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Abstract: In this paper, Direct Torque Control (DTC) of brushless dc motor drive is presented. This control algorithm
is implemented in the constant torque region of BLDC motor drive. Unlike conventional three phase DTC drives, the
proposed DTC approach introduces two phase conduction mode. In the proposed DTC, the quasi-square wave current
is obtained by properly selecting the inverter voltage space vectors of the two phase conduction mode from a simple
look-up table. This will improve the torque response compared to other control strategies. The rotor position is
estimated from the back emf constants as opposed to the hall sensor output. A theoretical concept is developed and the
validity of the proposed DTC of BLDC motor drive scheme with rotor position estimation are verified through the
simulation results using LabVIEW.
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I. INTRODUCTION

PERMANENT MAGNET BRUSHLESS DC MOTOR with trapezoidal shape back emf drive is used in many
applications, since it has a lot of advantage of smaller size, high power density, high efficiency, large torque to inertia
ratio, and less maintenance. Unlike brushed DC motors, every brushless motor requires a “drive” to supply commutated
current to the motor windings synchronized to the rotor position. The BLDC motors are generally fed from a quasi
rectangular current and have trapezoidal back EMF in order to reduce the torque ripple and thus maximize the efficiency
and torque capability.

The most popular way to control BLDC motor is by PWM current control. But this current controller assumes that
the torque is proportional to the phase current. However in practice, the relationship is non-linear. This will cause more
ripple in the torque. In this paper, the application of DTC to a BLDC drives operating in the two phase conduction mode
to achieve instantaneous torque control and reduced torque ripple. However, in its implementation to a BLDC drive, the
estimated torque was obtained from a look-up table and the control algorithm did not directly involve the flux control.

In common, three hall effect sensors are usually used as position sensors to detect the current commutation points
that occur at every 60 electrical degrees. Due to non ideal trapezoidal shape back emf, the output of hall sensors is not
accurate. So in this paper rotor position is estimated from the instantaneous values of voltage and currents. Further, two
phase conduction method is to be used rather than a three phase one which may create problem in high speed
applications.

The paper is organized as follows. In sect. II, the proposed DTC of BLDC motor drive in two-phase conduction
mode is explained in detail. The simulation results and analysis of the proposed DTC of BLDC motor drive in two-
phase conduction mode in the constant torque region with rotor position estimation in LabVIEW environment are given
in sect. V.
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II. DTC OF BLDC MOTOR DRIVE

Direct Torque Control (DTC) was proposed for the first time by Takahashi and Noguchi in 1986 and Depenbrock in
1988 for Induction motors. Recently many researches worked on DTC of BLDC motor for specific applications which
needs precise torque control. The basic concept behind the DTC of ac drive, as its name implies, is to control the
electromagnetic torque and flux linkage directly and independently by the use of six voltage space vectors found in look-
up table.

The electromagnetic torque estimation is the key factor in the DTC of a BLDC motor drive in the constant torque
region. For a surface-mounted BLDC motor the back-EMF waveform is trapezoidal irrelevant of conducting mode.
Therefore the electromagnetic torque equation in stationary reference frame is given by
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where P is the number of poles, 196 is the electrical rotor angle, @, is the electrical speed, ka (96) , k 5 (9@) are the
stationary reference frame (ofi—axes) back-EMF constants according to electrical rotor position, and
PresPrp>€y>€55 i, 0 p are the stationary reference frame (of-axes) rotor flux linkages, motor back-EMFs, and stator

currents, respectively.

BLDC operates in both constant torque region and constant power region. Back-EMF of motor is below the DC
voltage source of inverter in constant torque region (below base speed) and is increased more than DC voltage value
above nominal speed. Therefore stator inductance avoids abrupt increase of phase current and deteriorates output torque
of motor. Therefore in this paper operation of BLDC motor is considered only in the constant torque region.

Torque error, stator flux error, and stator flux angles are regularly used to select proper voltage space vector for
switching in DTC technique. In this paper flux linkage error is eliminated because of variations of stator flux magnitude
regarding changes in resistance, current and voltage, and specifically sharp dips at every commutation. This is due to the
presence of freewheeling diode. Therefore the control of stator flux linkage is very complex.

