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This paper deals with the analysis and hardware implementation of a permanent magnet brushless dc motor
(PMBLDCM) drive using a digital signal processor (DSP-TMS320F240). A mathematical  model of the drive system
is developed to analyze the performance of the proposed drive. The PMBLDCM drive system is implemented using
minimum number of hardware components. The developed PMBLDCM drive system consists of power circuit,
control hardware and software. Power circuit consists of insulated gate bipolar transistor (IGBT) based inverter
and gate driver circuit. Hardware of control circuit consists of supplies and current sensors. Remaining parts of the
drive system ie reference speed setting, rotor speed sensing, speed controller, reference current generation, current
controller and PWM generation are implemented in assembly language of DSP-TMS320F240. The drive perform-
ance is studied for starting, speed reversal and load perturbation.
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INTRODUCTION

Recent developments in permanent magnet (PM) materials,
power electronics, fast digital signal processors (DSPs) and mod-
ern control technologies have significantly influenced the wide-
spread use of permanent magnet brushless (PMBL) motor drives
in order to meet the competitive worldwide market demands of
manufactured goods, devices, products and processors. Large,
medium, small as well as micro PMBL motors are extensively
sought for applications in all sorts of motion control apparatus
and systems. The marvelous increase in the popularity of the
PMBL motor drives among engineers bears testimony to its
industrial usefulness in terms of superior performance and rela-
tive size1.

The availability of smart power electronics devices and their
optimal topologies has accelerated unprecedented growth of cost
effective and reliable inverter and converter systems. Software
controlled on-line implementation of sophisticated robust con-
trollers has advanced the art of digital control of PMBL motor
drives.

Motor drives are traditionally designed with relatively inexpen-
sive analog components. The weakness of analog systems is their
susceptibility to temperature variations and component aging.
Another drawback is the difficulty of upgrading these systems.
Digital control structures eliminate drifts and, by using a pro-
grammable processor, the upgrades can be easily accomplished
by software. The high performance of digital signal processors
(DSPs) allows them to perform high-resolution control and mini-
mize control loop delays. These efficient controls make it possible
to reduce torque ripples, harmonics and improve dynamic behav-
ior in all speed ranges. The motor design is optimized due to lower
vibrations and lower power losses such as harmonic losses in the
rotor. Smooth waveforms allow an optimization of power ele-

ments and input filters. Overall, these improvements result in a
reduction of system cost and better reliability1 − 6.

High efficiency due to reduced losses, low maintenance and low
rotor inertia of the PMBLDC motor have increased the demand
of PMBLDC motors in high power servo and robotic applica-
tions1, 6. The invention of modern solid state devices like MOS-
FET, IGBT and high energy rare earth PMs have widely enhanced
the applications of PMBLDC motors in variable speed drives. The
modelling, detailed simulation and experimental verification of
this drive have been discussed in the literature2 − 5 . Analog and
digital controls of PMBLDCM drives are also attempted to suit
their wide spread applications1, 6. There has been a continuous
demand to reduce the control hardware and thus cost of this drive.
In this work, a digital controller is developed for this drive which
uses minimum number of components employing a recently
introduced DSP (TMS320F240) by Texas Instruments (TI) for
power electronics applications7. First the control scheme of the
drive is analyzed and its simulated results are validated with test
results obtained from developed digital controller.

This paper presents the modelling and hardware implementation
of a permanent magnet brushless dc motor (PMBLDCM) drive.
The basic building blocks of PMBLDC motor drive system are
described. The drive system is analyzed in terms of speed con-
troller, current controller and inverter. The drive system is imple-
mented using minimum hardware and major part of control is
realized through software. Simulated results are compared with
test results to validate the developed model.

DESCRIPTION OF PMBLDCM DRIVE SYSTEM

Figure 1 describes the basic building blocks of the PMBLDCM
drive. The drive consists of speed controller, reference current
generator, PWM current controller, position sensor, the motor and
IGBT based current controlled voltage source inverter (CC-VSI).
The speed of the motor is compared with its reference value and
the speed error is processed in proportional — integral (PI) speed
controller. The output of this controller is considered as the
reference torque. A limit is put on the speed controller output
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depending on permissible maximum winding currents. The ref-
erence current generator block generates the three phase reference

currents (ia
∗,  ib

∗,  ic
∗) using the limited peak current magnitude

decided by the controller and the position sensor. The reference
currents have the shape of quasi-square wave in phase with
respective back emfs to develop constant unidirectional torque as
shown in Figure 2. The PWM current controller regulates the
winding currents (ia,  ib,  ic) within the small band around the

reference currents (ia
∗,  ib

∗,  ic
∗). The motor currents are compared

with the reference currents and the switching commands are
generated to drive the inverter devices.

