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Abstract: Brushless DC motors are often used as the power sources for modern ship
electric propulsion systems. Due to the electromagnetic torque ripple of the motor, the
traditional control method reduces the drive performance of the motor under load changes.
Aiming at the problem of the torque ripple of the DC brushless motor during a non-
commutation period, this paper analysis the reasons for the torque ripple caused by pulse-
width modulation (PWM), and proposes a PWM_ON_PWM method to suppress the torque
ripple of the DC brushless motor. Based on the mathematical model of a DC brushless
motor, this method adopts a double closed-loop control method based on fuzzy control
to suppress the torque ripple of the DC brushless motor. The fuzzy control technology
is integrated into the parameter tuning process of the proportional–integral–derivative
(PID) controller to effectively improve the stability of the motor control system. Under
the Matlab/Simulink platform, the response performance of different PID control methods
and the torque characteristics of different PWM modulation methods are simulated and
compared. The results show that the fuzzy adaptive PID control method has good dynamic
response performance. It is verified that the PWM_ON_PWM modulation method can
effectively suppress the torque ripple of the motor during non-commutation period, improve
the stability of the double closed-loop control system and meet the driving performance of
the motor under different load conditions.
Key words: DC brushless motor, electric propulsion, fuzzy PID control, torque ripple,
PWM_ON_PWM modulation

1. Introduction

A modern ship electric propulsion system requires high power density and reliability. A brush-
less DC motor (BLDCM) is widely used in the field of electric drive because of its good speed
regulation performance, high power density, high average torque and simple control strategy, so
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it is very suitable to use the brushless DC motor as power source [1]. Torque characteristic is an
important index of the motor performance, but the torque ripple in the BLDCM operation limits
its application in high precision occasions. Therefore, the suppression of torque ripple and the
improvement of control performance become the key to improve the performance of the BLDCM
system [2].

Literature [3, 4] has carried out a simple analysis of the effects of different PWM methods
on torque ripple during non-commutation, but no feasible solution has been proposed. Literature
[5] gives the law of the occurrence of the off-phase current in different PWM modes. Litera-
ture [6] first presents the problem of suppression of torque ripple during non-commutation by
PWM_ON_PWM, but it is not used for further quantitative analysis. The control method adopted
in reference [7] can only suppress the torque ripple of the permanent magnet brushless DC motor
running in the low speed region. Therefore, it is necessary to study the methods to suppress the
torque ripple of a permanent magnet brushless DC motor in high speed region. Reference [8]
suppresses the torque ripple generated by the commutation by the commutation overlap method.
Literature [9] deeply analyzes the particularity of the direct torque control technology of a brush-
less DC motor. In [10], it is analyzed that the PWM_ON_PWM mode can completely suppress
the torque ripple caused by the non-conduction phase current during non-commutation. Based on
the previous research, this paper integrates the fuzzy control technology into the PID controller
parameter tuning process, and analyzes and verifies that the PWM_ON_PWM n mode has a good
suppression effect on the torque ripple during non-commutation.

2. Mathematical model and control strategy of brushless DC motor

2.1. Working principle and mathematical model of brushless DC motor

A brushless DC motor has evolved from the traditional brushless DC motor. The stator
armature windings are star-connected and rotate in the three-phase six-state mode. The driving
mode is a state in a three-phase bridge controlled inverter circuit. The rotor position is obtained
by a Hall position sensor. The obtained rotor position can be processed as commutation control
information, and the signal is passed through the driving circuit. To provide the switching signal
for a power transistor, complete motor commutation and rotation. Fig. 1 is the working principle
block diagram of a brushless DC motor [11].

In order to simplify the analysis, the following assumptions are made for the motor: without
considering the core saturation, eddy current loss and hysteresis loss; without considering arma-
ture reaction, the air gap magnetic field is a trapezoidal wave with a flat top width of 120 degrees;
without considering the alveolar effect; the power tube and the continuous current diode of the
inverting circuit have ideal switching characteristics [12, 13].

According to the equivalent circuit, the three-phase winding phase voltage equation of the
motor can be expressed as [14]:
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Fig. 1. Working principle of brushless DC motor

uAN , uBN , uCN represent the three-phase voltage, iA, iB, iC represent the three-phase current, eA,
eB, eC represent the three-phase electromotive force, R is the stator phase resistance, LS is the
three-phase winding self-inductance, M is the mutual inductance between two-phase windings.

