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( Implementation of the BLDC Motor Drive System using PFC
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Abstract

In this paper, the boost Power Factor Correction (PFC) technique for Direct Torque Control (DTC) of brushless DC
motor drive in the constant torque region is implemented on a TMS320F2812DSP. Unlike conventional six-step PWM
current control, by properly selecting the inverter voltage space vectors of the two-phase conduction mode from a simple
look-up table at a predefined sampling time, the desired quasi-square wave current is obtained, therefore a much faster
torque response is achieved compared to conventional current control. Furthermore, to eliminate the low-frequency torque
oscillations caused by the non-ideal trapezoidal shape of the actual back-EMF waveform of the BLDC motor, a pre-stored
back-EMF versus position look-up table is designed. The duty cycle of the boost converter is determined by a control
algorithm based on the input voltage, output voltage which is the dc-link of the BLDC motor drive, and inductor current
using average current control method with input voltage feed-forward compensation during each sampling period of the
drive system. With the emergence of high-speed digital signal processors (DSPs), both PFC and simple DTC algorithms
can be executed during a single sampling period of the BLDC motor drive. In the proposed method, since no PWM
algorithm is required for DTC of BLDC motor drive, only one PWM output for the boost converter with 80 kHz switching
frequency is used in a TMS320F2812 DSP. The validity and effectiveness of the proposed DTC of BLDC motor drive
scheme with PFC are verified through the experimental results. The test results verify that the proposed PFC for DTC of
BLDC motor drive improves power factor considerably from 0.77 to as close as 0.9997 with and without load conditions.

Keywords : Direct torque control, BLDC motor drive, non-sinusoidal back-EMF, power factor correction (PFC).

I. Introduction

439 AEGEL ANARFER .Pem.lanenF magnet synchronous motor (PMSM)
(School of Electronics and Information Engineering, with sinusoidal shape back-EMF and brushless dc
Cheonju University) (BLDC) motor with trapezoidal shape back-EMF
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drives
applications, ranging from servo to traction drives

have been extensively used in many
due to several distinct advantages such as high
power density, high efficiency, large torque to inertia
ratio, and better controllability™. Brushless dc motor
(BLDC) fed by two-phase conduction scheme has
higher power/weight, torque/current ratios and it is
less expensive due to the concentrated windings
which shorten the end windings compared to
three-phase feeding permanent magnet synchronous
motor (PMSM)™. The most popular way to control
BLDC motors is using PWM current control in which
a two-phase feeding scheme is considered with
variety of PWM modes such as soft switching,
hard-switching, and etc. Three hall-effect sensors are
usually used as posttion sensors to detect the current
commutation points that occur at every 60 electrical
degrees, therefore relatively a low cost drive is
achieved when compared to a PMSM drive with
expensive high-resolution position sensor, such as
optical encoder. In general, ac motor drives have very
poor power factor due to the high number of
harmonics in the line current. Power factor correction
(PFC) method is a good candidate for ac—to-dc
switched mode power supply in order to reduce the
harmonics in the line current, increase the efficiency
and capacity of motor drives, and reduce customers’
utility bills. There are two general types of PFC
methods to obtain a unity power factor: analog and
digital PFC techniques. In the past, due to the
absence of fast microprocessors and DSPs, analog
PFC methods were the only choice for achieving the
unity power factor. Many control strategies using
analog circuits have been explored in the past,
including average current controlB], peak current
nonlinear  carrier

control[4], control[SJ,

(6]

hysteresis
control™, etc. With the recent developments in the
microprocessor and DSP technologies, there is a
possibility of implementing the complicated PFC
algorithms using these fast processors'".

