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Abstract: The commutation torque ripple in the six-step square-wave driving mode of the brushless DC motor affects the
motor performance and generates mechanical vibrations and noise when used for industrial applications. The cause of
commutation torque ripple is analysed in this study and a non-linear transient model of the phase current during the
commutation interval is developed. According to the transient-current model, the commutation voltage and the time
required to produce a constant torque can be calculated without current sampling; this makes the control system
easier to realise in industrial applications, and reduces the need for a high performance controller. Based on the pulse-
with modulated chopping method and quasi-Z-source net, the proposed control system can adjust the motor speed
using a constant-voltage power supply and reduce the commutation torque ripple over the entire speed-adjustable
range. A torque transducer is used to measure the dynamic torque ripple in the experiment. The results show that the
proposed commutation torque-ripple reduction strategy can reduce the dynamic torque ripple by about 70% in both

simulation and experiment compared with the traditional driving methods.

1 Introduction

The brushless DC motor (BLDCM) is widely used in industrial and
domestic applications because of its high reliability, high power
density, high torque to inertia ratio, simple structure, long life
span, and easy-to-drive features [1, 2]. The performance of such
motors has been significantly improved by the developments in
power electronics, microelectronics, permanent magnet (PM)
materials, and the control technology in the recent years [3-5].

However, torque ripple is the main drawback that limits the usable
range of the BLDCM. An idealised BLDCM should have trapezoidal
waveforms for back electromotive force (EMF), and can thus be fed
with rectangular stator currents in a six-step square-wave driving
mode. Since the motor windings are inductive, the controller
cannot produce the ideal rectangular current during the
commutation period, and a torque ripple is induced by current
ripple during commutation. This kind of torque is defined as
commutation torque ripple. The resulting torque ripple primarily
affects the speed and accuracy of position control. It also induces
mechanical vibrations and acoustic noise [6, 7].

Many control methods for reducing the commutation torque ripple
have been developed in recent years. The authors in [8—10] presented
some methods to reduce the commutation torque ripple using the
three-phase pulse width modulation (PWM) technique. A new
approach to optimise the current waveform based on the d ¢
frame, which results in minimum torque ripple and maximum
efficiency in BLDCM drives, was proposed in [11, 12]. However,
the methods using the PWM technique can significantly reduce the
commutation torque ripple at low speeds only.

For high speed operations, Shakouhi et al. [13] proposed a way to
reduce the commutation torque ripple by energising the in-coming
phase before the out-going phase switch-off. A method changing
driving mode during commutation interval is illustrated in [14].
These methods increase the commutation time and have irregular
phase current shapes. A DC-DC converter is used to compensate
for the low of dc-link voltage during the commutation interval in
[15, 16], which can significantly reduce the torque ripple at high
speeds. A single-ended primary-inductor converter (SEPIC) circuit
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was introduced for adjusting the dc-link voltage during
commutation in [17]. The SEPIC circuit drive system can reduce
commutation torque ripple at both high and low speeds; however
in [17], the phase resistance is neglected in order to simplify the
control strategy which leads to lesser suppression of the torque
ripples. Moreover, in reality the SEPIC circuit mostly operates in
the boost mode most of the time.

In [18-21], several new methods that consider the effects of
non-ideal back-EMF and minimise commutation time are
discussed in depth. These methods help in constructing new
models for motor driving system such as three-level
neutral-point-clamped inverter with DC-DC converter and
finite-state model predictive control.

The driving methods mentioned in these literatures using complex
control methods with phase-current and DC-voltage measurements,
or torque-estimation methods, to suppress the torque ripple. This
makes the control methods difficult and expensive to realise in
industrial applications. This paper propose a novel driving system
based on the PWM-chopping method and lift converter which can
significantly reduce the torque ripple in the entire speed-adjustable
range without current sampling. The quasi-Z-source which has the
advantage of large gain and high reliability [22] is employed to
deal with the torque ripple at high speeds when power supply
cannot provide enough dc-link voltage at commutation interval.
The PWM technology is used to adjust the motor speed and
reduce the commutation torque ripple at low speeds. The proposed
method can also reduce the commutation torque ripple during
changes in the speed or load in a timely and effective manner. The
results of simulation and experiment show the reliability and
efficiency of the driving system.

2 Torque ripple in BLDCM driving system

The torque ripple of the BLDCM is formed by three components:
cogging torque, reluctance torque and mutual torque [23]. Cogging
torque is a common shortcoming in PM motors, and can be
minimised during motor design. PM motors with surface mounted
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magnets do not demonstrate reluctance torque. In this paper, the
reluctance and cogging torque have been neglected [24].

