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Six Step Control vs Direct Torque Control
comparative evaluation for BLDC drive

Hassan Hadeed and Achim Gottscheber

Abstract—This research paper deals with the two closed loop
speed control algorithms namely Six-Step and Direct Torque
Control for Brushless DC Motor Drive. These two control tech-
niques are critically evaluated for the performance comparison in
terms of efficiency, steady state response and transient condition.
The simulation models of the two controllers are developed in
MATLAB/SIMULINK environment. The simulation results show
close agreements and provide good insight for the evaluation of
these two control techniques.

Index Terms—Six Step Control, Direct Torque Control, Brush-
less DC Motor, Space Vector Modulation.

I. INTRODUCTION

THE recent and future generation of electric motors mainly
depend on the speed driving systems which have high

efficiency, robust, smaller size and less noisy drive, however,
for such requirement BLDC motors are very much advisable.
Also, the research is more focusing on BLDC motors drive.
BLDC motor is a type of synchronous motor which does
not operate using brushes, rather it operates with a controller
via electronic commutation in which it is characterized by
its unique trapezoidal back electromotive force waveform.
Speed ripples occur due to the power electronic commutation,
imperfections in the stator , Furthermore, the non-linearity in
the commutation schema [1], however an effective controller is
required to minimize the ripples and improve the performance
of the drive.

In [2], present a DTC of BLDC motor fed by four-
switch inverters rather than six-switch inverters in conventional
drives. In [3], DTC has proposed to minimize torque ripple of
BLDC motors with un-ideal back electromotive force (EMF)
waveforms. In [4], An improved direct torque control of
brushless DC motors using twelve voltage space vectors has
been implemented rather than six space vectors. In [5], an
optimal current excitation scheme was proposed based on
pre-optimized waveforms in the dq axes transformation for
reference current which results in minimum torque ripple and
copper losses. In [6], an effective method with instantaneous
torque control was proposed with reduce torque ripple, but it
was only applicable to two-phase BLDC operating in the 120
conduction mode, and not to the 180 conduction mode.
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This paper present the implementation of six-step and
direct torque control algorithms to control the three-phase
trapezoidal brushless DC motor with concentrated stator
windings fed by six-switch inverter (MOSFET) to achieve the
required result, therefore, Simulation results will demonstrate
the essential differences between the DTC and 6-step for
BLDC drive.

A. Six-Step for BLDC Motor Drive

It based on using 6 distinct steps according to an angle
of 60◦ electrical rotation angle. The name trapezoidal refers
to the current waveform and the back electromotive force
shape which is produced by this method. However, the 6-
step algorithm is based on sensing the rotor position by
using a three hall sensors which embedded into the motor
drive. These hall sensors are placed every 120◦, with these
sensors, six different commutations are possible, moreover,
phase commutation depends on hall sensor values. Fig. 1,
shows the schematic of 6-Step method.

Fig. 1. Schematic of Six-Step Commutation

B. DTC for BLDC Motor Drive

DTC is a method used to control the variable frequency
drives which leads to control the torque of the motor. This
involves the estimation of both the magnetic flux and torque
based on the measured voltage and current of the motor and
compare them to reference value, as a result error signal will
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generate and directly controls the six switch inverter to keep
the torque and flux within the limits of the hysteresis band.
Fig. 2, illustrates the DTC for BLDC drive.

Fig. 2. Schematic of DTC for BLDC drive

The electromagnetic torque of a permanent-magnet brush-
less machine in the synchronously rotating dq rotating refer-
ence frame can be calculated as [6,7]

(1)
Te =

3

2

p

2
[(
dLd
dθe

isd +
dΨrd
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− Ψsq)isd

+ (
dLq
dθe

isq +
dΨrq

dθe
+ Ψsd)isq]

where

Ψsq = Lqisq + Ψrq (2)