ANALYSIS OF PMBLDCM DRIVE SYSTEM

The drive system considered here consists of PI speed controller,
the reference current generator, PWM current controller,
PMBLDC motor and an IGBT inverter. All these components are
modeled and integrated for simulation in real time conditions.

PI Speed Controller

PI controller is widely used in industry due to its ease in design
and simple structure. The rotor speed ωr(n) is compared with the

reference speed ωr(n)
∗ and the resulting error is estimated at the

nth sampling instant as :

ωe(n)  =  ωr(n)
∗  −  ωr(n) (1)

The new value of torque reference is given by :

T(n)  =  T(n − 1)  +  Kp 



ωe(n)  −  ωe (n − 1)




  +  K1 




ωe(n)





(2)

Where ωe (n − 1) is the speed error of previous interval, and ωe(n)
is the speed error of the working interval. Kp and K1 are the gains
of PI speed controller.

Reference Current Generator

The magnitude of the three phase current (I∗) is determined by

using  reference  torque (T∗) and the back emf constant (Kb) as

I∗ = T∗ ⁄ Kb. Depending on the rotor position, the reference current
generator block generates three-phase reference currents

ia
∗,  ib

∗,  ic
∗) by taking the value of reference current magnitude as

I∗,  − I∗ and zero. The reference current generation is shown in
Figure 2.

Rotor Position Signal     Reference Currents

θr    ia
∗            ib

∗            ic
∗

θ° - 60°    I ∗          − I ∗             0

60° - 120°     I∗            0        −  I ∗

120° - 180°      0            I ∗       −  I ∗

180° - 240° −  I ∗           I ∗            0

240° - 300° −  I ∗           0             I ∗

300° - 360°     0        −  I ∗            I ∗

These reference currents are fed to the PWM current controller.

PWM Current Controller

The PWM current controller contributes to the generation of the
switching signals for the inverter devices. The switching logic is
formulated as given below.

If ia < (ia
∗ − hb)           switch 1 ON and switch 4 OFF

If ia > (ia
∗ + hb)           switch 1 OFF and switch 4 ON

Figure 1 Basic block diagram of PMBLDCM drive system

Figure 2 Back EMF pattern and reference current generation
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If ib < (ib
∗ − hb)           switch 3 ON and switch 6 OFF

If ib > (ib
∗ + hb)           switch 3 OFF and switch 6 ON

If ic < (ic
∗ − hb)           switch 5 ON and switch 2 OFF

If ic > (ic
∗ + hb)          switch 5 OFF and switch 2 ON

Where, hb is the hysteresis band around the three phase reference

currents.

Modelling of Back emf using Rotor Position

The phase back emf in the PMBLDC motor is trapezoidal in
nature and is the function of the speed (ωr) and rotor position

angle (θr) as shown in Figure 2. The normalized function of back

emfs is shown in Figure 3. From this, the phase back emf ean can

be expressed as :

.ean  =  E
ean  =  (6E ⁄ π) (π − θr) − E
ean  =  −  E
ean  =  (6E ⁄ π) (θr − 2π) + E

         

    0° < θr < 120°
120° < θr < 180°
180° < θr < 300°
300° < θr < 360°

  










(3)

Where, E  =  Kb ωr and ean can be described by E and norma-lized

back emf function fa (θr) shown in Figure 3. ean = E fa (θr). The

back emf function of other two phases ebn and ecn are defined in

similar way using E and the normalized back emf function
fb (θr) and fc (θr) as shown in Figure 3.