As compared to conventional analog controllers,
digital regulators offer several advantages such as

possibility  of  implementing  nonlinear  and
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sophisticated control algorithms, reduction of the
number of control components, high reliability, low
sensitivity to component aging, better performance
than that in analog implementation with the same
reduced  susceptibility
variations such as thermal drifts, and negligible

cost, to  environmental
offsets. Digital control PFC implementations have
been investigated by many researchers® ™ Most of
the work have been done are the implementation of
the analog PFC techniques in the digital platform.
There has been very little work done in the literature
to implement the digital PFC methods on ac motor
drives. The basic idea of the proposed PFC method
in this paper is to update the required amount of
duty cycle for boost converter in every sampling time
of the DTC of BLDC motor drive.

In this paper, the principle of the average current
boost PFC with feed-forward voltage
compensation technique is presented in Section II. In
Section I, the proposed DTC of BLDC motor drive

in two-phase conduction mode is explained in detail.

control

In Section IV, the hardware implementation and
experimental results of the proposed DTC of BLDC
motor drive in two-phase conduction mode using
average current control with input voltage feed-
forward compensation boost PFC including load
disturbance presented. The
presented in Section V.

are conclusion is

II. The average current control boost PFC
with feed—forward voltage compensation

The main topology of the power factor pre-
regulator based on boost converter includes two
parts! rectifier circuit and boost circuit. The block
diagram and DSP control stage of the boost PFC
using average current control with feed-forward
voltage compensation is shown in Fig. 2. As can be
seen in Fig. 2, in contrast to the conventional boost
circuit, the large filter capacitor of the power factor
pre-regulator is placed at the output of the system.
As indicated in Fig. 2, three signals are required to
implement the control algorithm. These are, the
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rectified input voltage Vin, the inductor current Iin,
and the dc output voltage Vo. There are two
feedback loops in the control system. The average
output dc voltage Vo is regulated by a slow response
(high bandwidth),
regulates the input current Iin is a much faster loop

whereas the inner loop that
(low bandwidth). For the purpose of digital control of
a boost PFC converter, the instantaneous analog
signals Vin, Iin, and Vo are all sensed and fed back
to the DSP via three ADC channels ADCINZ,
ADCIN3, and ADCIN4 at every sampling period, Ts
respectively. Then they are converted to the per-unit
equivalents using the gain blocks. The per-unit
output voltage Vo(pu) is compared to -the desired
per-unit reference voltage Vref(pu) and the difference
signal (Vref(pu)-Vo(pu)) is then fed into the voltage
loop controller Gv. The output of the Gv, indicated as
B, controls the amplitude of the per-unit reference
current Iref(pu) such that for the applied load current
and line voltage, the output voltage Vo is maintained
at the reference level. Then, it is multiplied by the
two other feed—forward components, A and C, to
generate the reference current command for the inner
current loop. In Fig. 2, the component A represents
the digitized per—unit instantaneous input sensed
signal Vin and the component Cis one over square of
the per-unit averaged input voltage which equals
1/Vdc(pu)2. The derivation of the feed—forward
voltage component C is given in Section II.  The
per-unit reference current command Iref(pu) for the
inner current loop has the shape of a rectified sine
wave and its amplitude is such that it maintains the
per-unit output dc voltage Vo(pu) at per-umit
reference voltage Vref(pu) level overcoming load and
input voltage disturbances. The difference signal
(Iref(pu)-Tin(pu)) is then passed into the current loop
controller Gi in which the PWM duty ratio command
is generated for the boost converter switch to
maintain the per-unit inductor current lin(pu) at the
The
multiplier gain Km whose derivation is provided in
Section II is also added to the control block which

allows adjustments of the per—unit reference current

per-unit reference current Iref(pu) level

PFC 7iB{E{9} DTCE 0|83t BLDC 2E{2 78 Al2H 7¢
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g

Iref(pu) signal based on the converter input voltage
operating range Vmin-V; thl

For simplicity per-unit system has been used to
describe the components and all variables in the
control system. Therefore, the voltage and current
signals are automatically saved as per-unit (pw)
numbers normalized with respect to their own
maximum values.