Ψsd = Ldisd + Ψrd (3)

and p number of poles, isd and isq are the d and q-axes
currents, θr represent the rotor angle, Ld and Lq are the d
and q inductances, respectively, and Ψrd, Ψrq, Ψsd, and Ψsq

are the d and q of rotor and stator flux linkages, respectively.
For concentrated stator windings with trapezoidal waveform
brushless DC drive, the electromagnetic torque for BLDC mo-
tor operation, can be simplified in the stationary αβ reference
frame as

Te =
3

2

p

2
[(
dΨrα

dθe
isα +

dΨrβ

dθe
isβ ] (4)

where Ψrα and Ψrβ are the α and β axes rotor flux linkages,
respectively, and

Ψrα = Ψrdcos θe − Ψrqsin θe (5)

Ψrβ = Ψrdsin θe + Ψrqcos θe (6)

the stator flux-linkage vectors can be estimated from the
measured of stator currents isα and isβ and voltages usα and
usβ as [6]

Ψsα =

∫
(usα −Risα)dt (7)

Ψsβ =

∫
(usβ −Risβ)dt (8)

where R is the stator resistance. The angular position θ of the
stator flux linkage vector is obtained as

θ = arctan
Ψsβ

Ψsα
(9)

the rotor flux can be obtained from the stator flux in the αβ
stationary frame as

Ψrα = Ψsα− Lsisα (10)

Ψrβ = Ψsβ − Lsisβ (11)

The inverter switching pulses are represent in six binary
variables and the binary (1) represents the state ON, while the
binary (0) represent the state OFF, which are the active voltage
vectors [6,8]. Fig. 3, shows the six active voltage vectors of
the inverter.

Fig. 3. Switching Sequence of the Inverter with DTC

The corresponding switching combination of the inverter can
represent in 6 binary digits, one digit for each leg. Therefore,
the active voltage vectors V1,V2,V3,V4,V5 and V6 are define
as switching signals (100101), (101001), (011001), (011010),
(010110), (100110), respectively, where, from left right, the
binary values denote the states of the upper and lower inverter
switching sequence for phases A, B and C , respectively [6],
and the two non-active null voltage vector V0 and V7 can
identify as (010101) and (101010), respectively. Table I below
shows the switching table for BLDC motor.

The zone in which the three phase stator axes of the motor is
splitted into 6 active voltage space vectors which enable the
voltage vector to be selected in terms of the stator flux-linkage
vector and each sector can be composed of two active voltage
space vectors and two non-active voltage vectors [8], as shown
in Fig. 4
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TABLE I
SWITCHING TABLE FOR DTC OF BLDC DRIVER

Fig. 4. Sectors Selection for BLDC Drive with DTC

C. Simulation Model of Six-Step Algorithm

Fig. 5, represents the model and the design of six-step
schema in simulink. Sensing the output of the BLDC motor
will feed back and compare to reference speed, however,
that will generate error signal, hence this error signal will
processed into PI controller and will generate corresponding
output, based on that corresponding output the six-pulse in-
verter will generate the pulses which control the speed of the
BLDC drive. To control the gate pulse of the inverter, rotor
positions of BLDC motor have to be sent by using hall effect
sensors as per pre-designed true table. It will generate the
control signal and based of that signal it will provide switching
button, in result, will decide which switch has to be on and
what time, therefore control the motor.

MATLAB / Simulink R2016b software is used to perform
the simulation for both algorithms, the motor parameters
are real-time and has been taken from the data sheet of
commercially available BLDC motor as shown in Table II.
Running the simulation for t = 0.03s and applying a load

Fig. 5. Simulink Model of 6-Step Algorithm for BLDC Motor Drive with
DTC

torque of 0.18Nm to the motor shaft at t = 0.01s of the
simulation time and removed at t = 0.02s.

The electromagnetic varies in accordance with the load
torque, however, sawtooth shape observed will cause noisy
motor during the operation, also the Back-EMF varies in
accordance with the load torque as shown in Fig. 6 and Fig.
7, respectively,

Fig. 6. Time vs Electromagnetic torque under load condition with 6-Step

Fig. 7. Time vs Back-EMF under load condition with 6-Step
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The initial current at starting point is high and decreases
during the acceleration of the motor to reach the nominal
speed, however, observe the sawtooth waveform of the 3-
phase current, occurred by the DC bus voltage which applies
a constant during 120◦ to the motor inductances, furthermore,
the stator current increases at the point we applied torque to
maintain the nominal speed but remain within the limitation
and as per the date sheet of the motor as showing in Fig. 8.