Tem
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Fig. 1. Actual and ideal (straight dashed lines) stator flux linkage trajectories representation of two-phase voltage space vectors, and placement of the
three hall-effect sensors in the stationary af—axes reference frame,
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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. 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. The best way to
control the stator flux linkage amplitude is to know the exact shape of it, but it is considered too cumbersome in the
constant torque region. Therefore In the proposed 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 (t) 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 “1”, otherwise it is “-1”, as shown in
Table I.

TABLE I

TWO-PHASE VOLTAGE VECTOR SELECTION FOR BLDC MOTOR DRIVE

Torque Flux angle Sectors (8)

Error(r) | @1 P 03 04 05 Os

V2 V3 V4 V5 | V6 Vi

1 (001001) (011000) (010010) (000110) (100100) (100001)

V5 Vo6 V1 V2 V3 V4

-1 (000110) | (100100) | (100001) | (001001) | (011000) | (010010)

The possible eight voltage space vectors used in DTC are shown in Fig. 1.In each region two adjacent voltage
vectors, which give the minimum switching frequency, are selected to increase or decrease the amplitude of stator flux
linkage, respectively. For example, according to the Table I, when the voltage vector V, is applied in Sector 1, then the
amplitude of the stator flux increases when the flux vector rotates counter-clockwise. If Vj is selected then stator flux
linkage amplitude decreases. Thus by proper selection of voltage space vector electromagnetic torque of the BLDC
motor drive can be controlled directly.

A. Proper Stator Voltage Space Vector Selection for the Control of Electromagnetic torque

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. Thus fast torque response is achieved. In this paper, the
rotational speed of the stator flux linkage can be controlled by selecting the proper voltage vectors while keeping the flux
amplitude almost constant. That means flux control is eliminated here.
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Fig. 2. Representation of two-phase switching states of the inverter voltage space vectors for a BLDC motor
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When the primary windings, which are assumed to be symmetric fed by an inverter using two-phase

conduction mode, as shown in fig. 2, the primary voltages, Van ,Vbn , and Vm, are determined by the status of the six

switches: SW{,SW,,.....,and SWg. For example, if SW is one(turned on) and SW, is zero(turned off) then Van = Vdc / 2

similarly for Vbn , and Vcn. Since the upper and lower switches in a phase leg may both be simultaneously off,

irrespective of the state of the associated freewheeling diodes in two-phase conduction mode, six digits are required 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 V,,,, (SW,SW,,....,SW[), as

shown in fig.1. The six non-zero vectors are 60 electrically apart from each other, as depicted in Fig. 1. The overall
block diagram of the closed-loop DTC scheme of a BLDC motor drive in the constant torque region is represented in
Fig. 3.
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Fig. 3. Overall Block diagram of the two-phase conduction DTC of a BLDC motor drive in the constant torque region

If a BLDC motor has an ideal trapezoidal back-emf having a 120 electrical degree flat top, one current sensor
on the dc-link can be used to estimate the torque. Usually the overall control system of a BLDC motor drive includes
three hall-effect position sensors mounted on the stator 120 electrical degrees apart. 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. In reality, back-emf of BLDC motors is not ideally trapezoidal. Hence the rotor position is estimated from the
back emf constants as opposed to the hall sensor output.

Nevertheless, using high resolution position sensors is quite useful if the back-EMF of BLDC motor is not ideally
trapezoidal. The derivative of the rotor affi—axes fluxes over electrical position, which is described in (1), will cause
problems mainly due to the sharp dips at every commutation point. The aff—axes motor back- EMFs e, and ez vs.
electrical position 6, values can be created in the look-up table. Therefore very accurate affi—axes back-EMF values and

thereby a good torque estimation are obtained. V,,  (SW,,SW,,....,SW)
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B. Estimation of Rotor Position

Electrical rotor position & which is required in the torque estimation algorithm and which provides a position
sensorless DTC scheme can be found by
— ¢S - LY iS
0, =tan™' (—ﬁ L

¢Sa - LS iSOl
@)

Where @, and @, 5 are the stationary reference frame flux linkages and it can be expressed as follows,

Do = I(Vsa - Rsisa )dt

0= [(V,y—Riiy )t
3)

Where Vm s VS 'E isa , is B are the stationary reference frame voltages and current.
III. SIMULATION RESULTS

The drive system shown in Fig. 3 has been simulated in LabVIEW.

