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Torque Ripple Minimization in Direct Torque Control of Brushless  
DC Motor 

 
 

Zhenguo Li†, Songfa Zhang*, Shenghai Zhou** and Jin-Woo Ahn*** 
 

Abstract – This paper mainly proposes a direct torque control strategy to minimize torque ripple in 
brushless DC (BLDC) motor. BLDC motor has large current and torque ripple when one voltage 
vector applied in one cycle due to its low inductance. Hence, this paper proposed a hysteresis torque 
control with PWM mode to control the resultant torque. Moreover, when the direct torque control 
system is operating during the two-phase half-bridge 120° conduction mode, large torque ripple in 
commutation area appears every 120 electrical degree. Based on analyzing the root of torque ripple in 
detail, lookup tables of switching devices states for new half-bridge modulation mode in the positive 
and negative reference torque put forwarded. Finally, simulations by MATLAB software and 
experiment results from DSP are presented to verify the feasibility and effectiveness of the proposed 
strategy operating in four-quadrant operation. 
 
Keywords: Brushless DC Motor (BLDCM), Direct Torque Control (DTC), Torque ripple minimization, 
Four-quadrant operation  

 
 
 

1. Introduction 
 
Due to simple structure, high power density, large torque- 

to-current ratio, high efficiency and good controllability 
over a wide range of speed, brushless DC Motor (BLDCM) 
is widely used in industrial and vehicle fields [1]. However, 
obvious torque ripple is caused by the non-ideal trapezoidal 
wave back EMF, non-ideal square current waveform, the 
cogging torque and air gap magnetic field distortion 
generated by armature reaction. Hence, the torque ripple 
minimization is highly interested by researchers in recent 
years. 

Due to robustness against parameter uncertainty and 
ability to control the electromagnetic torque directly, 
direct torque control (DTC) method has been considered 
dramatically among various torque ripple minimization 
methods [2-9]. Traditional DTC method used in AC motor is 
applied to BLDCM [2-4], which adopted dual closed loop 
of torque and stator flux linkage. Among these references, 
switch table is applied to two-phase full bridge 120° mode 
and output torque is calculated by derivative of rotor flux 
linkage and stator current [2]. However, due to adopt two 
phase full bridge 120° mode, turn-off phase voltage cannot 
be calculated by bus voltage and switch state. Therefore, it 
is required to calculate extra computation to estimate the 

turn-off phase voltage. Based on [2], minimizing torque 
ripple during commutation is discussed by [3], which 
combined two-phase and three-phase modes. However, 
only three-phase mode is applied, and indirect stator flux 
linkage loop is substituted for stator current loop of d axis 
component [4]. 

Direct-Self Control (DSC) in AC motor is applied to 
BLDCM directly in [5]. In this method, 3D space is 
defined with conduction phase on X-Y plane and non-
conduction phase on Z plane. Trivector stator voltage 
and flux become simple hexagon after projected onto X-Y 
plane, and the problem of BLDCM stator reference flux 
periodic change with stator position is solved. In [6], 
hysteresis torque control output and stator pole position 
decide the suitable voltage vector, and switch table is 
applied to two-phase full bridge 120°mode without flux-
loop. Compared with reference torque, output torque is 
calculated by instantaneous voltage and current [7]. 
Reference voltage is calculated by mathematical model, 
and this method realized by PWM control mode. 

This paper proposes a DTC method for BLDCM to 
minimize torque ripple. In conventional DTC method, 
usually one voltage vector and low inductance in one cycle 
are adopted, which results in large phase current and torque 
ripple. Hence, motor torque is controlled by combined 
mode of hysteresis torque control and PWM mode in this 
paper. In addition, when the DTC system operating in the 
two-phase half bridge 120° conduction mode, large torque 
ripple in commutation appears at every 120 electrical 
degree, thus on the basis of analyzing the root of torque 
ripple in detail, proposed method puts forward the lookup 
table of switching devices states of new half-bridge 
modulation mode in the positive and negative reference 
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torque. Finally, simulation and experiment results are 
presented to verify the feasibility and effectiveness of the 
proposed strategy operating in four-quadrant operation. 

