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Abstract Zero running emission, sustainability and efficiency of Electric Vehicle
(EV) make it appropriate option for future transportation. In-wheel propulsion system
of electric vehicles has been one of the main research concentrations in past decades.
Brushless DC (BLDC) motor is the most suitable in-wheel motor because of its
high efficiency, torque/speed characteristics, high power to size ratio, high operating
life and noiseless operation. In this chapter direct torque control (DTC) switching
technique with digital pulse width modulation (PWM) speed controller of BLDC
motor for drive train system of EV has been reported. Effectiveness of the proposed
BLDC motor drive is investigated through simulation and experiment. Obtained
results show effective control of torque and remarkable reduction of torque ripple
amplitude compare to conventional reported switching techniques. Improvements
of in-wheel motor’s torque controllability result to more efficient and safer electric
vehicles.

Keywords BLDC motor · Direct torque control (DTC) · Electric vehicle · In-wheel
motors · PWM technique · Torque ripple

1 Introduction

Idea of using electricity instead of fossil fuels for propulsion system of vehicles is
not new. Scientists and manufacturers have attempted to design or improve electric
vehicles from long time ago. Rodert Anderson built the first electric carriage in 1839
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Fig. 1 Four-wheel drive train system of an IFECV

and David Salomon developed an electric car with a light electric motor in 1870,
however batteries were heavy at that time and performance was poor [1]. Nowadays
hybrid vehicles are more popular than electric vehicles due to better mileage and
absence of enough infrastructures for charging battery of electric vehicles. Using
in-wheel technology, by wire technology and intelligent control systems instead of
conventional hydraulic or pneumatic control systems result to an Intelligent Fully
Electronically Controlled Vehicle (IFECV) [2]. Schematic diagram of four wheel
drive train of an IFECV is shown in Fig. 1.

Improving performance of in-wheel motor and its controller can increase efficiency,
controllability and safety of electric vehicles. Various electrical motors have been
used by manufacturers in last decades. Brushed DC, induction, switched reluctance
and BLDC motors have been compared and BLDC has been recommended for high
performance electric vehicle [2]. High efficiency, high speed ranges and high dynamic
response due to permanent magnet (low inertia) rotor are immediate advantages of
BLDC motor over brushed DC and induction motors for electric vehicle applica-
tion. BLDC motor is a type of DC motor which commutation is done electronically.
Therefore it has more complex control algorithm compare to other motor types.
Commutation is done by knowing exact position of permanent magnet rotor. Typi-
cally there are two algorithms for rotor position detection. One uses usually sensors
(Hall Effect) and the other does not which is called sensorless. Hall Effect sensors
are mounted inside motor in 120 electrical degrees to detect rotor position. Optical
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encoders are used for high resolution applications [3]. Back-EMF monitoring, flux
linkage-based technique and free-wheeling diode conduction are some of sensor-
less control methods that can be used to commutate BLDC motor instead of using
sensors [4]. Reducing complexity of motor construction, cost and maintenance are
obvious advantages of sensorless control techniques but sensing back-EMF at low
speeds, transient time and discontinuous response due to high commutation rates are
its disadvantages.

Priceless researches and works have been discussed for developing different
control algorithms of BLDC motor [4–8]. Sensorless control technique with a new
flux linkage function has been reported for BLDC motors [4]. This method improves
problem of sensorless control techniques at low speeds. A speed-independent posi-
tion function named “G(θ)” has been defined with respect to mechanical angle of
rotor. This technique is able to detect position of rotor at around 1.5 % of nominal
speed. It is suitable for in-wheel application because we need to control the motor
from stall position. Four-switch converter with the current controlled PWM control
technique has been proposed for BLDC [5]. Difficulties in generating 120◦ conduct-
ing current profiles in three phase winding of BLDC with four-switched converter
and current distortion in two phase cause by back-EMF of silent phase are main prob-
lems of proposed technique. A new power supply, DSP-controlled PWM chopper
and C-dump converter has been reported for BLDC motor drive [6]. A dual speed
and current closed-loop control is used to keep ratio of voltage to frequency constant
to have constant torque operation of motor. Forced commutation RC circuits and
snubber circuits to control commutation and dv/dt rating on switches have been dis-
cussed. Simulation results show number of current spikes which cause increase on
torque ripple of BLDC motor which is not suitable for in-wheel application. An adap-
tive fuzzy control scheme via parallel distributed compensation has been applied to
control velocity of small BLDC motors [7]. Simulation results show stable velocity
control of BLDC motor in case of any parameter perturbation. Although stability
and smoothness of torque is essential in high performance EV’s, but it would be con-
structive for other applications like scooters and electric bikes. A digital controller
of BLDC motor with two mode of operation, namely conduction angle control and
current mode control has been introduced [8]. Torque is directly proportional to cur-
rent in BLDC, thus current control results to torque control of motor. Speed ripple
of BLDC is reduced via proposed digital controller up to maximum of 3.4 %. This
method could be more suitable for EV application if torque ripple reduction also has
been considered [9].