Modelling of PMBLDC Motor and Inverter

The PMBLDC motor is modeled in the 3-phase abc vari-

ables1 − 5. The general voltampere equation for the circuit shown
in the Figure 4 can be expressed as :

van  =  Ria  +  pλa  +  ean (4)

vbn  =  Rib  +  pλb  +  ebn (5)

vcn  =  Ric  +  pλc  +  ecn (6)

Where van, vbn and vcn are phase voltages and may be defined as:

van = vao − vno,  vbn = vbo − vno  and  vcn = vco − vno (7)

Where vao, vbo, vco and vno are three phase and neutral voltages

with respect to the zero reference potential at the mid-point of dc
link (0) shown in the Figure 4. R is the resistance per phase of the
stator winding, p is the time differential operator and ean, ebn and

ecn are phase to neutral back emfs.

The λa, λb and λc are total flux linkage of phase windings a, b and

c respectively.

Their values can be expressed as :

λa  =  Ls ia  −  M (ib  +  ic) (8)

λb  =  Ls ib  −  M (ia  +  ic) (9)

λc  =  Ls ic  −  M (ia  +  ia) (10)

Where, Ls and M are the self and mutual inductances, respec-

tively.

The PMBLDC motor has no neutral connection and hence this
results in :

ia  +  ib  +  ic  =  0 (11)

Substituting equation (11) into equations (8), (9) and (10) the flux
linkages are given as :

λa = ia (Ls + M),  λb = ib (Ls + M)  and  λc = ic (Ls + M) (12)

By substituting equation (12) in volt-ampere equations (4) - (6)
and rearranging these equations in a current derivative of state
space form, gives :

pia  =  1 ⁄ (Ls  +  M) (van  −  Ria  −  ean) (13)

pib  =  1 ⁄ (Ls  +  M) (van  −  Rib  −  ebn) (14)

pic  =  1 ⁄ (Ls  +  M) (vcn  −  Ric  −  ecn) (15)

Figure 3 Functions of back EMF of PMBLDC motor

Figure 4 Inverter circuit with PMBLDCM drive
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The developed electromagnetic torque may be expressed as1 − 5

Te  =  (ean ia  +  ebn ib  +  ecn ic) ⁄ ωr

Where, ωr is the rotor speed in electrical rad/sec.

Substituting the back emfs in normalized form, the developed
torque is as :

Te  =  Kb 


fa (θr) ia  +  fb (θr) ib  +  fc (θr) ic



 (16)

The mechanical equation of motion in speed derivative form can
be expressed as :

pωr  =  (P ⁄ 2) (Te  −  T1  −  B ωr) ⁄ J (17)

Where P is the number of poles, T1 is the load torque in Nm, B is
the frictional coefficient in Nm/rad, and J is the moment of inertia
in kg-m2.

The derivative of the rotor position (θr) in state space form is

expressed as :

pθr  =  ωr (18)

The potential of the neutral point with respect to the zero potential
(vno) is required to be considered in order to avoid imbalance in

the applied voltage in simulating the performance of the drive.

This can be obtained by substituting equation (7) in the volt-
ampere equations (4) to (6) and adding them together to give :

vao  +  vbo  +  vco  −  3vno  =  R (ia  +  ib  +  ic)  +  (Ls  +  M)
          (pia  +  pib  +  pic)  +  (ean  +  ebn  +  ecn) (19)

Substituting equation (11) in equation (19) results in :

vao  +  vbo  +  vco  −  3vno  =  (ean  +  ebn  +  ecn)

Thus, vno  =  


vao  +  vbo  +  vco  −  (ean  +  ebn  +  ecn)




 ⁄ 3

The set of differential equations mentioned in equations (13),
(14), (15), (17) and (18) defines the developed model in terms of
the variables ia, ib, ic, ωr, θr and time as an independent variable.

PRACTICAL IMPLEMENTATION

Hardware Implementation

Power circuit for the drive is an IGBT based inverter with gate
driver circuit. The dc voltage is achieved through a three-phase
diode rectifier module. An L-C filter is used at the dc link to
reduce the ripples.

Encoder signals coming from sensors, which are part of the motor
namely three position signals (HS1, HS2 and HS3) and two speed
signals (HS4, HS5) are converted to 5V or 0 levels with the help
of signal conditioning circuit.

For actual current sensing only two Hall effect current sensors are
used. The third phase current is generated internally in software
from these two current values. The output of current sensor is
scaled in same proportion to give signals in a range of 0-5V in
full operating region.

