM ANCE
The winding inductance causes significant phase delay (lagging) on motor

phase current waveforms. The results in the currents and the emfs waveforms being

out of phase, and a negative torque component is generated, with a consequent
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reduction of the overal torque. In order to get motor better performance, the
phases are switched earlier to compensate the difference of the lagging angle as
shown in Figure(2).

The performance of the motor depends on the maximum torque output,

minimum torque ripple withaminima current input.
The pulsating torque of the motor is the sum of the cogging torque and the ripple
torque, torque generated by the interaction of the stator current magnetomotive
forces (mmfy) and rotor eectromagnetic properties, and it is desired to counteract
the pulsating torque [9].

Normadly, the supply phase voltage vs, is in phase with eectromotive force e,

induced in the phase winding. The switching angle a between vs, and e, may be
changed to improve the performance of the motor and there is an optimum val ue of
switching angle to get the improved motor operation. In BLDC motors, the
switching angle may vary accordingly to the controller of the inverter that is used
asshown inFig. 1 [1].
The motor has to be equipped with a position sensor placed between the coils in
the intervals of 180° which informs the controller the position of the rotor magnetic
pole, with respect to the particular stator phase winding and triggers the transistors.
Thisis donein order to switch the motor on and off [4].

In the dynamic simulation, it is easy to switch the inverter voltage Vs, than ..
The switching angle o is referred to the emf waveform where e, is equal to O as
shown inFig. 2.

Different arrangements of switching angles will lead to have wide variety of motor
operation characteristics which increase the motor capabilities and extending the
field for their practical applications.

ANALYSISOF MOTOR DYNAMICS
To analyze the motor dynamics theoretically, the mathematical model of the
motor is deve oped.
The simulation of the motor drive is done using Matlab/ Simulink software
package.
Mathematical Model of the Supply-Inverter-Motor System
The equivalent circuit of a brushless dc motor is shown in Fig 3.
It is assumed that the motor is connected to the output of the inverter, while the
inverter input terminal's are connected to a constant supply voltage.
The following assumptions are made:
1. All the elements are linear and no core losses are considered.
2. Emfs and cogging torque vary sinusoidally with rotational angle ¢e
3. The three-phase motor windings are connected in star.
4. Dueto surface mounted permanent magnets, windings inductance is constant.
5. Voltage drops across diodes, transistors and connecting wire inductances are
ignored.
The voltage equations that govern this model are as follows [1,3].

V, SV +Vg,
Ve SV t+Vg )
Ve =V +Vg
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, Where va, Vs, Vs are the inverter output voltages that supply the three-phase
windings. va, Vs, Vc are the voltages across the motor armature windings. Vy is

voltage at the neutral point as shown in Fig. 4.

Assuming symmetrical windings and balanced system, the voltage eguation across

the motor windings can be written as follows:

&0 R, 0 Oud,u g és 0 0u4, u
u_é e
e‘\/Bu §0 R, o@ +80 L 0 s ]

@/CH 80 0 RC@C éo 0 LS@CH

e, u

e u
t@yg e )

2N

, Whereip, ig, ic are the motor phase currents. Ls=L-M, where the self L and mutual
M inductances are constant for surface mounted permanent magnets on the
cylindrical rotor and the windings are symmetrical. Therefore, the phase sdf
inductances; La=Lg=Lc=L and mutual inductances; Mas=Mgc=Mcax=M, as well as,
the phase winding resistances are equal t00; Ry\=Rs=Rc=Ra. Therefore Eq. 2 can be

rewritten as:

d
Va=Rilat - Lala*E,

The eectromotive force induced in the phase A winding shown in Fig.5is

ea = KEWmS.n(i e)

, where:
Ke — Back-emf Constant (V.S/rad)
on - Rotor angular speed;
_1d.

p dt

m

@e - Rotor position
p - Number of pole pairs.

Choasing phase-A as the reference, the matrix form of eectromotive force, can be

written as follows:

< ? sinj u
EAZTESI (| 2p/3)u cjjte
gsin(j 4p/3)u

, Where ¢, i s the angle between a particular phase A and the rotor at any given time.
Now, with assuming the inverter input power P, = inverter output power Py in

Fig. 3, theinverter input current can be written as:

. 1. . .
Is =_(|AnsA HgNg +|CnsC)
Vs

, Where Vs is the supply voltage.