 
 

2. Direct Torque Control System  
of BLDCM 

 
2.1 Conventional direct torque control technology 

 
The power converter for BLDCM usually adopts voltage 

source inverter as shown in Fig. 1.  
Conventional direct torque control technology for 

BLDCM can be divided into two types based on considering 
flux-linkage control loop or not. In direct torque control 
with flux-linkage control loop, exact value of voltage at 
turn-off angle is uncertain and it may caused to make 
problem for stator reference flux due to its periodic change 
with stator position. Hence, direct torque control without 
flux-linkage control loop considered in this paper. Fig. 2 
and Table 1 show the structural diagram and lookup table 
of switching devices. In the table, 1 represents turn-on; 0 
deputes turn-off, and six digital corresponds to the upper 
and lower switch states in a, b, c phase, respectively. 
Considering different switching losses of full-bridge, half-
bridge mode and BLDCM PWM control mode, this table 
selects the equivalent switching devices based on half-

bridge H_PWM-L_ON method. 
 

2.2 Direct torque control technology with hysteresis 
and PWM mode 

 
Due to small value of inductance in brushless DC motor, 

when one voltage vector is applied in one cycle, large 
current and torque ripple would be resulted. This will 
reduces the accuracy of the torque control as well. 
Although, decreasing torque control cycle may reduces 
torque ripple, however, other problems may come arise 
such as increasing the cost of hardware and running time of 
program. In this paper, direct torque control method using 
hysteresis and PWM mode is selected as shown in Fig. 3. 
A four-level hysteresis controller is applied to improve 
the dynamic performance of torque control. The torque 
deviation eTD  is compared with four threshold values 
( 1thT± , 2thT± ) to get one of the four levels ( 1minD± , 

1maxD± ). 2D  corresponds to line-EMF in two-phase 120° 
conduction mode, which is approximatly proportional to 
speed. Table 2 shows lookup table of switching devices 
states under the direct torque control. In this table, D 
represents upper switching device conducting PWM mode 
with D times duty cycle, －D represents lower switching 
device conducting PWM mode with (1 )D-  times duty 
cycle, 1 indicates upper switch conduction, -1 is considered 
for lower switch conduction, 0 represents upper and lower 
switchs in turn-off mode. 

 
2.3 Commutation torque ripple analysis and torque 

ripple minimization 
 
Neglecting phase resistance voltage drop, when sector I 

changes to sector II, ＋ －that is A B  conduction state will 
＋ －change to A C  conduction mode. Before entering the 

sector II from Table 2, terminal voltages of a and b phases 
are dcDU , 0 respectively，and the ideal back EMFs of a, 
b, c phases are E, －E, －E, respectively. Therefore, the 

 
Fig. 1. Voltage source inverter and BLDCM equivalent 

circuit 
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Fig. 2. Block diagram of DTC with Hysteresis control 

mode 
 

Table 1. Lookup table of switching devices states with 
Hysteresis control mode 

t  Sector 
Ⅰ 

Sector 
Ⅱ 

Sector 
Ⅲ 

Sector 
Ⅳ 

Sector 
Ⅴ 

Sector 
Ⅵ 

1 100100 100001 001001 011000 010010 000110 
0 000100 000001 000001 010000 010000 000100 
-1 000000 000000 000000 000000 000000 000000 
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Fig. 3. Block diagram of DTC with Hysteresis control and 
PWM mode 

 
Table 2. Lookup table of switching devices states with 

Hysteresis control and PWM mode 

 Sector 
Ⅰ 

Sector 
Ⅱ 

Sector 
Ⅲ 

Sector 
Ⅳ 

Sector 
Ⅴ 

Sector 
Ⅵ 

0D ³  D,-1,0 D,0,-1 0,D,-1 -1,D,0 -1,0,D 0,-1,D 
0D <  0,-D,0 0,0,-D 0,0,-D -D,0,0 -D,0,0 0,-D,0 
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changing rate of a phase current can be presented as 
follows: 

 

 1
2

a
dc

di D U E
dt L L

= -   (1) 

 
where, E is the peak value of ideal back EMF. 

