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Abstract-This paper describes the analysis and design lofvacost three phase inverter brushless dc motaD@®
drive.For effective utilization of the developedstam, a novel direct current controlled pwm schédfeC)is designed and
implemented.. The operational principle of the fewitch BLDC motor drive and the developed contsoheme are
theoretically analyzed and the performance is destnated by simulation. The main objective of thégper is to describe a
low cost four-switch brushless dc (BLDC) motor drifor commercial applications. Speed control oé¢hphase BLDC
motor using four switch inverter is proposed toifiy the structure of the conventional six switciverter. For effective
utilization of the developed system, a novel direatrent controlled PWM Scheme is designed and émphted to
produce the desired dynamic and static speed—tarig@eacteristics. P1 controller is used by the pldep to develop the

performance of speed control.
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1. INTRODUCTION.

Permanent-magnet Brushless DC(PMBLDC) motors
with trapezoidal back emf finds a variety of apations

in aerospace, automotives, industries, military,
computers, household products etc. due to higher
efficiency, higher torque, higher power factor,rgesed
power density, ease of construction ,ease of cbatrd
ease of maintenance. The torque developed by a BLDC
motor is constant. A conventional Brushless DC mto
excited by a six switch three phase inverter (S$TPI
where commutation is achieved through an inventera
position sensor placed 120° apart on the stator.
Researchers are always conscious about their oast a
are always exploring methods to bring in cost
minimization. In this paper cost effectivenessdkiaved

by reducing the number of power switches, switching
driver circuits, dc power supplies, total price dasses.
Theoretical analysis and simulations on
MATLAB/SIMULINK were conducted to demonstrate
the feasibility of the proposed method.
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Figure 1. Conventional six-switch three phase BLDC
motor drive.
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2. ANALYSIS OF A FSTPI-BLDC MOTOR
DRIVE.

The configuration of a four-switch three phase itee
(FSTPI) BLDC motor is shown in fig 2. The equivalen
circuit of the four switch inverter Brushless DC taoro
drive is shown in figure 3.
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Figure 2. Proposed four switch three phase BLDComot
drive.
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Figure 3. Equivalent circuit of FSTPI BLDC motor
drive.
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The equation of a typical BLDC motor is represerasd
follows:

VarrR*i, + (Le-M) d/dt (i) + &

Vpi=R¥ip + (LeM) d/dt (i) + & (1)

Ver=R*i¢c + (Le-M) d/dt (i) + &
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Where \, R, i, &, Lsand M represents the phase
voltages, resistances, phase currents,self indeesan
and mutual inductances of phase x,respectively(B:=a,
¢).The six operating modes for FSTPI BLDC motor
drive are shown in fig.4.

Figure 4. Phase current and trapezoidal back emf of
BLDC motor with hall sensor signals.

A. Four-switch converter for BLDC motor drives.

In the four-switch configuration, the four switchin
status as shown in figure 5 are (0, 0), (0, 1),0j1,and
(1, 1) where “0” means the lower switch is turnedamd
“1” means the upper switch is turned on.In the cafse
six-switch converter,the switching status (0,0) &hd)
cannot supply the DC —link voltage to the load.Be t
current cannot flow through the load at these imtstand
hence they are regarded as zero vectors.
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Figure 5. Voltage vectors of four switch convesath resistive load: (a)(0,0) vector, (b)(0,1) vagt(c)(1,0) vector,
(d)(1,1) vector

However, one phase of the motor is always conndcted
the midpoint of the dc-link capacitors in the fawitch
converter, and hence current flows even at the-zero
vector. Moreover, the phase which is connectechéo t
midpoint of dc-link capacitors is uncontrolled aodly

the resultant current of the other two phases flowugh
this phase during the switching status (0, 1) dnd).

For a BLDC motor to generate maximum and constant
output torque, their phase currents should be mgotar
with 120° conducting and 60° non-conducting intésva
Also at each operating mode, only two phases are
conducting and the other phase remains silent. Merye

in the four-switch converter based on the four chiitg
vectors,the generation of 120° conducting and an@d2
conducting current profiles is inherently difficulfhat
means the conventional PWM schemes employed for
four switch induction motor drives cannot be dihgct

applied to BLDC motor drives. This led to the
development of a new control scheme called Direct
Current Controlled PWM scheme.

B. Direct current controlled PWM scheme.

Under a balanced condition, the three-phase curieitit
satisfy the following condition:

o+ lp+ 1c=0 2)
This can also be written as
|c:' (|a+ Ib) (3)

In an ac induction motor drive, at any instant ¢hare
always three phase currents flowing as:
la 0;lp 0;1c O 4)

But from Fig.4, for a BLDC motor (4) is not valid
anymore. Due to the characteristics of BLDC motor,
only two phases need to be controlled by the four
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switches using the hysteresis current control nektho

during each operating mode. Hence this schemdledca
the Direct Current Controlled PWM scheme.