The three-phase current of star winding is satisfied:

iA + iB + iC = 0. (2)

The voltage equation of the brushless DC motor is as follows:
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In the formula L = LS − M .
The electromagnetic power of the motor is:

Pe = iAeA + iBeB + iCeC . (4)

All the electromagnetic power is converted into the mechanical power of the mechanical load
by the electromagnetic torque of the motor. Therefore, the electromagnetic torque of the motor is
obtained as follows:

Te =
Pe

Ω
, (5)

where Ω is the mechanical angular speed of the motor.
For brushless DC motors with two or two conducting modes, only two-phase windings

generate torque at each time, and the phase current direction of the two-phase windings is
opposite, and the direction of the back EMF is opposite, then the electromagnetic torque is
simplified as follows:

Te =
2EI
Ω

, (6)

I is the average amplitude of phase current, E is the reverse EMF amplitude.
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The dynamic equation of the brushless DC motor is:

Te = TL + J
dΩ
dt
+ BΩ, (7)

TL is the load torque, J is the rotating inertia of the system; TL is the load torque, B is the viscous
damping coefficient of the system.

2.2. Control strategy of DC brushless motor
A BLDCM is a time-varying and strongly coupled system. It is very important to select

the appropriate control structure and algorithm to control and regulate the motor. The control
structure is double closed-loop control, the inner loop is a current loop, and the outer loop is
a speed loop. For the traditional PID algorithm it is difficult to eliminate the problem of system
overshot and short-term oscillation in the control system of a brushless DC motor. This paper
integrates the fuzzy control technology into the parameter setting process of the PID controller to
better suppress the motor torque ripple and improve the stability of the control system. As shown
in Fig. 2, it is a double closed-loop fuzzy control system diagram of a BLDCM. The current loop
is controlled by PI and the speed loop is controlled by a fuzzy PID.

Fig. 2. Control system diagram of brushless DC motor

The self-adaptive fuzzy-PID controller is applied to the speed loop of a DC brushless motor,
and a two-dimensional fuzzy controller is adopted. The speed error e and error rate ė are taken
as inputs, and the parameters of the PID are modified by using the fuzzy rules to meet the
requirements of e and ė at different times and self-tuning of the parameters of the PID. The
structure of the controller is shown in Fig. 3.

Fig. 3. Structure diagram of Fuzzy PID controller



Vol. 68 (2019) Research on torque ripple suppression of brushless DC motor 847

According to the actual speed error of the BLDCM measured by a Hall sensor and expert
experience, the basic domain of speed error of the fuzzy controller can be determined. For
convenience of calculation, the basic domain is quantified by 0.5. The quantized domain is
{6, −5, −4, −3, −2, −1, 0, 1, 2, 3, 4, 5, 6} and the quantized factor of the deviation change rate is
100. The universe is {−6, −5, −4, −3, −2, −1, 0, 1, 2, 3, 4, 5, 6}.

The basic domains of proportional link coefficient KP , integral link coefficient KI and dif-
ferential link coefficient KD are {0.2, +0.2}, {0.1, +0.1} and {0.1, +0.1}, respectively. The
quantization factors are 30, 60 and 60, respectively. Therefore, the quantized domain is {6, −5,
−4, −3, −2, −1, 0, 1, 2, 3, 4, 5, 6}.

According to the actual working characteristics of a brushless DC motor and expert experience,
the rules of the speed fuzzy controller of the brushless DC motor are formulated. According to
the fuzzy rule table, the output surface of three outputs of the controller is obtained. The smoother
the surface, the more reasonable the fuzzy rule is established [11], as shown in Fig. 4.

(a) Output curve of KP

(b) Output curve of KI (c) Output curve of KD

Fig. 4. Output curve

This section mainly introduces the working principle and mathematical model of a BLDCM,
determines the control strategy of the BLDCM, and chooses the appropriate control structure and
algorithm to control and regulate the motor. The control structure adopted is the double closed-
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loop control. At the same time, the fuzzy control technology is integrated into the parameter
setting process of the PID controller, and how to use the fuzzy controller to set the parameters
is introduced, so as to better suppress the motor torque ripple and improve the stability of the
control system.