A typical equivalent circuit of BLDCM driving system is shown in
Fig. 1a. Uy, is the dc-link voltage of the three phase voltage inverter.
Equation (1) describes the voltage relations of the three-phase
current during normal operation.
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where, Uy is the neutral point voltage; u,, u;, and u,. are the phase
voltages; i,, iy, and i, are the phase currents of A, B, and C phases;
e,, ep, and e, are the phase back-EMF; L= Lg — M is the equivalent
inductance of the phase windings, where, Lg is the self-inductance
and M is the mutual inductance of individual coils; and R is the
stator winding resistance.

Neglecting the cogging torque, the instantaneous electromagnetic
(EM) torque can be expressed as

1
Tem = (eaia + ebib + eric) 5 (2)

T

where, o, is the rotor speed. The dynamic equation of the motor can
be expressed as

T.

em

dr T j( _TL_Bwr) (3)
where B is the damping coefficient, J is the moment of inertia of the
system, and 7} is the load torque.

From the EM torque equation, the sum of e,i,, e,ip, and e i, has to
be constant in order to produce a constant EM torque. For the ideal
120° trapezoid back-EMFs, it can be observed that rectangular phase
currents are required as shown in Fig. 15, where P4, Pp, and Pc
represent the phases: A, B, and C, and H,, H, and H, represent
the corresponding Hall signals for each phase. However, the ideal
rectangular phase-current waveforms are hard to realise during the
commutation process. The inductance of the stator winding
impedes the change of phase current. Thus, the currents cannot fall
to zero or increase to a constant value immediately after the
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commutation starts. Moreover the difference between the rising
and falling rates of the current during the commutation period has
a direct influence on the commutation torque.

The PWM-chopping method used in this paper, to adjust the
BLDCM speed, is the PWM_ON scheme, which can minimise the
commutation torque ripple compared with other switching modes
[25]. The duty ratio of the PWM at a steady conduction state is Dy
while that during commutation interval is D).

In the following section, the commutation process of the current
from phase AC to phase BC is analysed as an example. This
current transfer is achieved by switching 7, OFF and 753 ON, with
Ty, remaining ON. For the existence of a stator induction, the
current of the out-going phase A flows through the freewheeling
diode of T, before falling to zero. The three phase voltages of the
BLDCM can be expressed as

di

0= Ri, + LG +e, + Uyg
di
Uge - Dy = Ri,, +Ld_;+eh+UN0 )
di,
0= Ri,+ LS5 +e,+ Ung

According to the instantaneous power theory, the neutral point Uyg
can be written as

Uno= Uy "Dy —e, — ey —¢)/3 (%)

To produce a constant torque, the rising and falling rates of the
currents should be equal. That is

di, di,
b _ _a 6
dr dt ©)
After substituting and merging similar items, the PWM duty-ratio-D,
during commutation can be illustrated as

Uy - Dy =3R(i, + i) + e, + €, — 2e, @)

When the back-EMF waveform of BLDCM is the ideal 120°
trapezoidal (Fig. 1b), e,=E,, e,=E,, and e.=-E, at the
beginning of the commutation, where E,, is the amplitude of
back-EMF, and it is expected to be constant during the
commutation considering that the commutation interval is very
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Fig. 1 Conventional driving circuit and ideal back-EMF waveforms of the BLDCM

a Inverter and equivalent circuit
b ldeal currents and back-EMFs with Hall signals
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Fig. 2 Driving system equivalent circuit during commutation interval

a Before commutation start
b At the beginning of commutation
¢ Steady state of the circuit

short. Thus, the condition: Uy, * D =3RI, +4E,, where I, is the
amplitude of the phase current, should be met to keep the rising
and falling rates of the in-coming and out-going phase currents
equal at the moment of commutation start.

The equivalent circuit of the BLDCM driving system during the
commutation interval can be observed in Fig. 2. The steady state
cannot be achieved in the driving system, since the phase A gets
cut-off immediately when the current i, falls to zero. At the
beginning of commutation, the existing i,_y = (U, - Dy — 2E,,)/
2R, ipoy =0 while iy = —(UgD; +2E,)/3R,  ipe) =
QUy.D, —2E,,)/3R at the steady statement and the discharge time
constant 7=L/R. The transient currents of the three phases i,, i,
and i. during the commutation interval before i falls to zero can
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be thus expressed as
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From the above equation, the current fall time #; which is the time
taken by the current of the out-going phase to fall to zero, can be
calculated as

L, 1.5UyDy + UyDy ~ E, ©)
R UgD, + 2E,,

tf—

Replacing i, and i, in (7) with the corresponding equations in (8), the
commutation interval voltage required to produce a constant torque
can be calculated as

Uy D, = 1.5U,.Dy +E,, (10)

This means that the falling and rising current rates would be equal,
and that the torque ripple can be reduced by providing the
required voltage expressed in (10) during the commutation
interval. Then the current behaviours for different motor speeds
can be found as shown in Figs. 36 and ¢, where #; and ¢, are the
falling and rising times of the out-going and in-coming phases.