DTC technique is a sensorless control technique. It does not use any Hall Effect
sensor for detecting rotor position. Output torque of an electric motor is directly pro-
portional to output power of the motor. Therefore torque control is one of important
factors in drive train of electric vehicle. Reduction of torque ripples cause to deliver
smoother power to the wheel. Delivering as minimum as possible ripple free torque
with desired value to the wheels in various conditions, essentially increase safety
and efficiency of electric vehicle. Therefore DTC switching technique is a suitable
choice for high performance electric vehicles [9].
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In this chapter direct torque control switching technique and PWM speed con-
troller of BLDC motor reported in [9] for drive train of electric vehicles are described
in more details. Simulation and experimental results of proposed BLDC drive are
presented and discussed.

2 Direct Torque Control of BLDC Using Three Phase
Conduction Mode

Direct torque control (DTC) technique of induction motors has been proposed for
the first time by Takahashi and Noguchi in 1986 [10] and Depenbrock in 1988 [11].
Recently, many researchers worked on DTC of BLDC motor for applications which
need precise torque control [12–17]. DTC of BLDC for drive train of hybrid electric
vehicle is presented [16]. Schematic diagram of DTC of BLDC motor is shown in
Fig. 2.

Torque error, stator flux error and stator flux angle are regularly used to select
proper voltage space vector for switching in DTC technique. Here 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 [12].
BLDC operates in both constant torque region and constant power region. Back-EMF

Fig. 2 Schematic diagram of DTC for BLDC motor
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of motor is below DC voltage source of inverter in constant torque region (below
base speed) and is increased more than DC voltage value above nominal speed. Stator
inductance avoids abrupt increase of phase current and deteriorates output torque of
motor. Therefore in this paper operation of BLDC motor is considered at constant
torque region. Accurate estimation of flux linkage magnitude and torque is required
for DTC of in-wheel motors. In some techniques, Current sensors have been used to
determine flux linkage and estimate voltage from DC bus of inverter [14, 16, 17].
This method is too sensitive to voltage errors caused by dead-time effects of inverter
switches, voltage drop of power electronic devices and fluctuation of DC link voltage
[18]. In this chapter, both current and voltage sensors are used for accurate estimation
of flux linkage magnitude and torque [15].

Precise estimation are mainly depends on accurate sensing of currents and volt-
ages. Variations of stator resistance due to changes of temperature cause error in
stator flux estimation. Pure analogue integrator also produces DC offset in signal.
It is considered that BLDC motor is working in constant torque region below rated
speed. Therefore there is no need of flux magnitude change during operation. Second
algorithm proposed in [19] with limiting level of 2KLπ/(3

√
3) (KL is flux linkage)

is used to solve analogue integrator DC drift error.
Clarke transformation is used to convert the balanced three phase system (voltages

and currents) to the αβ-axis references. Stator flux linkage magnitude, stator flux
angle and electrical torque of motor can be estimated by [9],

ϕSα =
∫

(VSα − RiSα).dt (1)

ϕSβ =
∫

(VSβ − RiSβ).dt (2)

ϕrα = ϕSα − LiSα (3)

ϕrβ = ϕSβ − LiSβ (4)

|ϕS| =
√

ϕ2
Sα + ϕ2

Sβ (5)

θS = tan−1
(

ϕSβ

ϕSα

)
(6)

eα = dϕrα

dt
(7)

eβ = dϕrβ
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(8)

Te = 3
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P

2
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ω
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ω
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]
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Table 1 Three phase conduction switching for DTC of BLDC

Torque Flux angle sectors
error Sector 1 Sector 2 Sector 3 Sector 4 Sector 5 Sector 6

1 V6 (101) V1 (100) V2 (110) V3 (010) V4 (011) V5 (001)

0 V2 (110) V3 (010) V4 (011) V5 (001) V6 (101) V1 (100)

where R is stator resistance, L is stator inductance, Vα is α-axis voltage vector, Vβ

is β-axis voltage vector, iα is α-axis current vector, iβ is β-axis current vector, ϕSα is
α-axis stator flux vector, ϕSβ is β-axis stator flux vector, ϕSα is stator flux magnitude,
θS is stator flux angle, eα is α-axis back-EMF, eβ is β-axis back-EMF, Te is electric
torque. After finding values of stator flux linkage in the stationary α β-axis by (1) and
(2), flux linkage magnitude and angle are calculated from (5) and (6). By deriving
rotor flux linkage from (3) and (4) torque of BLDC is evaluated by (9).