It can be seen that the changing rate of a phase current is 
0, and the value of D in this time is as follows. 

 

 
2

dc

ED
U

=  (2) 

 
 Similarly, after entering the sector II, considering that b 

phase current still exists during commutation，it can be 
obtained from Table 2 that the terminal voltages of a, b, c 
phases are Udc, Udc, 0, respectively，and the changing rate 
of a phase current can be represented as follows, 

 

 2 1 4
3 3

a
dc

di D U E
dt L L

-
= -   (3) 

 
the value of D is calculated from the following equation: 

 

 
1 2
2 dc

ED
U

= +   (4) 

 
Comparing (2) and (4) during commutation, when 

/ 4dcE U< , i.e., at low speed, the value of D need to 
increase 1/2 suddenly to ensure constant output torque, 
and When / 4dcE U> , i.e., at high speed, required value 
of D  is greater than 1, apparently the torque ripple is 
unavoidable. 

With the same explanations, before and after entering the 
sector Ⅲ, the values of D can be achieved by Eqs. (2) and 
(5), respectively. 

 

 
4

dc

ED
U

=  (5) 

 
During entering the sector Ⅲ, when / 4dcE U< , i.e., at 

low speed, the value of D need to increase 2 / dcE U  to 
ensure constant output torque and it is less than ½. In this 
situation current and torque ripple would be less than 
commutation in sector II, so that the lower speed, the larger 
difference. 

From above analysis，it can be seen that when the 
motor operates at low speed based on the rules mentioned 
by Table 2, large torque ripple in commutation appears 
every 120 electrical degree. 

In order to solve the above problems, new lookup 
table is introduced which is shown by Table 3. This table 
still applied in two-phase half-bridge 120 conduction 
mode，including all switching status under the positive 
and negative reference torque. Moreover, the table devides 

60 electrical degree in one sector into two 30 electrical 
degree with different PWM mode and same value of D. 
Thus it cannot produce the current and the torque ripple. 

At the next step, torque ripple in low speed based on the 
value of D before and after entering sector II is analyzed. 
At the istant before entering sector II, terminal voltages of 
a and b phases are Udc, (1 ) dcD U- , respectively, and the 
ideal back EMFs of a, b, c phases are E, －E, －E, 
respectively. Thereby, the value of D in this moment can 
be calculated from Eq. (2). Similarly, in the commutation 
area in sector II, as shown in Table 3, terminal voltages of 
a, b, c phases are Udc, Udc, (1 ) dcD U- , respectively, the 
changing rate of a phase current can be represented as 
follows. 

 

 4
3 3

a
dc

di D U E
dt L L

= -   (6) 

 
The changing rate of a phase current is 0 in the ideal 

situation, then the value of D can be calculated, similar to 
Eq. (5). Compared with method in 2.4, the value of D 
doesn’t require to increase 1/2 to solve the problem in 
which large torque ripple in commutation appears every 
120 electrical degree. The value of D in other commutation 
region can be obationed in the same way, and the results 
are same. 

 
2.4 The switching states analysis and requirements in 

the transition of positive and negative rotation 
 
For the system operating in four-quadrant operation, the 

reference torque should be varying between positive and 
negative direction. At this moment, only using lookup table 
introduced by Table 3 can result in the upper and lower 
switching devices conduction at the same time. For 
example, in the sector Ⅰ(0°~30°), if the reference torque 
becomes reverse, the upper and lower switching device of a 
phase will conduct all the time. To solve this problem, add 
a whole turn-off state (0,0,0) in this particular case. It not 

Table 3. Lookup table of switching devices states with 
consider commutation torque ripple 

 * 0eT ³  * 0eT <  
Sector Electrical angle 0D ³  0D <  0D ³  0D <  

Front 30° D,-1,0 D,0,0 -D,0,0 -D,1,0 Sector Ⅰ 
AB Behind 30° 1,-D,0 0,-D,0 0,D,0 -1,D,0 