As shown in Fig. 3¢, sometimes in high-speed situations, D,
might be more than 1, but the duty ratio of the PWM cannot be
greater than 1. To satisfy the requirement of a high pulsation
voltage during the commutation interval, a quasi-Z-source net [26]
and power-selection circuit are placed in front of the inverter. The
output voltage of the quasi-Z-source net is set as the required
commutation voltage, Uy D, (D; > 1). The power-selection circuit
is used to shift the dc-link voltage from the power supply voltage
to the quasi-Z-source output voltage at the start of commutation.
The Commutation period can be calculated from (9), and the
power-selection circuit would turn off at the end of commutation.
Fig. 3a shows the proposed driving system for the BLDCM.

i A e b ik L b o«

a b c
Fig. 3 Configuration and switching patterns of BLDCM driving system with quasi-Z-source net
a Configuration of BLDCM driving system
b Switching patterns at low speeds
¢ Switching patterns at high speeds
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Fig. 4 Operating state of quasi-Z-source net
a Equivalent circuit of the quasi-Z-source net
b Non-shoot-through operating state
¢ Shoot-through operating state
Table 1 Switching states
Angle T T, Tz Ta Ts Te
30° PWM 0 0 0 0 1
90° 1 PWM 0 0 0 0
150° 0 1 PWM 0 0 0
210° 0 0 1 PWM 0 0
270° 0 0 0 1 PWM 0
330° 0 0 0 0 1 PWM

1: Switch on, 0: Switch off, PWM: Switch on with PWM

When the motor is running at low speeds, such that D is less than
the 1, the duty ratio of the PWM is changed to maintain Uy.D; =
1.5Uy4.Dy + E,, during the following commutation interval. Fig. 3b
shows the switching states and phase-current waveforms during
the commutation period in low speed operations. In this figure, the
switch K, Ty, Ts, and Ts are keeping off. At high speeds, a
quasi-Z-source net is employed to provide a voltage higher than
the DC power supply voltage, and the dc-link voltage is changed
immediately at the beginning of every commutation interval using
the power-selection circuit to ensure the equality constraint of the
commutation voltage. Fig. 3¢ shows the current and dc-link
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Fig. 5 Flowchart of the proposed commutation control method

voltage waveforms when the quasi-Z-source net is switched in the
DC bus during the commutation interval at high speeds; Ty, Ts, T¢
are kept off while 7, is on. The BLDCM can run at both low and
high speeds with minimum torque ripple, if the proposed driving
system is applied.

3 Control strategy

As illustrated above, an adjustable commutation interval voltage is
required to maintain 1.5Uy4.Dy+E,, to avoid the commutation
torque ripple. At low speeds, the commutation input voltage can
be decreased by changing the duty ratio of the PWM during the
in-coming phase switches. When the motor runs at high speed, the
quasi-Z-source net is employed to increase the dc-link voltage by
adjusting the shoot-through ratio of the switch Q during the
chopping cycle.

3.1 Quasi-Z-source net

The equivalent circuit of the quasi-Z-source net is shown in Fig. 4a
[27]. Uy is DC source voltage and R is the equivalent load of the
driving system. The quasi-Z-source net can enhance the output
voltage V,, which appears at the load with the chopping of switch Q.

The two operating states of the quasi-Z-source net are the
non-shoot-through operating state and the shoot-through operating
state (Figs. 4 and c). In the non-shoot-through operating state, the
switch Q is turned OFF, and the current is provided by the
inductors L; and L, and the power supply Ug.. The capacitor C;
stores, and the load consumes the energy; the diode D; operates
like a wire in the ideal condition during its forward conduction.
When the switch Q turns ON, the circuit works in the
shoot-through state. The inductor L; in the left half of the circuit is
charged by the energy released from the capacitor C, and the
power supply Uy, and the current of inductor L; increases. When
the whole switching cycle is complete, the currents of the inductors
L, and L, decrease again to supply energy to load. Eventually, V,
will be greater than Uy and the voltage will be boosted.