Hysteresis controller will generate square wave pulse with respect to torque error.
Hysteresis controller output is ‘1’ if the actual value of torque produced by motor is
more than reference torque value of controller and is ‘0’ if actual torque value is less
than reference value. In this paper hysteresis band limits has been set 1, 0.1 and 0. 01
to show torque ripple reduction capability of controller. The maximum switching
frequency for minimum value of hysteresis band limits is near 10 KHz.

Three phase conduction mode is used for switching of VSI of BLDC motor. Six
none zero voltage vectors that have been used to switch VSI are V1(100), V2(110), V3
(010), V4(011), V5(001), V6(101). Voltage space vectors are chosen with respect to
output of torque hysteresis controller and stator flux angle of motor [20]. Estimated
stator flux angle of BLDC motor has been divided to six equal sectors. Sector one
is starting from −30 degrees to 30 degrees and so on to complete one full rotation
of flux linkage. Switching table of inverter to choose space vectors in each sector is
shown in Table 1.

3 Digital PWM Speed Controller of BLDC

Various algorithms have been used for speed control of BLDC motor. Hysteresis
current control and pulse width modulation (PWM) control are the most widely used
BLDC motor control techniques [21]. Speed of BLDC motor is directly proportional
to its terminal voltages. A three phase voltage source is used to supply voltage to the
BLDC motor. There are two methods to adjusting the average output voltage of VSI,
the variable DC link inverter and PWM switching technique. In variable DC link
technique, DC bus voltage of inverter is adjusted to get the desired speed of motor.
In PWM technique, a duty cycle controlled high frequency signal is multiplied to
either control switching signals of upper switch of each leg, or lower switch of each
leg, or all six switches of VSI [3].
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Table 2 BLDC motor
specification for simulation

Description Value Unit

DC voltage 400 V
Phase resistance (R) 2.875 �

Phase inductance (L) 0.8 m-H
Inertia (J) 0.8e-3 KG-m2

Damping ratio (β) 0.001 N-s/m2

Flux linkage 0.175 Wb
Pole pairs 4 –

In the proposed drive of BLDC motor, PWM technique is employed for speed
control. PWM technique reported by Sathyan et al. [21], two predetermined states
of duty cycle values (high, DH, and low, DL, PWM duty cycles) have been chosen
to control the speed of BLDC motor. In this chapter a proportional and integral (PI)
controller is utilized to choose a duty cycle of high frequency signal with respect to
speed error. Therefore, ideally one duty cycle is chosen by controller for any particular
reference speed. However, practically the controller continuously changes duty cycle
value in boundaries around ideal duty cycle instead of having two predefined values
[22]. Regarding safety issue which is vital factor in electric vehicles, high frequency
signal is added to all six switches of inverter [3].

4 Simulation Results and Discussion

The proposed direct torque controlled drive of BLDC motor for in-wheel application
is simulated by MATLAB/SIMULINK. Specification and parameters of BLDC used
in simulation model are listed in Table 2. Simulation results are compared with
conventional Hall Effect switching method. It is shown that controller is able to
estimate torque, flux linkage magnitude and angle of BLDC precisely. By applying
various hysteresis band limits, electrical torque variation is controlled in desired
limit.

Speed response and torque response of DTC of BLDC for 1500 rpm speed ref-
erence under 10 N.m torque load is shown in Fig. 3. Sampling time is 5 μs and
Hysteresis band limit is set to 0.01. Model is tested for different hysteresis bands and
torque responses are shown in Fig. 4. Simulation results of Fig. 4 show that width of
Hysteresis band limit effects amplitude of torque ripple of BLDC motor. Peak to peak
amplitude of torque ripple is reduced up to four percent of reference torque (0.4 N.m)
in simulation model of proposed DTC. It is 10 times lesser than conventional Hall
Effect sensors control technique. Proposed BLDC drive has a better torque response
compare to presented model in [16].