The mechanical system of the motor can be defined by the following equation:
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T =T, +Tg+T +T+T,. . 8

cog

The torque components of Eq. 8 are expressed by the following equations:
- Inertia torque:;

T, =3, d:;\:m ...... ©)
- Visoous friction torque

Tw=Bw, . (10)
- Coulomb friction torque:

T, =sgnfw, )T, . (12)
- Cogging torque:

Ty =Tmesn(Z .+2) L (12)

- T. and Tem areload and e ectromagnetic torque, respectively.

Other symbols used in above equations are:

Jeg = Ju + Jpis the equivalent moment of inertia (moment of inertia of motor and
load, respectively).

B-Friction coefficient

T - Cogging torque amplitude

Ta— Amplitude of Ts

a - Displacement angle of cogging torque = switching angle a.

- The dectromagnetic torque for three phase motor is dependent on the phase
current i, speed o, and eectromotive force e and can be represented as:

sl S S (e )

m m m

 where: £, ) =sinj ¢, £, .)=sin( .- 20 /3) and £, .)=sin( .- 4p/3).

RESULTS AND DISCUSSION
The simulation of the PMBLDC motor was done using the software package

Matlab/Simulink. For this purpose, the motor’s block diagram was constructed
using the mathematical model of the motor, as shown in Fig. 6. In this diagram, the
electromotive forces e, &3 and ec of the motor are generated by rotor position
signa ¢, and appropriate functions: fa(@e), fo(@e), and f(@e). The phase voltages vea,
Ve and Ve in the motor Block are generated by position signal ge.
The speed, torque, current, input and output power waveforms shown in Fig. 7,
were recorded and analyzed. Fig. 7.a shows the start-up process of the motor at
zero switching angle (¢=0°). The figure depicts the waveforms of source current i,
phase voltage Vs, and phase current i,, €ectromagnetic torque Tem, and speed op, in
dynamic condition.

The inverter was supplied with a voltage of 42V DC and the motor loaded with a
rated torque of 0.56 N.m. All the motor parameters are listed in Table 1. The phase
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voltages Vsa, Veg, @nd Ve are quasi-square waves of 21V DC. However, notice how
the phase current i, is distorted from the quasi-square wave shape. This is due to
theinductance effect.

After theinitial start-up, the torque Ten, oscillates around some very low value and
the speed oscillates around 311.5 rad/sec (no-load speed).

After the start-up process, the motor reaches steady-state at around 0.02 sec and a
load torque with 0.56 N-m is applied at this time The torque Tem rises steeply as
the motor start to run.

The motor speed will decrease and oscillate after loading with the rated load
around steady-state speed value of 248 rad/sec. The eectromagnetic torque Tem
depends on phase currents, motor constant K., speed and eectromotive force and
equal to 0.6921 N.m (recalling Eq. (13) oscillates around very low vaue) as listed
in Table(3).

Table (2) lists the motor specifications and Fig(7.b) represents the steady-state
characteristics of the motor with load.

The motor efficiency can be calculated as follows:

h=(P,/R) 2200 L (14)
where the output (load) power on the motor shaft,
P = TL W, (15)

out

and the input power of the inverter equal to the input power of the motor,
P.=v.ly, L (16)

where, Vs isthe source voltage and | is the average value of source current.

The quantities Pi,, Poy, and n were cdculated as average vaues while the motor
currents as rms values.

From the speed and torque waveform plots shown in Fig 7, severe distortions in the
waveforms of speed and torque were observed, which was due to the dectronic
commutation (switching of the transistors) as well as the presence of cogging
torque.

The same running of simulation is carrying out to obtain waveforms shown in
Figure(8), by introducing an optimum value of switching angle (a=-5.95°) at rated
load to get maximum efficiency nmax. It can show from the figure that the
amplitude of the distortion in current decreases with respect to that in Fig. 7 when
there is no switching introducing. Therefore, the ripple in torque and thus speed
will decrease too.

The spectrum analysis of the motor torque in Figure(9) shows, how the motor
by introducing an optimum switching angle (¢=-5.95") exhibits less average torque
by amount of 2.66% and less distortion in torque THD by 45.42% than that when
there is no switching action.