Front 30° 1,0,-D 0,0,-D 0,0,D -1,0,D Sector Ⅱ 
AC Behind 30° D,0,-1 D,0,0 -D,0,0 -D,0,1 

Front 30° 0,D,-1 0,D,0 0,-D,0 0,-D,1 Sector Ⅲ 
BC Behind 30° 0,1,-D 0,0,-D 0,0,D 0,-1,D 

Front 30° -D,1,0 -D,0,0 D,0,0 D,-1,0 Sector Ⅳ 
BA Behind 30° -1,D,0 0,D,0 0,-D,0 1,-D,0 

Front 30° -1,0,D 0,0,D 0,0,-D 1,0,-D Sector Ⅴ 
CA Behind 30° -D,0,1 -D,0,0 D,0,0 D,0,-1 

front 30° 0,-D,1 0,-D,0 0,D,0 0,D,-1 Sector Ⅵ 
CB Behind 30° 0,-1,D 0,0,D 0,0,-D 0,1,-D 
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only avoid bridge arm to become short circuit, but also 
accelerate the transition process.  

In order to analyse the transition process in sector Ⅰ, 
when reference torque changes from positive to negative a 
and b phases are in conducting states. When suddenly 
adding (0,0,0) state, the motor current direction unchangs 
at that instant, so terminal voltages of a and b phase are 0, 
DUdc, respectively, then the change rate of a and b phases 
current in this torque control cycle are presented as follows, 
respectively. 

 

 1 1
2

a
dc

di U E
dt L L

= - -   (7) 

 1 1
2

b
dc

di U E
dt L L

= +   (8) 

 
It can be seen that current quickly drop or rise to 0. 
 

2.5 System structure 
 
Fig. 4 shows the proposed BLDCM DTC system, with 

DTC as the inner loop and PI speed control as the outer 
loop and can be applied for operating in four-quadrant. 
Control system consists mainly of voltage source inverter, 
lookup table of switching devices states, position detection 
and speed calculation, electromagnetic torque estimation, 
PI speed controller and hysteresis torque controller.  

In the introduced system，the output torque can be 
calculated by the line EMF coefficient depending on rotor 
position and phase current. Considering sector I for an 
instance, the output torque can be calculated as follows 

 

 ac a bc b
e

rm

e i e iT
w
+

=   (9) 

 
where eac is line back-EMF between widings a and c, 
others are similar.  

The line back EMF eac, ebc, eba, eca, ecb, eab are 
symmetrical and proportional to rotor mechanical speed, as 
follows, 

 

 

1 2( ) ( ) ( ) ( )
3 3
4 5( ) ( ) ( )
3 3

ac bc ba ca

cb ab rm

e e e e

e e g

q q p q p q p

q p q p q w

= - = - = -

= - = - = ×
  (10) 

 
where， ( )g q  is the line back-EMF constant based on line 
voltage between a and c. 

If we obtain the line back-EMF constant ( )g q  from 0 
to 60 electrical degree by offline experiments, the 
electromagnetic torque in arbitrary rotor position can be 
calculated. 

 
 

3. Simulations and Experiments 
 

3.1 Main parameters of motor 
 
A three-phase five pairs of brushless DC motor is used 

in simulation and experiment to verify the validity of the 
proposed DTC scheme. The rated voltage, rotational speed 
and power are 300V, 3000r/min and 400W, respectively; 
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Fig. 4. Structural diagram of direct torque control system 

 
Fig. 5. DTC experimental system of BLDCM 
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the winding resistance and inductance are 3.05Ω and 
17mH, respectively. The simulation was implemented by 
MATLAB/M-file where the sampling time is 25ms. Fig. 5 
shows the experimental system of direct torque control and 
DSP is TMS320F28335-150 from TI company. The 
sampling time is 25ms in torque control and current, the dc-
link voltage is 300V and the load is dynamometer. 