A. LabVIEW In Virtual Instrumentation

Virtual instrumentation software is based on user requirements. It defines general purpose measurement and control
hardware functionality. Virtual instrumentation combines main stream commercial technologies, such as pc, with
flexible software and a wide variety of measurement and control hardware, So engineers and scientists can create user-
defined systems that needs their exact application needs with virtual instrumentation, Engineers and scientists can reduce
development time, design higher quality products, lower their design costs. Only with virtual instrumentation can
engineers and scientists create the user-defined instruments required to keep up with the world’s demands. Another
virtual instrumentation component is modular I/O, designed to be rapidly combined in any order or quantity to ensure
that virtual instrumentation can both monitor and control any development aspect. LABVIEW (Laboratory Virtual
Instrumentation Engineering Workbench) is a graphical programming language that uses icons instead of lines of text to
create applications. LABVIEW program facilitates Virtual Instrumentation (VI), which imitates the appearance and
operation of physical instruments. VI is defined as a process of combining hardware and software with industry standard
computer technology to create a user-defined instrumentation solution. Several other add-on toolsets can be incorporated
for developing the specialized applications.

To set the gating signals of the power switches easily and represent the real conditions in simulation as close as
possible the electrical model of the actual BLDC motor with R-L elements are designed in LabVIEW. The non ideal
effects of the BLDC machine are neglected in the simulation model. The switching table, which is given in Table I is
employed for the proposed DTC of the BLDC motor drive. The magnitude of the torque hysteresis bands is 0.001. It may
be noted that the zero voltage vector is not used in the proposed scheme.

Table II shows the ratings and parameters of the BLDC motor considered.
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TABLE II
BLDC MOTOR PARAMETERS

1 HP, 310V, 4 pole, 50Hz

No. of Poles 4

Maximum line-to-line  Voltage 115 (Vims)
Rated current 5.6 (A)

Rated torque 1.28352 (Nm)
Winding inductance 1.4 (mH)
Mutual Inductance 0.3125 (mH)
Winding resistance 0.315 Q)

Rotor inertia constant 1.8¢* (Kg m*)
Frictional co-efficient 0.001 (Nm/rad/s)

Figs. 4-9 show phase currents, motor speed, actual electromagnetic torque, estimated electromagnetic torque, back
emfs and phase voltages respectively under only torque control. The proposed scheme is demonstrated under 1.2 Nm
load torque and it is applied at 0.4sec. When the load is suddenly increased the g-axis current amplitude also increases
and fast torque response is achieved. The estimated torque follows the desired torque satisfactorily. When the load torque
changes abruptly, there is a dip in the speed response The ripple seen in the torque and current can be minimized by
properly selecting the torque hysteresis band size.
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Fig.4. Phase currents

Fig.4 shows the phase currents. The current start with a high value and decays as the motor speeds up until it reaches
the no-load current. The current rises again when the load torque is applied and reaches a steady state value.
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obtained from Clarke transformation .And €, and e 3 are obtained from a pre-stored back-EMF versus position look-up

table. Fig .10. shows actual rotor position and estimated rotor position.
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Fig .10.Actual rotor position and estimated rotor position

IV. CONCLUSION

The DTC for BLDC motor drive using two phase conduction mode in the constant torque region with rotor
position estimation has been successfully implemented in LabVIEW . A look-up table for the two-phase voltage vector
selection is designed to provide faster torque response both on rising and falling conditions. Compared to the three
phase DTC technique, this approach eliminates the flux control and only torque is considered in the overall control
system. Three reasons are given for eliminating the flux control. First, since the line-to-line back-EMF including the
small voltage drops is less than the dc-link voltage in the constant torque region there is no need to control the flux
amplitude. Second, with the two-phase conduction mode sudden sharp dips in the stator flux linkage locus occur that
complicate the control scheme. The size of these sharp dips is unpredictable. Third, regardless of the stator flux linkage
amplitude, the phase currents tend to match with the flat top portion of the corresponding trapezoidal back-EMF to
generate constant torque. To eliminate the low-frequency torque oscillations a prestored back-emf versus electrical
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rotor position look-up table is designed and used in the torque estimation. Electrical rotor position required in the
torque estimation is obtained using winding inductance, stationary reference frame currents and stator flux linkages.
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