From Figs(7) and (8), Table (3) one can notice that the percentage differences
in the motor performance with and without getting advanced switching angle for
the inverter transistors. It can be shown from the table that the proposed motor at
rated load operates better by introducing a commutation angle advance o=-5.95°.
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In brushless dc machines, it is very difficult to get low cogging torque and low
ripple torque simultaneoudy. Sometimes reducing the cogging torque leads to
reduction of the average torque Tem as shown Table (3).

To examine the influence of changing the switching angle on motor
performance, the simulation was carried out for the switching angles « in the range
of (0° to-257).

The simulation results were plotted in the form of performance characteristics
of average values of source current I, input power P, output power Py, torque
Tem, SPeed wr, and efficiency n as shown in the 3-D plots of Fig(10 (af)).

The plots represent the motor performance determined with loading from no-load
until four times the rated load (~2.2 N.m) with varying in the switching angle of
the transistors from (0° until -25°%. It can be conduded from the n curve that the
optimum values of « increases with load. The negative sign of the angle means that
the transistors are switched earlier with respect to the induced EMF waveforms.
From the previous results, the variation of the optimum switching angles advance
to get nmx With loading and then improving the motor operation and the
corresponding maximum motor efficiencies can be deduced as shown in Fig(11).
The motor efficiency has maximum rated value (89.73%) when the switching angle
is =-5.95° while it is equal to (93.03%) a o=-18° at 1.7N.m load (~ 3 time the
rated load).

The plots in Fig(12) represent the eectromechanical characteristics of the
motor in the steady-state obtained in simulation using dynamic model of the motor.
These curves chosen for three different cases of switching angles i) for the
optimum values of switching angles (to get e a each vaue of load), ii) without
switching angle (a=0°), and iii) with switching angle (¢=-5.95° t0 get 7 at rated
load). From the plots, it can be noticed that, the motor pulls less source current and
input power in the first case (optimum «'s) and has approximately higher output
power, speed and efficiency than the other two cases. Also, it can be seen that for
the optimum case, the motor speed is approximately stable for the whole range of
T, around some value, while it decreases with loading in the other two cases. Also,
the eficiency n values are stable around some value after certain load (about 1
N.m) for the first case, while it decreases for that load in other cases.

In general, the motor operates better when advancing the switching angle, where
the motor operates with the highest efficiency.

For increasing the motor capabilities and extending for their practica

applications, different eectromechanica characteristics for constant  speed,
constant power, and constant load operation of the motor under various switching
angle advance conditions are displayed respectivdy asin Figs. (13-15).
The curves (a) in the Figs. 13 and 14, respectively, represent the selected angles a
to get constant speed and constant power operation with loading, while the curves
(b and ¢) in the figures aove acts the eectromecanica characteristics at constant
speed and power, respectively. It can see that for constant speed, the power is in
direct linear proportion with load, while for constant power, the speed has an
inverse proportion with load. Also it can see from Fig. 13 (b and c) that the loading
range is wide at no-load speed and decreases with varying speed below or over the
no-load value.

Curves (a and b) in Figure (15). show the motor speed and power with sdected
angles o for constant torque load operation while curves (c and d) act the

3400

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech.Journal, Vol.30, No.19, 2012 Influence of Inverter Switching Conditions
on PMBLDC Motor Performance

corresponding electromechanical characteristics. It can note that speed range is
wide a lower loads and decreases with loading while power range is
approximately constant.

CONCLUSIONS

Based on the simulation results, by varying the commutation angle of the

transistors in the inverter circuit, the performance of the motor could be greatly
varied. Advancing of switching angles had been proposed to improve the motor
performance.
From simulation results, the differences between operation with and without
switching angles advance are noticed, and it can be easily deduced that increasing
the advance switching angle leads to lower phase current, lower torque ripples,
higher no load speed and higher efficiency comparing with normal operation.

The motor, from the simulation of the model, attains maximum efficiency at
switching angle a=-5.95° at rated load increased by around 30% of that with zero
switching angle a=0° The distortion THD in torque at this value of angle
decreases at rated load with respect to o=0° about 45.42%. Decreasing in torque
distortion causes fewer ripplesin the speed waveform.