3. Research on torque ripple reduction method based on PWM modulation

Although the double closed-loop fuzzy control system improves the control performance to
a certain extent, it still cannot satisfy the motor in some occasions requiring higher accuracy,
response speed and dynamic characteristics. This is because the control system does not introduce
the control link to electromagnetic torque, which makes the motor have the problem of torque
ripple. How to suppress the torque ripple is the key factor to improve the control performance of
a brushless DC motor. This paper mainly analyses the non-commutation torque ripple of a brush-
less DC motor and its suppression methods, emphatically analyses the influence of different PWM
modes on the torque ripple, and finally proposes the suppression analysis of the PWM_ON_PWM
mode for the torque ripple.

3.1. The effect of PWM on torque ripple in non-commutation
There are two kinds of torque ripple in a BLDCM: a non-commutation period and commuta-

tion period. In this paper, the non-commutation torque ripple is studied. There are four common
PWM modes for a brushless DC motor, namely H_PWM-L_ON, H_ON-L_PWM, PWM-ON
and ON-PWM, as shown in Fig. 5.

For the condition of non-commutation torque ripple, the non-conducting phase voltage is Uoff
and the DC bus voltage is Ud. When Uoff < 0, the four PWM modes generate non-conducting
phase continuity through the lower arm diode, and when Uoff > Ud, non-conducting phase
continuity through the upper arm diode [15].

The following four common PWM modes are analyzed in each electrical angle range. As
shown in Table 1, the non-commutation torque ripple values of different modulation modes in the

Table 1. Torque ripple values for different PWM modulation modes

PWM modulation modes 0◦∼30◦/60◦∼90◦ 30◦sim60◦/90◦sim120◦

H_PWM-L_ON −2E2

LΩ
t1 −2E2

LΩ
t1 −

2e2

3LΩ
t1

H_ON-L_PWM −2E2

LΩ
t1 −

2e2

3LΩ
t1 −2E2

LΩ
t1

PWM-ON −2E2

LΩ
t1 −2E2

LΩ
t1 −

2e2

3LΩ
t1

ON-PWM −2E2

LΩ
t1 −

2e2

3LΩ
t1 −2E2

LΩ
t1
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(a) H_PWM-L_ON (b) H_ON-L_PWM

(c) PWM-ON (d) ON-PWM

Fig. 5. Output curve

range of 0◦sim120◦ are listed. The calculation results in the range of 120◦∼240◦ and 240◦∼360◦
are the same as 0◦∼120◦.

As can be seen from Table 1:
1. Torque ripple ∆T produced by non-conducting phase continuation includes two parts: one

is the torque ripple

∆T1 = −
2E2

LΩ
t1 ,

produced by off-phase continuation, the other is the increased part

∆T2 = −
2e2

3LΩ
t1 .

This part of the torque ripple is not a fixed value, and the amplitude varies with the change
of the non-conducting opposite electromotive force.
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2. The amplitude of the torque ripple is also higher in the region where the absolute value
of back EMF is larger; as the amplitude of the back EMF approaches zero, the torque
ripple gradually decreases to zero. The off-phase discontinuous current is generated by
a low-level PWM signal, so it is inevitable to turn off the phase discontinuous current when
using two-two-on three-phase full-bridge topology.

From the above analysis, the four modulation methods are single-tube modulation, that is,
only one of the power transistors performs PWM. However, these four PWM methods cause the
non-conduction phase diode to continue to flow to generate torque ripple. When the PWM is
turned off by the power transistor, the non-conducting phase voltage becomes greater than Ud or
less than 0, then the diode conduction current occurs, which causes the torque ripple.

3.2. Torque pulse suppression method based on PWM_ON_PWM
From the previous analysis, it can be seen that the four PWM modes in common use cause

non-conducting diode continuation in normal operation, which leads to the generation of torque
ripple. In view of this situation, this paper uses PWM_ON_PWM to suppress the torque ripple,
as shown in Fig. 6. In the 120 degree range of each power transistor conduction, the first 30
degrees and the last 30 degrees are PW modulated, and the middle 60 degrees are constant
conduction [16–19].