The average output voltage of the quasi-Z-source net can be
expressed as [28]

. 1-D
V

o =71_5p Y an

where, D is the duty ratio of the shoot-through period in one

Table 2 Parameters of the BLDCM driving system

Variable name Value
rated voltage, V 24
rated power, W 42
rated speed, r/min 1000
pole pairs 2
phase resistance, Q 0.75
phase inductance, mH 1.0368
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Fig. 6 Simulation block diagram and output voltage characteristic

a Simulation block diagram of the proposed driving system for BLDCM
b Output voltage adjustment characteristics of the quasi-Z-source net

switching cycle. The input DC power supply voltage can be boosted
to an extremely high voltage with about 50% duty ratio. Thus, any
required commutation interval voltage can be derived by changing
the duty ratio of the switch Q in the high speed region.

Compared with the commutation interval, the adjusting process of
the quasi-Z-source net takes a longer time (tens or hundreds of
microseconds). Hence, the power selection circuit is required, and
the switch K is employed to allow the DC bus to shift between the
DC power supply and the quasi-Z-source net.

3.2 Control algorithm

During the commutation, the slopes of the in-coming phase currents
are related to the commutation interval voltage Uy.D; and the

DClink voltage
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Fig. 7  Simulation waveforms of the BLDCM

a and ¢ Current and torque waveforms, at high speeds (1000 r/min)
b and d Current and torque waveforms, at low speeds (500 r/min)

IET Electr. Power Appl., 2016, Vol. 10, Iss. 9, pp. 819-826

This is an open access article published by the IET under the Creative Commons

Attribution License (http:/creativecommons.org/licenses/by/3.0/)

maximum value of back-EMF E,,, where E,, is proportional to the
motor speed and can be considered as a constant during
commutation. The speed could be estimated from the Hall sensors
of the BLDCM, and the required commutation voltage could be
calculated from (10). The rising edges or falling edges of the Hall
sensor signals, H,, H,, and H,, as shown in Fig. 15, are considered
as the beginning of commutation. #;, which is the time taken by the
current of the out-going phase to fall to zero is considered as the
period of the commutation interval. The principle driving strategy
is a six-step square-wave driving method with voltage
compensation during the commutation interval. Table 1 shows the
switching states of the inverter according to the rotor positions.

The proposed topology for the BLDCM driving system and
control strategy, realises minimum torque ripple in a wide speed
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Fig. 8 Experimental platform of BLDCM

range. Before the beginning of commutation, the current falling time
is calculated as the commutation interval 7. The real commutation
interval 7’ would increase when the motor speed changes. Thus, a
At is used to correct the commutation time 7" when the motor
speed changes, and it will be reset according to the value of the
regulated speed. Then, the real commutation time can be
calculated as 7' =T+At. The flowchart of the proposed control
strategy is shown in Fig. 5.

4 Simulation and experiment

Simulations and experiments were carried out to verify the feasibility
of the proposed control strategy. The key parameters of the prototype
motor, and their values, are shown in Table 2. The DC power supply
used in the simulation and experiment was a 24 V constant-voltage
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Fig. 9 Experiment waveforms of BLDCM

source, and the frequencies of the PWM on the inverter and
quasi-Z-source switches were 15 and 10 kHz, respectively.

4.1 Simulation results

The BLDCM driving system shown in Fig. 3a was constructed using
MATLAB/Simulink. The overall block diagram of the proposed
driving system of BLDCM is shown in Fig. 6a. The output
voltage of the quasi-Z-source net is shown in Fig. 6b. The
inductance and capacitance used in the quasi-Z-source net is 200
uH and 470 pF, respectively. The desired reference voltage of the
quasi-Z-source net is set to 35 V at 0.3 s while the input voltage is
24 V. It is clear that the change of the output voltage from the
input voltage of the DC power supply (Ug.) to the reference
voltage, takes nearly 0.1 s. It is much longer than the commutation
interval. Therefore, the power-selection circuit is employed in the
driving system to switch the dc-link voltage between the DC
power supply and the quasi-Z-source net output.