Fig. 8. Time vs Stator Current under load condition with 6-Step

A fluctuation in speed at point we applied force, also the actual
speed will take a while to go back and follow the reference
speed, furthermore, a huge undershooting and overshooting at
point we applied and removed force, respectively, as showing
in Fig. 9 and zooming Fig. 10, respectively.

Fig. 9. Time vs Speed under load condition with 6-Step

Fig. 10. Time vs Zooming Speed under load condition with 6-Step

D. Simulation of DTC Algorithm

Fig. 11, presents the model and the design of direct torque
control schema in simulink. Measuring the stator phase cur-
rents and voltages and employing αβ stationary reference
frame transformation, the stator flux linkage vectors and
electromagnetic torque can be obtained as showing in Fig.
12.

Fig. 11. Simulink Model of DTC Algorithm for the BLDC Motor

Fig. 12. Sub-block of Torque and Flux estimation with DTC

From the rotor position sensors of the motor we derived the
speed feedback and compared it to the reference speed to
form the reference torque through proportional integral (PI)
speed regulator and also the reference flux. By comparing the
estimated electromagnetic torque and stator flux linkage with
their reference value through hysteresis controllers, the stator
flux-linkage and torque commands are obtained as shown in
Fig. 13,
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Fig. 13. Sub-block of Torque and Flux Hysteresis with DTC

The switching pattern of the inverter can be determined based
on the stator flux-linkage status, torque status and the sector
in which the stator flux linkage is located at that instant of
time as shown in Fig. 14, thus, voltage source inverter is then
controlled by the space vector modulation method in order
to output the desired reference voltage, however, using these
values the inverter gives the required input voltage to the
BLDC motor, and finally the dynamic response of the drive
and torque control is achieved.

Fig. 14. Sub-block of Switching Table of the Inverter with DTC

Running the simulation for DTC scheme under the same
condition as previous method. The electromagnetic varies in
accordance with the load torque, therefor, the sawtooth shape
has be eliminated by 75%, in result less noise occurred in
comparison to 6-step scheme, furthermore, less variation in
the Back-EMF waveform occurred in accordance with the load
torque, as showing in Fig. 15 and Fig. 16, respectively,

The systematic variation of gate pulses results in nearly
sinusoidal waveform of balanced 3-phase motor currents as
showing in Fig. 17.

Fig. 15. Time vs Electromagnetic torque under load condition with DTC

Fig. 16. Time vs Stator back-EMF under load condition with DTC

Fig. 17. Time vs Stator Current under load condition with DTC

The variation of actual and reference speed when load
torque is applied at t = 0.01s and removed at t = 0.03s,
reference speed of 3000rpm is given to the system, under
loaded condition, the performance characteristics of the system
showing that the actual speed is following the reference speed
from almost the starting point till the end of the simulation,
also the undershooting and overshooting are minimized, cause
the system being more stable achieves the required values with
some steady state error, moreover, at the point we applied
load the ripple have been minimized due to the fact that
DTC improve the efficiency of the system, reduce noise and
vibration of the motor in compare to other method, the time
we removed the load, we see that the actual speed is getting
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back to follow the reference speed as showing in Fig. 18 and
Fig. 19, respectively.

Fig. 18. Time vs Speed under load condition with DTC

Fig. 19. Time vs Zooming Speed under load condition with DTC

TABLE II
BRUSHLESS DC MOTOR PARAMETERS

II. CONCLUSIONS

The performance of the six-step control and direct torque
control scheme are investigated for the BLDC drive. The
effectiveness of the proposed work is shown through in
simulation using MATLAB/SIMULINK. The observed result
showed that DTC based control results in fast torque response
and improved performance of the system.
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