Fig. 6. PWM_ON_PWM modulation mode

The non-conducting phase voltage of PWM_ON_PWM mode satisfies 0 < Uoff < Ud and
only produces off-phase discontinuous current; the non-conducting phase voltage of PWM-ON,
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ON-PWM, H_PWM-L_ON, H_ON-L_PWM mode will have three possibilities: Uoff < 0,
Uoff > Ud and 0 < Uoff < Ud, which will produce both an off-phase discontinuous current
and a non-conducting phase discontinuous current [20]. Therefore, using PWM_ON_PWM can
avoid the generation of non-conducting phase continuum flow.

The core of this modulation method is that when the non-conducting opposite electromo-
tive force is greater than zero, the upper arm power transistor is PW modulated, and the lower
arm power transistor is constant conduction. When the non-conducting opposite electromo-
tive force is less than zero, the upper arm power transistor is constant conduction, and the
lower arm power transistor is PW modulated. In this way, the non-conducting phase terminal
voltage is neither higher than the DC bus voltage nor lower than zero, thus avoiding the phe-
nomenon of non-conducting phase conduction. This modulation mode combines the advantages
of half-bridge modulation and full-bridge modulation: it not only completely eliminates the phe-
nomenon of non-conducting phase conduction, but also reduces the switching loss of power
switches.

In order to minimize commutation torque ripple, feedback closed-loop control is adopted
for non-commutation current, i.e. the real-time detection of non-commutation current. Through
feedback control, the current can track the set current expectation in the real time, and then make
the fluctuation of the non-commutation current smaller. Hysteresis current control is generally
used for feedback closed-loop control.

As shown in Fig. 7, the principle of operation is that the current loop uses a Schmitt hysteresis
regulator. By comparing the given current with the actual current, the output of the regulator is
determined by the amplitude and hysteresis width of the actual current. When the actual current
is less than the lower limit of the hysteresis width, the output of the controller is 1, and the
corresponding power switch is on. When the current begins to rise to the upper limit of the
hysteresis width, the output of the controller is 0, and the corresponding power switch is off and
the current decreases. The characteristics of this method are good rapidity, simple application
and good current limiting ability. Experiments show that the proposed method can suppress
the commutation torque ripple effectively when the BLDCM runs in the middle and low speed
regions [21].

Fig. 7. Principle diagram of current hysteresis control
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4. Simulation analysis of brushless DC motor control system

4.1. Simulation model of control system

According to the above analysis, the simulation model of the double closed-loop control system
of a BLDCM is built based on the simulation platform of MATLAB/Simulink. According to the
simulation model of the BLDCM, the parameters of the motor are as follows: stator resistance
0.9 Ω, stator inductance 0.27 mH, rotational inertia 4.8 × 10−5 kg·m2, damping coefficient
0.001 N·m·s, pole number 4, as shown in Fig. 8.

Fig. 8. Simulation model of brushless DC motor control system

In the simulation model of Matlab/Simulink, according to the control structure of the BLDCM,
the whole system is divided into several modules: the BLDCM, Fuzzy PID speed control module
(Fig. 9), current PI control module, inverting circuit module and logic commutation module.

Fig. 9. Fuzzy PID controller speed regulator module

4.2. Analysis of simulation results

In this paper, the control system of a brushless DC motor is simulated and analyzed from two
aspects: in order to verify the better response performance of the fuzzy PID control system to the
control system, the response performance of the fuzzy PID control system and the traditional PID
control system under the conditions of motor starting, load mutation and given speed mutation
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is compared and analyzed; at the same time, in order to verify that the PWM_ON_PWM mode
can effectively suppress the motor. Torque ripple, the effects of H_PWM-L_ON modulation and
PWM_ON_PWM on motor torque ripple are compared and analyzed.

4.2.1. Comparison and analysis of different PID controls

As shown in Fig. 10, the speed response curves of a given motor speed of 2 000 rpm under
no-load operation are controlled by Fuzzy PID and traditional PID.

Fig. 10. No-load speed response diagram of 2 000 rpm motor speed

As shown in Fig. 11, given the starting speed of the motor is 1 000 rpm, the speed response
curve of the motor, when it suddenly changes to 2 000 rpm at 0.1 s, is drawn.

Fig. 11. Speed response diagram of sudden change of motor speed

As shown in Fig. 12, given a no-load operation speed of 2 000 rpm, the load changes from
0 N to 5 Nm at 0.1 s.