 
3.2 Conventional direct torque control system 

 
Fig. 6 shows the experiment results for conventional 

direct torque control system in 500 r/min and 1.27N.m 
rated load. The phase inductance is 17 mH, 300 V dc-link 
voltage, 25 ms torque control period, and 2-3 sampling 
delay, current ripple in the theory is above 0.2A, 
considering the obtained experimental results (0.25A), the 
actual torque ripple reaches approximately to 30％. 

 
3.3 Direct torque control system with hysteresis and 

PWM mode 
 
Fig. 7 shows the experiment results of direct torque 

control system with hysteresis and PWM mode in 500 
r/min and 1.27N.m rated load. In experiment, the four 
threshold ( 1thT± , 2thT± ) of four-level hysteresis controller 
are ±0.03 and ±0.12 times of reference torque, 

respectively. 2D  is considered as 0.5 times of operating 
speed. From the experiment results, large torque ripple in 
commutation appears every 120 electrical degree, which 
consistent with theory analysis.  

 
3.4 The proposed direct torque control system 

 
Figs. 8 and 9 show the simulation and experimental 

results of proposed DTC system in constant torque 
command considering rated load torque 1.27 N.m and 
speed in 500 r/min and 1000 r/min, respectively.  

From the experiment results, it can be seen that the 
torque ripple is controlled within about 12%, and the 
simulation and experimental results are basically similar. 

Figs. 10 and 11 show the simulation and experimental 
results of the proposed DTC system, when the torque 
command steps from negative rated to positive rated and 
come back to negative rated again where speed is 
considered as 500 r/min and 1000 r/min, respectively. From 

 
Fig. 6. Experimental result under conventional DTC 

system (rated load) 
 

 
Fig. 7. Experimental result under DTC system with 

Hysteresis control and PWM mode(rated load) 

 
(a) 500r/min 

 
(b) 1000r/min 

Fig. 8. Simulation result of proposed DTC system under 
constant torque reference(rated load) 
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simulation and experimental results, the actual torque 
tracks with reference torque well. This simulation focuses 
on torque dynamic performance, without considering effect 
of torque to rotational speed which results the displacement 
change is always the same in Fig. 10. In fact, as it can be 
seen from the experimental current waveform in Fig. 11, 

when the output torque changes from motoring mode to 
brake mode, the speed obviously get slow，until the output 
torque returns to motoring mode again. 

Fig. 12 shows the experimental results of double closed-
loop control with half and full rated load, and motor 
starts up under reference of 1000r/min, after steady state 

 
(a) 500r/min 

 
(b) 1000r/min 

Fig. 9. Experimental result of proposed DTC system under constant torque reference(rated load) 
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(a) 500r/min 

 

 
(b) 1000r/min 

Fig. 10. Simulation result of proposed DTC system under step torque reference 
 

 
(a) 500r/min 

 

 
(b) 1000r/min 

Fig. 11. Experimental result of proposed DTC system under step torque reference 
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reference speed steps to -1000r/min, then motor reversely 
rotates, at last reference speed steps to 500r/min. The 
experimental process contains four-quadrant operation. 
Motor starts up with maximum torque in the first quadrant, 
and operats in steady state. When the step reference speed 
is given -1000r/min, motor reversely rotates in the third 
quadrant after transitional process in second quadrant. 
When the step reference speed is given 500r/min, motor 
forward rotates in the first quadrant after transitional 
process in fourth quadrant. From the experiment results, 
when the reference speed varies between positive and 
negative, speed changes more obviously in the second and 
fourth quadrant than the other quadrants. That is because 
output torque of the motor and load all play a brake effect 
at this time. 

 
 

4. Conclusion 
 
This paper proposed a direct torque control strategy 

for brushless DC motor to minimize torque ripple. The 
method combined hysteresis torque control and PWM 
mode, which avoided large current and torque ripple. At 
the same time, in the case when two-phase half-bridge 
120° conduction mode, improved lookup table of switching 
devices states solved torque ripple in commutation. Finally, 
simulation and experiment results were presented to verify 
the feasibility and effectiveness of the proposed strategy 
operating in four-quadrant operation. 
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