The multiplier gain Km is useful to adjust the
reference current at its maximum when the PFC
boost converter delivers the maximum load at the
minimum input voltage Vin. In Fig. 2, per-unit
reference current Iref(pu) is expressed in terms of
Km, A, B, and C as follows:

[ref(pu) =KmABC (1)

where A is the per-unit value of the sensed input
voltage Vin, B is the output of the voltage PI
controller Gv, and C is the inverse square of the
averaged input rectified voltage Vdc, respectively.

The average per-unit value Vdc(pw) of the input

per-unit voltage Vin(pu) is given as

1 [T
Vietu) = 75 / J Vewudt @)

where Tis the time period of the input voltage
corresponding to the grid frequency which is 60 Hz
in this case and Vin{pu) is the per-unit value of the
input rectified voltage normalized with respect to its
maximum peak value Vmax. In (2), the base value of
the per-unit average rectified input voltage Vdc(puw)
is also chosen as Vmax.

The maximum value of the average value Vdc of
the sine wave input voltage is only 2Vmax/m.
Therefore, the final per-unit representation of the
average per-unit voltage Vde(pu) is given by

Vmaz ™ Vdc(
Vdcz(pu) = Vdc(pu) (2V /71') = 2

pu)

3
The per-unit inverse voltage Vinv(pwof the
average per-unit component Vdc(pu) of the per-unit
input voltage Vin(pu) can be calculated as follows:

For per-unit representation of the average inverse



20074 OF HXB&E =FX H 4 HSCHHSZ

voltage Vinv, maximum inverse voltage Vinv_max
should be found which equals the inverse minimum
of the average input voltage 1/Vdc_min = (2Vmin)/x
where Vmin is the minimum peak amplitude of the
rectified input voltage selected based on the input
operating voltage range of the PFC boost converter.
Finally, the per-unit value of the inverse voltage
Vinv(pw) in terms of Vdc(pu), Vmin, and Vmax is

.
Vdcx(pu)Vdc_ max _ 2

V. %

inv _max de( pu)

given as

14 4)

- YV min
Vinv(pu) -

max

where Vdc_max is the maximum average input
2Vmax/1. In

(4), the numerator in parentheses represents the non

rectified voltage equals 1/Vinv_min =

per-unit value of the inverse average input voltage
Vinv. Once the inverse per-unit voltage Vinv(pu) is
calculated, the feed-forward voltage component C can

be found as

v

min

€ Vo’ = 57|
(”Vdc(pu))z Vmax

inv(pu)

2
4
=—— (5
j (”Vdc(pu)Km )2
where the multiplier gain Km can be expressed
using (1) such that the reference per-unit current
Iref(pw is at its maximum when the PFC boost
converter delivers the maximum load at the minimum

operating input voltage as

V.

max

Vm in

K,

m

(6)

M. Direct torque control of BLDC motor drive
using two—phase conduction mode

The key issue in the DTC of a BLDC motor drive
in the constant torque region is to estimate the
electromagnetic torque correctly.

For a surface-mounted BLDC motor the back EMF
waveform is non-sinusoidal (trapezoidal), irrelevant of
conducting mode (two or three-phase), therefore (7)
and (8) which are given in the stationary reference

frame should be used for the electromagnetic torque
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calculation*™,
3P(dp, dp, | 3Ple,. ey,
= —_—— —— +— e e — +—
"=7 2{d9e be T ae 22w, ", ™
iSO( isa
. 1, . )
Ysp — W(zsa + 2zsb)

where P is the number of poles, €. is the rotor
electrical angle, a. is the electrical speed, and @ @5
, era €r is isg are the stationary reference frame (a
B-axes) rotor flux linkages, motor back-EMFs, and
stator currents, respectively.