According to different given conditions, the simulation performance analysis tables of fuzzy
PID and traditional PID control are arranged, as shown in Table 2.
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Fig. 12. Velocity response diagram of motor torque sudden change

Table 2. Analysis of system simulation performance

Speed/rpm
Fuzzy PID PID

Overshoot (%) Time (s) Overshoot (%) Time (s)

0–2 000 no load 0.8 0.038 15 0.042

1 000–2 000 no load 2 0.028 12 0.039

2 000 increase load 1.9 0.021 9 0.026

From the simulation results, it can be seen that under the given conditions, compared with the
traditional PID control, the Fuzzy PID control has smaller overshoot and faster regulation speed.
Under a no-load of 0–2 000 rpm, the traditional PID overshoot is 14.2% more than the Fuzzy PID
overshoot; under a no-load of 0–2 000 rpm, the traditional PID overshoot is 10% more than the
Fuzzy PID overshoot; under a sudden load of 2 000 rpm, the traditional PID overshoot is 7.1%
more than the Fuzzy PID overshoot. Moreover, the adjustment speed of the Fuzzy PID control is
faster. Therefore, the Fuzzy PID control has better and more stable response performance.

4.2.2. Comparison and analysis of different PWM modulation modes

As shown in Fig. 13(a–d), given a motor speed of 2 000 rpm, no-load start, in the case of 0.1 s
sudden load of 5 Nm, electromagnetic torque waveform and phase current simulation waveform
under two modulation modes.

Fig. 13(a–b) show that the torque fluctuation under PWM_ON_PWM mode is stable, and the
amplitude is smaller, and the stable state can be achieved faster when the load changes abruptly.

Fig. 13(c–d) show that the phase current waveform of the motor under PWM_ON_PWM mode
is more regular and the fluctuation is smaller, when the load changes abruptly, the fluctuation of
current value is small, and it can quickly become stable.

The waveforms of phase currents under PWM_ON_PWM show that PWM_ON_PWM elim-
inates the problem of non-conducting phase continuum flow and thus eliminates the problem
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(a) H_PWM-L_ON modulation electromagnetic torque waveform

(b) PWM_ON_PWM electromagnetic torque waveform

(c) H_PWM-L_ON modulation phase current waveform
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(d) PWM_ON_PWM phase current waveform

Fig. 13. Electromagnetic torque and phase current waveform of two modulation modes

of non-conducting phase torque ripple. When the H_PWM-L_ON modulation mode is applied
at low speed and constant load, the current will form a loop in the winding through DC bus
continuation, the amplitude of current drop will be larger, so we can see that the H_PWM-L_ON
modulation mode has larger waveform amplitude than the PWM_ON_PWM mode. Therefore, it
is verified that the PWM_ON_PWM can suppress the torque ripple of the motor well.

In this section, based on the simulation model of a BLDCM, the response performance
of Fuzzy adaptive PID control and traditional PID and the influence of H_PWMŋL_ON and
PWM_ON_PWM on torque ripple are compared and analyzed. Under the same speed and
load conditions, the phase current waveform of PWM_ON_PWM mode is more regular and
the fluctuation is smaller; under the same conditions, the PWM_ON_PWM mode can reach
a stable state faster after a sudden load. The results show that the Fuzzy adaptive PID con-
trol has better response performance and the PWM_ON_PWM can better suppress the motor
torque ripple.

5. Conclusion

This paper adopts a double closed loop control system, outer loop Fuzzy PID speed loop
control, inner loop PID current loop control. Considering the influence of PWM on the torque
ripple of a BLDCM, the PWM_ON_PWM is used to suppress the torque ripple of the BLDCM.
The response performance of Fuzzy PID and traditional PID and the influence of H_PWMŋL_ON
and PWM_ON_PWM on motor torque ripple are simulated and analyzed, respectively. The
simulation results show that the Fuzzy PID has faster response, smaller overshoot and shorter
adjustment time than traditional PID. The phase current waveform of PWM_ON_PWM is more
regular and the torque ripple is smaller. It is verified that Fuzzy PID can improve the control
performance of a DC brushless motor, and PWM_ON_PWM can effectively suppress the motor
torque ripple.
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