Although reducing hysteresis band limits result in smoother torque but increase
switching frequency of VSI. Switching frequency directly affects switching loss
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Fig. 3 Speed and torque response of BLDC motor
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Fig. 4 Pulsating torque of BLDC for different hysteresis band limits

of inverter and practically it may not possible to have high switching frequencies.
Therefore hysteresis band limits cannot be less than a particular threshold practically.

The stator flux magnitude and flux angle of BLDC motor are shown in Fig. 5. It
can be observed that the stator flux magnitude in constant torque region is oscillating
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Fig. 5 Estimated stator flux linkage magnitude and angle of BLDC
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Fig. 6 Stator flux linkage trajectory for 5 N.m and 10 N.m loads

around 0.22 Wb. The flux magnitude value is almost the same as limiting level of
integration algorithm.

Stator flux linkage locus of BLDC for different load torques (5 N.m and 10 N.m)
is shown in Fig. 6.

The flux linkage angle sectors are clearly visible in Figure. As it can be seen
increasing of torque load cause increase of flux magnitude and more sharp changes
are observed [12].
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Fig. 7 Speed characteristics under same mechanical shock
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Fig. 8 Torque characteristics under same mechanical shock

According to in-wheel motor requirements, robustness of motor and controller is
critical in safety point of view. Behavior of BLDC motor for proposed DTC drive and
conventional Hall Effect switching technique is compared under same mechanical
shocks. Sudden fifty percent change of torque load (from 10 N.m to 15 N.m) is applied
to BLDC model at 1500 rpm reference speed. Speed response and torque response
of BLDC motor under torque load change are shown in Figs. 7 and 8, respectively.

Abrupt change of torque load is applied at time 0.4 second. As it can be seen in
Fig. 7, the speed response of DTC technique is almost fifteen times faster than con-
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ventional switching technique under mechanical shock. Speed fluctuation of DTC is
more than conventional switching technique, however its torque response is smoother.
Figure 8 shows that dynamic torque response of DTC is much faster than Hall Effects
witching technique.

5 Experimental Results

Effectiveness of proposed DTC switching technique and PWM speed controller for
BLDC motor is investigated by experiment. Experimental setup of BLDC motor is
shown in Fig. 9. A low voltage BLDC motor is tested as prototype. PIC18F4231
microcontroller on development board of microchip is programmed to implement
proposed drive of BLDC motor. A three phase voltage source inverter with MOS-
FET switches is used to supply BLDC motor. The BLDC motor specification for
experiment is given in Table 3.

Direct torque control switching technique of BLDC motor is tested for 0.1 N.m
reference torque and 0.01 hysteresis band limits. Reference speed of PWM speed
controller is set to 2000 RPM (below nominal speed of motor). Torque response of
BLDC is shown in Fig. 10.

High frequency controlled PWM signal is applied to all six switches of inverter.
The line voltage of phase ‘A’ of BLDC motor with respect to negative terminal of
DC source of inverter is shown in Fig. 11. Experimental results of proposed drive are
satisfactory and show correct performance of BLDC motor.

Fig. 9 Experimental setup
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Fig. 10 Experimental torque characteristics

Fig. 11 Experimental line
voltage of phase A

Table 3 BLDC motor
specification for experiment

Description Value Unit

DC voltage 24 V
Rated speed 3000 RPM
Rated torque 0.28 N.m
Phase resistance (R) 2 �

Phase inductance (L) 4.6 m-H
Inertia (J) 4.43e-6 KG- m2

Pole pairs 10 –
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6 Conclusion

There is a growing attention to the electric vehicles in automotive industry due to
control of emission of greenhouses gases in atmosphere. In-wheel technology is an
advanced propulsion system in electric vehicles. BLDC motors are in interest of
many manufacturers for in-wheel application. In this chapter, direct torque control
switching technique of BLDC motor has been proposed as a suitable choice for drive
train of electric vehicles. Simplified proposed DTC model of BLDC motor without
flux observation for constant torque region has been simulated simultaneously with
a digital PWM speed control technique. Proposed model has also been practically
tested. The obtained results show that estimated torque calculated with state observer
is very close approximation of actual output torque of motor. In this case, it has been
possible to successfully control torque ripple amplitude by adjusting of Hysteresis
band limit. In this model, torque ripple amplitude has reduced effectively. Hence, the
developed DTC switching technique is capable of minimizing the pulsating torque
of BLDC motor to deliver smoother power to the wheels. Consequently safety and
efficiency of electric vehicle has been improved.
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