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A New Three-Phase Current Modulation Method to Suppress the

Commutation Torque Ripple of Brushless DC Motor

Zhiqiang Wang*, Shuai Yin** and Tiehua Ma'

Abstract — The brushless DC motor’s commutation torque ripple is caused by inconsistency in the
rate of phase current change. Thus, a method that considers armature resistance is proposed to
modulate phase current. The three-phase control strategy, which involves the “open-phase conduction,
off-phase pulse width modulation, and maintained non-commutation phase” technique, is applied
during commutation at full-speed segments of the motor. Changes in each phase current are analyzed
theoretically by establishing mathematical model based on phase current to determine the relative
difference among shutdown phase, duty, and motor operating parameters. The turn-on and turn-off
phase current change rates are made to be consistent to ensure less non-commutation phase current
ripple, then the torque ripple is inhibited. The simulation results show that the phase commutation
current and torque ripple coefficient of the proposed method are reduced from 56.9% and 55.5% to
6.8% and 6.1%, respectively. In the experiment system, the pulsation coefficient of the motor phase
current is reduced from 40.0% to 16.7% at low speed and 50.0% to 18.8% at high speed. The
simulation and experimental results show that the proposed control method significantly inhibits
commutation current and torque in the full section.
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1. Introduction

The brushless DC motor(BLDCM) has been extensively
applied[1-3] in household, automobile driving, medical,
aerospace, industrial automation, and other fields because
of its high efficiency, easy operation, high energy density,
etc. However, the torque ripple of the motor drive system
problem affects the reliability and shorten the life of the
system and restrict the application of a BLDCM for cases
requiring high-precision, high-stability conditions. In a
variety of factors that cause torque ripple of the BLDCM
commutation torque ripple is the most important factor.
Numerous studies have been conducted to effectively
suppress this ripple. Studies have used direct torque control
[4-8], considering non-ideal back EMF [9-14], ideal back
EMF [15-23] and other methods to suppress commutation
torque ripple.

Torque ripple was reduced under non-ideal counter
EMF [9-14]. Integral variable structure control, which
modulates six power devices, was also used to make the
non-commutation phase current track the reference phase
current and suppress torque ripple[9]. The establishment of
the non-commutation phase current objective function of
Finite-state model predictive control to ensure that the
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phase current is smooth[10-12].The commutation torque
ripple of a BLDCM without position sensor was also
suppressed using a three-phase PWM modulation [14].

In the ideal trapezoidal back EMF[15-23], a variety of
control strategies are used to keep the actual current
tracking reference current to ensure that the commutation
phase current is smooth and the commutation torque ripple
is eliminated. The current during non-commutation can be
smooth, and the commutation torque ripple can be reduced
when the DC bus voltage is four times as much as the
counter electromotive voltage [15]. In [18], a method is
proposed to suppress the current ripple during the non-
commutation phase by controlling the DC bus voltage. A
technique by controlling the commutation phase three-
phase current matching modulation to ensure less current
pulses during the non-commutation phase is also proposed
in [19-20]. A novel space-vector method to control current
is used in [21] to suppress the commutation torque ripple.
In [23], the commutation process is divided into three
functional areas by analyzing the transient and steady state,
and each phase is controlled by different PWM currents.
The method is relatively simple, and the current during the
non-commutation phase is more stable. However, the
winding resistance on the commutation torque ripple is
ignored in this process. The winding resistance is small,
but ignoring the winding resistance will result in about
20% error when the duty ratio is 0.6.

The method in which the back-EMF is considered to
suppress torque ripple will increase the cost of the control
CPU, making this method unsuitable for low-power control
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chip. Errors caused by imprecise back-EMF value will
introduce higher torque ripple. Therefore, in this study,
considering the influence of armature resistance on the
commutation phase current and using the back EMF as an
ideal trapezoidal back EMF suppress the commutation
torque ripple in a BLDCM are investigated. During the
full-speed operation of the motor, the high-speed and low-
speed zones are ignored, and complex modulation of the
commutation current is performed. The results show the
rate of decline in current during the off-phase and the rate
of increase in current during conduction to stabilize the
current during the non-commutation phase. Thus, the
commutation torque ripple of a BLDCM is eliminated.

2. Theoretical Analysis
2.1 The reason of torque ripple in a BLDCM

Simultaneous conduction using a two-phase method is
frequently applied to maximize the use of winding and
obtain higher torque. Two MOSFETs always function
under conduction mode. The current flows through a
certain phase of the three-phase winding and flows through
a certain phase of the other two phases all the way to the
ground. The motor commutates once every 60 electrical
degrees. The relationship of phase current and EMF are
shown in Fig. 1.

During the modulation of the three-phase current, the
current during the off-phase slowly increases but rapidly
declines when the three-phase winding switches from one
phase to another. However, the current during the three-
phase winding phase is zero, which will inevitably lead to
fluctuations in the current during the non-commutation
phase.

Assuming a maximum counter EMF is FE, the
electromagnetic torque during commutation is calculated
as follows [10]:

T, =(Ei, —E(iy +i,)) o ==K, (1)

where K is the torque coefficient.
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Fig. 1. Waveform of the trapezoidal back-EMF and phase
winding current
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Thus, the change in current during conduction,
commutation, and off-phase times will inevitably lead to
inconsistent current during the non-commutation phase,
resulting in commutation torque ripple.