In the constant torque region (below base speed)
under two-phase when the
phase-to—phase back-EMF voltage is smaller than
the dc bus voltage there is no reason to change the
amplitude of stator flux linkage. Above base speed,
however, the motor performance will significantly

conduction mode

deteriorate  because the iine—to—line back-EMF
exceeds the dc bus voltage, and the stator inductance,
Xs, will not allow the phase current to develop quick
enough to catch up to the flat top of the trapezoidal
back-EMF. Beyond the base speed the desired torque
cannot be achieved unless other techniques such as
phase advancing, 180 degree conduction, etc™ are
used. Operation of the DTC of a BLDC motor above
the base speed is not in the scope of this paper.
Conventional two-phase conduction quasi-square
wave current control causes the locus of the stator
flux linkage to be unintentionally kept in hexagonal
shape if the unexcited open-phase back-EMF effect
and the free-wheeling diodes are neglected, as shown
in Fig. 1 with dashed lines. If the free-wheeling
diode effect which is caused by commutation is
ignored, more circular flux trajectory can be obtained
similar to a PMSM drive. It has also been observed
from the stator flux linkage trajectory that when
conventional two-phase PWM current control is used
sharp dips occur every 60 electrical degrees. This is
due to the operation of the freewheeling diodes. The
same phenomenon has been noticed when the DTC
scheme for a BLDC motor is used, as shown in Fig.
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Representation of two—phase voltage space
vectors.

1 with straight lines. Due to the sharp dips in the
stator flux linkage space vector at every commutation
and the tendency of the currents to match with the
flat top part of the phase back-EMF for smooth
torque generation, there is no easy way to control the
stator flux linkage amplitude. On the other hand,
rotational speed of the stator flux linkage can be
easily controlled; therefore fast torque response is
obtained. The size of the sharp dips
unpredictable and depends on several factors which
will be explained in the later part of this section. The
best way to control the stator flux linkage amplitude
is to know the exact shape of it, but it is considered

is quite

too cumbersome in the constant torque region.
Therefore, in the DTC of a BLDC motor with
two-phase conduction scheme, the flux error ($) in
the voltage vector selection look—up table is always
selected as zero and only the torque error (1) is used
depending on the error level of the actual torque from
the reference torque. If the reference torque is bigger
than the actual torque, within the hysteresis
bandwidth, the torque error (1) is defined as “L”
otherwise it is “-17, as shown in Table 1.

A change in the torque can be achieved by keeping
the amplitude of the stator flux linkage constant and
increasing the rotational speed of the stator flux
linkage as fast as possible. This allows a fast torque
response to be achieved. It is shown in this section
that the rotational speed of the stator flux linkage
can be controlled by selecting the proper voltage

PFC #HE{St DTCE 0|88t BLDC Z2EHS & A2 78
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Table 1.

BLDC ZEfoll Cf 8t 24 HelE{o| MEY,
Two—phase voltage vector selection for BLDC
motor.

«

o,
V4(010010)
V1(100001)

6
V00100
1 Vs(000110)

6,
V(011000)
V(100100

04
V50001109
V2(001001)

o;
Vs(100100)
V3(011000)

06
V{100000)
V4(010010)

—_

vectors while keeping the flux amplitude almost
constant, in other words eliminating the flux control.

Since the upper and lower switches in a phase leg
may both be simultaneously off, irrespective of the
state of the associated freewheeling diodes
two-phase conduction mode, six digits are required

n

for the inverter operation, one digit for each switch.

Therefore, there is a total of six non-zero voltage
vectors and a zero voltage vector for the two-phase
conduction mode which can be represented as V172
6 (GPIO1, GPIO2, -+, GPIO6), as shown in Fig. 2.
The overall block diagram of the closed~loop DTC
scheme of a BLDC motor drive with average current
control boost PFC in the constant torque region is
represented in Fig. 2. In the two-phase conduction
mode the shape of stator flux linkage trajectory is
ideally expected to be hexagonal, as illustrated with
dashed-lines in Fig. 1. However, the influence of the
unexcited open—phase back-EMF causes each straight
side of the ideal hexagonal shape of the stator flux
linkage locus to be curved and the actual stator flux
linkage trajectory tends to be more circular in shape,
as shown in Fig. 1 with straight lines™. In addition
of the sharp changes, curved shape in the flux locus
between two consecutive commutations complicates
the control of the stator flux linkage amplitude
because it depends on the size of the sharp dips and
the depth of the change may vary with sampling
time, dc-link.