C. Current regulation.

Current is regulated to obtain the required qugsase

waveform. Based on the switching sequences shown in
table 1, the current regulation is brought out by

hysteresis current control scheme.
sequence and corresponding current flow duringstke

The switching

operating modes are depicted in Fig.6. The current
regulation and detailed switching sequences are
explained in Fig.7.The torque and speed controp loo
from which the required reference torque is obtine

gives the reference current value. This is reptesehy
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the bold line. A smaller band causes higher switghi
frequency and lower toque ripple. Therefore, theeup
and lower bands for hysteresis control are fixeskdaon

these values.

Table-1 Switching sequences of four switch converte

Modes

Active Phases

Silent Phases

Switching Devices

Mode I

Phase B and C

Phase A

s4

Mode II

Phase A and B

Phase C

S1 and S4

Mode 111

Phasc A and C

Phasc B

S1

Mode IV

Phase B and C

Phase A

S3

Mode V

Phase A and B

Phase C

S2 and S3

Mode VI

Phase A and C

Phase B
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Figure 6. Direct current controlled PWM strategy rimodes: (a)l:@(b)I1:S; & Sa,(C)I1:S,(d)IV:S;,(e)V:S & S, (F)VIS,
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Figure 7. Switching sequence for current regulation

D4 S3

|| Phase B
| Winding

Considering phase A, we can take two cases asvgllo
Case 1:p0

I Interval : J< Lower Limit (LL); S is ON

11" Interval : }> Upper Limit (UL); S is OFF

11" Interval : LL<L<UL and d/dt ({)>0;S, is ON

IV" Interval : LL<L<UL and d/dt (})<0;S, is OFF

Case 2 : k0

I Interval : p>UL; S;is ON

11" Interval : < (LL); S, is OFF

11" Interval : LL<L<UL and d/dt (1) <0;S is ON
IV" Interval : LL<L<UL and d/dt (}) >0;S is OFF

The same explanation can be given to phases B and C

.| Phase B
Winding

(a)
Figure 8 .Simplified circuits showing modes |l vida)ldeal case. (b) Effect of back emf of phase C

D. Back EMF compensation.

While examining modes Il and V, it's seen that #utive
phases are phases A and B and the silent phasase €.
That means, it's expected that the current thropiggse C
is zero. But the back emf of phase causes an unwge
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current to flow through phase C thereby distortihg Figyre 9. PWM strategy for Back EMF compensation.
actual currents in phases A and B. Therefore, while

considering the direct current controlled PWM schethe
back emf compensation problem should also be ceresid
Fig.8 illustrates the back emf compensation. In.&i@),
the current through phases A and B are same. Tdrerahy
one current need to be sensed, either the curneatigh
phase A or that through phase B. If the currenbubh
phase A is sensed, then, the switching signal ofisS
determined independently and that qgfd®@pends on the;S
signal. So phase A current can be regarded as stacin
current source. In this case, the current througase B
will be distorted due to the back emf of phase &8 is
the case when phase B is controlled. Here, theewourr
through phase A would be distorted by the back eff
phase C. From this it's deduced that the curremtsugh
phases A and B should be sensed and controll
independently as shown in Fig.9.This is called Eifghase
Current control scheme (DPC).

3. SIMULATION RESULTS.

The implementation of four switch brushless dc mdidve
system in simulink is shown in Fig.10. The ratedDBL
motor parameters are listed in table 2.
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Figure 10. Simulink model of FSTPI-BLDC motor

Fig.11 shows the back emf waveforms of phase Aseli
and phase C. The rectangular phase currents avensho
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Fig.12.Fig.13 shows the estimated operation modes aREFERENCES

Hall Sensor signals Ha,Hb and Hc.

Table-2 Motor Specifications

P, 425 [W] Z, 4[pole]

T, 10 [N.m] o, 150 [rpm]
R 0.71Q1 J 2e-4 [Kg. m’]
I 2.72 [mH] M 0.15 [mH]
K, 1.194 [N.m/A] K. 0.5218 [V/rpm]

Figure 11. Back emf waveforms of the three phases.

Figure 12. . Rectangular phase current waveforms
phases A,B and C.

| H |

Figure 13. Virtual Hall sensor signals and operatitodes.

4. CONCLUSION

A four-switch converter topology is introduced mst paper
where cost saving is achieved by reducing the nurobe
inverter power switches. Simulation validates theppsed
method. The main advantages of the proposed metteod
e Simplification of power conversion circuit.
e Using four switch inverter, all the six commutation
instants can be detected.
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