Software Implementation

Remaining parts of the drive system are implemented in the
assembly language of DSP TMS320F240. It consists of reference
speed magnitude and direction sensing. Actual speed magnitude
and direction are calculated from encoder signals HS4 and HS5.
These signals are two sequences of pulses with variable frequency
and a fixed phase shift of a quarter of a period (90°). Pulse width
of these signals is inversely proportional to the speed of the motor.
The error in reference and actual speed is processed in PI speed
controller and output of speed controller is termed as reference
torque and is limited to a set value. The rotor position is sensed
with the three position signals HS1, HS2 and HS3 and reference
currents are assigned to phases depending on the rotor position.
Current controller compares the actual and reference currents and
generates the switching signals to IGBT devices.

RESULTS AND DISCUSSION

An algorithm is developed to simulate the drive model with PI
speed controller. The set of equations representing the model of
the drive system has been discussed. The fourth order Runge-
Kutta numerical integration method is used to get the solution of
first order differential equations of the model. Experimental re-
sults are recorded for the same motor using developed digital
controller with the minimum number of hardware components.
Figures 5 - 8 show simulated results along with test results. The
transient and steady state responses of a 3-phase, 2.0 hp, 4-pole,
1500 rpm, 4A, PMBLDC motor are shown in these figures. The
complete specifications of the PMBLDC motor are given in
Appendix. From these results the following observations are
made.

Starting Response of the PMBLDCM Drive

Figure 5(a) shows the simulated results and Figure 5(b) shows the
experimental results of the rotor speed and winding current of the
PMBLDCM drive for the starting of the motor from standstill to
a speed of 47 rad/sec (450 rpm). It is observed that the drive takes
650 msec to reach the set speed. The PI speed controller comes
into action and tracks the reference speed. From these figures it
is clear that the speed response has no overshoots and oscillations
and confirms the proper design of PI controller. The close agree-
ment between simulated and test results can be observed from
Figure 5. Since maximum winding current is limited to same
value in the tests and simulations, the starting time is also ob-
served to be the same. A high frequency noise is noticed only in
test results, which is obviously not present in simulated results
due to various assumptions considered in the modelling.

Performance of the Drive Under Speed Reversal

Figure 6(a) shows the simulated results and Figure 6(b) shows the
experimental results of the rotor speed and winding current of the
PMBLDCM drive for speed reversal. The reference speed of the
running motor under steady state with a speed of 47 rad/sec (450
rpm), is suddenly changed to other direction to same value. The
controller makes the motor speed to coincide with the reference
speed. The drive takes 1.5 sec to reach the set speed of − 47 rad/sec
(450 rpm). The response is smooth and there are no oscillations
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PMBLDCM drive for load perturbation. The sudden application
of load on the motor shaft causes a small dip in the rotor speed
which recovers quickly resulting in zero steady state speed error.
The motor current increases to cope up an increased load on the
shaft of the motor by developing increased electromagnetic
torque. The PI speed controller activates and recovers the rotor
speed back to reference value under such load variations. A close
agreement between test results and simulated ones can be ob-
served from Figure 7. Figure 8(a) shows the steady state current
waveform on no load and Figure 8(b) shows the waveform on
load. These current waveforms are close to ideal ones as expected
in this drive. A little higher noise in current waveform is observed
at no load compared to loaded condition due to reduced value of
peak current at no load.

CONCLUSIONS

The performance of the developed DSP based digital speed
controller of the drive has revealed that the algorithms developed
to analyze the behavior of the PMBLDC motor drive system work
satisfactorily in real time implementation. The simulated results
conforming to the experimental ones have validated the models
and algorithms developed in this work. The implementation
through assembly language programming of DSP has resulted in
reduced hardware and fast response of the controller. The further
modifications in control structure are also easily possible by
changing the software. It is hoped that the PMBLDCM drive with
the proposed controller will find a number of applications due to
compactness and enhanced reliability.
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APPENDIX

Rating :  2.0 hp

Number of Poles :  4

Type of connection :  Star

Rated speed :  1500 rpm

Rated current :  4A

Resistance/phase :  2.8 Ω

Back EMF constant :  1.23V sec/rad

Inductance (Ls + M) :  0.00521 H/phase

Moment of Inertia :  0.013 Kg-m2
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