Usually the overall control system of a BLDC
motor drive includes three hall-effect position sensors
mounted on the stator 120 electrical degrees apart, as
shown in Fig. 1. These are used to provide low
ripple torque control if the back-EMF is ideally
trapezoidal because current commutation occurs only
every 60 electrical degrees. Nevertheless, using high
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Fig. 2. Overall block diagram of a BLDC motor drive using the DTC and the boost PFC converter.

resolution position sensors is quite useful if the
back-EMF of BLDC motor is not ideally trapezoidal.
The derivative of the rotor aB-axes fluxes over
electrical position, which is described in (7) and (8),
will cause problems mainly due to the sharp dips at
every commutation point.

The aB-axes rotor back-EMF (er,
electrical position (&) values can be created in the

erd VS.

look—-up table with great precision depending on the

resolution of the position sensor (for example
incremental’ encoder with 2048 pulses/revolution),
therefore very accurate af-axes back-EMF values

and eventually a good torque estimation are obtained.

IV. Experimental results

The feasibility and practical features of the
proposed DTC scheme of a BLDC motor drive with
average current controlled boost PFC have been
evaluated using an experimental test-bed, shown in
Fig. 3. The specifications and parameters of the

(390)

BLDC Motor are shown in Table 2.
algorithm is digitally
implemented using the eZdspTM board from
Spectrum Digital, Inc. based on a fixed—point
TMS320F2812 DSP, as shown in Fig 3(a).

In Fig. 3(b), the BLDC motor whose parameters
are given in the Table 2 is coupled to the overall

The proposed control

system. The average current controlled boost PFC
with feed-forward voltage compensation method has
been implemented in single sampling time of the
proposed DTC of a BLDC motor drive under
two-phase conduction mode in the constant torque
region. The boost converter switch is FET47N60C3,
and the diode STTHSR06D. The passive
components of the boost converter are the inductor
13 = 1 mH and output filter capacitors C3 = C4 =
270 yF, as seen in Fig. 2.

The boost converter switches at 80 kHz which is
the sampling frequency of the overall control system
and supplies 80 Vdc at the output. The input voltage
range, Vmin-Vmax, is 28.28 Vac-70.71 Vac peak.

1s
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Table 2. Specifications and parameters of the BLDC

Motor.
Symbol | Quantity Value
P Number of poles 4
VLL Maximum line-to-line voitage (Vac) | 115
Irated | Rated current (A) 56
Trated | Rated torque (N-m) 1.28352
Ls Winding inductance (mH) 14
M Mutual inductance (mH) 0.3125
Rs Winding resistance (ohm) 0315
A Rotor magnetic flux linkage (Whb) 0.1146

The EMI filter is used in order to reduce the high
order switching harmonics in the line current which
consists of the inductors L1 = L2 = 10 pH and the
capacitors C1 = C2 = 1 pF. Gain of the feed forward
path Km = 25 was selected in this implementation.
In this paper, a digital proportional-integral (PI)
controllers are used in the voltage and current loops.
The coefficients of the PI voltage and cuwrent
controllers are chosen as Kpv = 01736, Kiv =
0.01388, Kpi = 0.005, and Kii = 0.03125, respectively.
One per-unit is 1146 N'm for torque, 5 A for
current, and 1800 rmmm for speed, hysteresis
bandwidth is 0001 N-m, and the dead-time
compensation is included. In the implementation,
over-current and voltage protections have been used
for the inductor current and output voltage. Once the
sensed inductor current and output dc voltage are
higher than 8 A and 140 V, respectively a protection
logic signal is generated and used to turn off the
gate signal of the boost converter. Steady-state
current response of the proposed two-phase
conduction DTC scheme of a BLDC motor drive with
average current control boost PFC is demonstrated
experimentally under 0.4 N-m load torque and 0.573
N'm reference torque.