The simulation results of the BLDCM running at high (1000 r/min,
rated speed) and low (500 r/min, half of rated speed) speeds with a
constant load of 0.1 N'm are shown in Fig. 7. At high speeds, the
steady conduction duty ratio Dy of the PWM on the inverter is
close to 100%; the dc-link voltage should be higher than the input
voltage at the commutation interval to reduce the torque ripple,
according to the proposed control strategy. In Fig. 7a, the dc-link
voltage Uy, is switched to the quasi-Z-source net output, which has
been regulated according to (10) at the commutation interval after
4's. Comparing the BLDCM phase-current waveforms before and
after 4 s, it is observed that the current fluctuations that contribute
to the torque ripple are significantly reduced. The top and bottom
of the phase-current waveforms are much smoother as indicated by
the circles in Fig. 7a. When the BLDCM runs at low speeds, the
ideal commutation voltage is much lower than the input DC
power-supply voltage. The desired commutation voltage can be
derived by changing the duty ratio of the PWM for the in-coming
phase (Fig. 7b). The current ripple has also disappeared from the
BLDCM phase-current waveform.
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a and ¢ Current and torque waveforms without and with the proposed control strategy at high speeds (1000 r/min)
b and d Current and torque waveforms without and with the proposed control strategy at low speeds (500 r/min)
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The EM torque variations at high and low speeds are shown in
Figs. 7c and d, respectively. When the proposed control strategy
starts to work at 4 s, the torque ripple is significantly reduced
under an appropriate commutation voltage. The torque ripple
decreases by about 75%, from about 33.3% to 6.5%, at 1000 r/
min, and from about 32.0% to 8.7% at 500 r/min. Moreover, the
EM torque of the BLDCM has increased compared with the case
without voltage compensation at high speeds. This is because of
the extra power supplied from the quasi-Z-source net during the
commutation interval.

4.2 Experiment results

The experiment platform of the proposed driving system for
BLDCM is shown in Fig. 8. The main parameters of the BLDCM
have already been presented in Table 2. The magnetic powder
brake acts as the load. The core testing device is the high-precision
non-contact shaft-to-shaft rotary torque sensor, TRS605, with
2-Mg N'm measurement accuracy and a 3-kHz sampling
frequency. It connects the BLDCM and the brake with couplers
for measuring the torque ripple precisely. The controller is based
on a TMS320F28035 digital signal processor. The driver includes
an inverter, quasi-Z-source net and power-selection circuit. The
digital data acquisition system for the torque sensor and a Tek
DPO5104 oscilloscope with a current probe A622 are the
measurement instruments.

The testing results with and without the proposed torque ripple
reduction strategy at high speeds (1000 r/min) are shown in Figs. 9a
and b. Channel 1 provides the output voltage of the torque sensor.
According to the data-sheet of the torque sensor, 0 to 5V output
voltage against 0 to 2 N'm torque can be expected. Channel 2
provides a one-phase current waveform. Channel 3 provides the

de-link voltage in Figs. 9a and » and the commutation interval in
Figs. 9¢ and d. The phase current at the commutation interval,
highlighted by a circle in Fig. 9b, is smoother than the phase
current without the torque-ripple reduction shown in Fig. 9a. The
torque ripple is reduced to 20.3% with the proposed control
strategy, while the torque ripple of BLDCM with the traditional
six-step square-wave control method reaches 77.1%.

The experiment waveforms with the same load at low speeds (500
r/min) are shown in Figs. 9c and d. It is obvious that the torque ripple
is significantly reduced with the proposed control method, by about
75%, from 138.9% to 34.3%.

The torque ripple in one electric cycle of the BLDCM can be
expressed in terms of the polar coordinates as shown in Figs. 10a
and b. It is obvious that the characteristics of the output torque are
improved greatly with the proposed driving strategy. For the
limitations of motor manufacturing technology, the disadvantages
of BLDCM, such as the non-ideal back-EMF, cogging torque, and
deviation of Hall position contribute to the inherent torque ripple.
Thus the dynamic torque ripple in the experiment is slightly larger
than that in the simulation.

The real commutation interval 7’ can be adjusted dynamically
when the load changes to adapt the changing parameters. When a
0.1 Nm load is applied suddenly to the output shaft of the
normally running BLDCM, dynamic commutation torque-ripple
reduction can be achieved along with the high response speeds for
the control system. The experimental torque and current
waveforms are shown in Fig. 10c.

5 Conclusion

This paper proposed control methods and a driving circuit for
BLDCM, which could significantly reduce the commutation torque
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Fig. 10  Experiment waveforms of BLDCM when the load changes
a Comparison of the torque ripple with/without the proposed strategy at high speeds (1000 r/min)
b Comparison of the torque ripple with/without the proposed strategy at low speeds (500 r/min)
¢ Torque and current waveforms with the proposed control strategy
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ripple over a large speed-adjustable range. Both simulations and
experiments were performed, and the results showed the reliability

and

efficiency of the proposed control strategy. This driving

method, if used in applications such as servo systems, electric
bicycles, and fans, can result in better performances with lower
vibrations and noise. In future research, the non-ideal back-EMF
will be studied and a low-cost direct torque control will be realised.
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