As the load torque is increased from no load, it is desirable to change the

optimum value of o for each value of T, to get maximum performance for driving
any load and give improved operation.
The results of anadysis have clearly shown that the different eectromechanical
operation characteristics of the brushless DC motor can be improved considerably
simply by adjusting the chosen seiting of the phase-advance angle and using
appropriate conduction angles.
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Table (1): Electrical and Table (2): Electromech. specifications
parameters of the motor. of BLDC motor in steady-state.
Per phase resistance, Ra 0.077 Q Supply Voltage, Vs | 42V
Supply Voltage, Vs 42V Output Power, Pyt | 140.6 W
Per phase Inductance, La 0.21mH Input Power, P, 202.9 W
Moment of Inertia, Jeg 7.895¢"Kg.m” | [ oad Torque, T, 056 N.m
Back-emf Constant, Kg 0.073 V.s'rad Effidency, 1 69.3 %
Rated L oad Torque, T|_ 0.56 N.m Elmtromﬁgnalc 0.69 N.m

Torque, Tem
Spead, om 248 rad/sec
Phase Current, |5 10.72 A

Table(3): Motor performance with and without switching action at rated load.

Torque Torque | Speed
A Is Pin Pout Tem Om i Ditortion Ripple | Ripple
©) (A) (W) W) | (Nm) | (radisec) | (%) | 1ip g | PP | (P-P)
N.m | rad/sec
0 4.8305 | 202.883 | 140.602 | 0.6921 | 247.935 | 69.302 55.57 0.438 13
-5.95 42239 | 177.403 | 159.183 | 0.6737 | 281.07 | 89.73 30.33 0.315 8.5
Change(%) | -12.56 | -12.56 | +13.22 | -2.66 | +13.364 | +29.47 -45.42 -28.1 | -34.62
_ 911 B gy
oy
CoTTariE H
L -'\-a'u
Figure (1): Supply circuit scheme of Figure (2): lllustration of the switching
PMBLDC Mator. angle a.
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Figure (3): Equivalent circuit of the motor. Figure(4): Schematic representing
of Eq.1.

Figure (5): Position of the rotor with respect to the phase A.
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Figure(6): Simulink block diagram of PM BL DC motor.
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Figure (7): Waveforms of dectromechanical quantities obtained from: (a) the start-
up process of the BLDC motor, (b) steady-state [at zero switching angle].
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Figure (8): Waveforms of dectromechanical quantities obtained from: (a) the start-
up process of the BLDC motor (b) steady-state [at -5.95° switching angle].
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Figure(9): Harmonic Spectrum of motor torque with and without switching angle.
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Figure (10): Motor performance ver sus switching angles a with loading T, .
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Figure (12): Electromechanical characteristicsin steady-state with loading at
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Figure (13): Switching angles a with loading T, for Constant Speeds (a) and the
Corresponding Motor Characteristics (b& c).
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Figure(14): Switching angles a with Ioading T, for Constant Power (a) and the
Corresponding Motor Characteristics (b& c).

3408

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng. & Tech.Journal, Vol.30, No.19, 2012 Influence of Inverter Switching Conditions

on PMBLDC Motor Performance

s H:.lrn.u;.m\‘x
-0 Han

T i R - L;‘:I'I'Ir:_ \""‘M-\_\ (o T ——
= i AT ....Io_.__r,:._ur.: Tl g A '"‘h i
_'-L=: m ..rl:.a‘_lé?l.:;f o i - ..... R Ha Z oo ""-\. \_\_‘-‘\ \-‘"\..__\_\_‘_ .
P W ’-”a_ L
- H -‘H—h"‘—'n—._
) 'm-l -:or P.'r.\lt: ATL “‘-.._‘H_

m _..................?. —.-._,_\_ —.-.__,_\_

i i i
e » = m 13 1t 5 [ s 0 # " i k 5 1
alpha Cegue Alphu Dz
&5 T T T L3 T T
22 : : P
i i el | [2]] : :
—Ljhm i H PH —
! : : : 13 ;
i £ :
H =. H
11Hm = :
- = L.1TH.m T
1 1— RS- H -
KEareil IL - - Eansil 11 : H
I 5 Ha ; i W B e 4
CLi M :
HRLI T
T T T .13 Hon
g i i i 4 1 i
10 100 G0 0 RL T PSS F N H N m M i {isl T Al O
W e Pant MWull
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Load (a& b) and the Corresponding M otor Char acteristics (c&d).
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