Fig. 4 shows the measured output voltage,
line-voltage, and line-current wave forms from top to
bottom, respectively of the two-phase DTC of BLDC
motor drive at no load steady-state and 04 N-m
reference torque without PFC. The power factor
under this operating condition is about 0.7667. The

BLDC ZE{9 7E A2H F¥ e

——

(b) BLDC =E{e} ZetE clo|utzole 2 fIx| dFAH.

{b) BLDC motor coupled to dynamometer and position
encoder.

a3 3 MEExeFH.

Fig. 3. Experimental test bed.
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Fig. 4. Output dc voltage Vo, line voltage Viine, and
line current line without PFC under no load
with 04 N-m reference torque. (Top) Output dc
voltage Vo = 80 V. (Middle) Line voltage Viine
= 6453 Vrms. (Bottom) Line current line =
1122 A

measured total harmonic distortion (THD) of the line
input current and line voltage are 82.23% and 4.79%,
respectively. The output active power is 55.3 W.
Since there is no PFC control has been applied to
the two-phase conduction DTC of BLDC motor drive,
the power factor is poor and the line current has
harmonics in it as can be seen in Fig. 4. Moreover,
the output dc voltage also has some fluctuations due
to the absence of the PFC control. Those problems
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Steady-state output dc voltage Vo, line voltage
Viine, and line current line with PFC under no
load with 04 N-m reference torque. (Top)
Output dc voltage Vo = 80 V. (Middle) line
voltage Vline 2543 Vrms. (Bottom} Line
current line = 2725 A.

Fig. 5.

can be eliminated by using a PFC control algorithm
during a single sampling period of the DTC of BLDC
motor drive system.

The output dc voltage, input current, and input line
voltage wave forms from top to bottom, respectively
of the two—phase DTC of BLDC motor control at no
load steady-state with average current controlled
boost PFC are shown in Fig. 5. The measured
THDs (total harmonic distortion) of the line input
current and input voltage are 545% and 3.45%,
respectively and the measured power factor is about
0.9997. The output active power of the total system
is 69.3 W. Since the PFC algorithm is adapted to the
DTC of BLDC motor drive system,
low—frequency oscillations on dc-link voltage is

overall

reduced and the line current is more sinusoidal
eliminating harmonics as seen in Fig. 5 compared to
the ones shown in Fig. 4, thus the power factor and
the efficiency of the total system are improved
considerably.

Fig. 6 shows the measured output voltage,
line-voltage, and line-current wave forms from top to
bottom, respectively of the two-phase DTC of BLDC
motor control under 04 N-m load at steady-—state
with PFC. The power factor under this operating
condition is about 0.9997.
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The measured total harmonic distortion of the line
input current and line voltage are 5.05% and 3.43%,
respectively. The output active power of the total
system in this case is 1086 W. Due to the existence
of the load torque, output dc voltage has some
distortion as seen in Fig. 6 compared to the dc output
voltage shown in Fig. 5.

There has not been a much difference observed in
the line currents and line voltages in Fig. 5 and Fig. 6.

V. Conclusion

The digital implementation of the DTC for BLDC
motor drive using two-phase conduction mode with
average current control boost PFC during a single
sampling period of the motor drive system has been
successfully demonstrated on the eZdsp board
featuring a TMS320F2812 DSP.

A prototype boost PFC controlled by a DSP
evaluation board was built to verify the proposed
digital control PFC strategy along with the DTC of
BLDC motor drive system. Experimental results
show that, based on the proposed average current
control boost PFC with input voltage compensation
algorithm, the power factor of about 09997 is
achieved in the steady-state under 20 to 50 Vrms
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input voltage range conditions.

Moreover, the proposed PFC control strategy can
achieve smooth output dc voltage applied to the
BLDC motor
waveform with THD as low as 5%, therefore the

drive and sinusoidal line current

power factor and the overall efficiency of the DTC of
BLDC motor drive is increased considerably.
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