In [15], when U,>4E, the ramp rate during conduction
is faster than the decline rate during shutdown in the
three-phase winding. The increase in current during the
non-commutation phase increases the commutation torque.
When U,;<4E, the ramp rate during conduction is slower
than the decline rate during shutdown in the three-phase
winding. The decrease in current during the non-
commutation phase decreases the commutation torque.
When U,;=4E, the ramp rate during conduction is equal to
the decline rate during shutdown in three-phase winding.
In this case, torque remains constant during commutation.

2.2 Proposed method to control commutation current

The PWM-ON method which adjusts speed is still used
in the proposed control method during conduction. The
“open-phase conduction, off-phase pulse width modulation,
and maintained non-commutation phase,” which is a smooth
commutation control method during commutation is
proposed in this paper. The fundamental goal of
commutation is to ensure the stability of the current during
the non-commutation phase to suppress commutation
torque ripple.

The course of change during conduction from ab to ac
as an example to explain the work process is shown.
During the ab phase conduction, the motor works under
conduction mode, power device S," is chopping, and S, is
normally open. The motor commutates when a com-
mutation signal is detected. In this mode, S, is still
chopping at d duty cycle, S, is fully open, and S; is
chopping at d,; duty cycle. The phase current eventually
stabilizes, commutation mode ends, and the motor switches
back to conduction mode. In this case, S," remains fully
open, and S, is chopping at d duty cycle. The sequence
diagram of the power device is shown in Fig. 2.

ab ac be
Sa 1IN I

Sa-

Sy"

doyy
+
Se
S¢
—» L —» <«
2-phase commutating
Conducting mode mode

Fig. 2. The power device sequence diagram
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2.3 Duty calculation during shutdown

After determining the commutation method, changes in
the phase current are analyzed separately in each state of
commutation to obtain the duty cycle during the off-phase.
The change in conduction phase from ab to ac is
considered as an example. S," is chopping, while S, and
S, are conducting when the conducting mode switches to
commutation mode. Moreover, the bus current starts from
the positive power flow through a phase winding shunt to
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-

Fig. 3. Three-phase winding conduction of S, turn on and
turn off

u ()

(b) S, turn off

dug R L

(b) S, turn off

Fig.4.Equivalent circuit of S, turned on and off

b and cphase winding. The current flows into the negative
power supply. The conducting—winding at the motor
commutation moment is shown in Fig. 3 (a). When T-d,;is
the time spent (Note: 7, represents the PWM cycle), S)
changes from conduction phase to off-phase, b~ phase
winding becomes freewheeling through the freewheeling
diode D,", and winding currents are in working mode [Fig.
3(b)].

The equivalent circuit diagram of the three-phase
winding conduction can be obtained [Figs. 4(a) and (b)] by
analyzing the three-phase winding conduction in Figs. 3(a)
and (b).

According to Kirchhoff’s law, Fig. 4(a) can be written as
a phase voltage equation for three-phase winding, as
follows:

d
u, =Ri, +L%e

+e, +uy=d-u,
di
ub=Rib+Li+eb+uN=0 2)
dt
di,
u, =Ri, +Li+ec +uy =0
dt
where u, is the bus voltage.

When S, is conducting, i, and i, current responses can be
expressed by Eq. (2), as follows:

, 2E-d-

Ri+ 1T _2E=dug
di, 2E-d-
Ri,+1Se =220y
dt 3

When the commutation signal of the BLDCM is
detected, the three-phase winding is i,=-/ and i,.=0. The
initial value of the current is shown in Eq. (3). Thus, the
phase winding currents of b and ¢ can be calculated as
follows:

R
u u -t
iy =—£‘ +(—1——1’;‘ je L

R, “4)
i, =t M 7o
R R
2E—-d-
where u,, =u, = Tud.

Eq. (4) is expressed as a Taylor expansion, ignoring
terms higher than the second-order terms. Thus,
e (RILN =1-(R/L)-t . The simplified i,, and i, terms are
shown in Eq. (5), as follows:

u,, +IR
iy, =—1 + ¢
L
(5)
ucl
1, =—1
L

http://www.jeet.orkr | 1927



A New Three-Phase Current Modulation Method to Suppress the Commutation Torque Ripple of Brushless DC Motor

From Eq. (5), i;; is changed from —/ zero, using the slope

of IR +u,,

during commutation.

When analyzing S, disconnected, still use the above
method, but the initial values of i;, and i., are changed.
After Sy is opened for T, d,;period of time, changes in iy,
and i, current can be obtained as follows:

Uy, + IR (Td ﬂ.)

K

iy (Td,, ) =—1+

( r-d, )

(6)

i, (T5 .du[/') _ uLCI

When S, is opened, the i,, and i., responses of the
BLDCM are similar when S, is off, the following equation
can shows:

. " (0)R
iy, ——z',,2(0)+—sz H“( ) t
@)

2E+du, _2E-2du,
3 3
i;z (0) =iy (T:'doﬁ‘”)’ i: (0) =iy (Ts'dOff)
In BLDCM commutation, the decline in the rate of i,
and increase in the rate of i, can be expressed as follows:

where @ u,, = U,

B

ki[) = kim Xd"ff +kih2 X(l_d‘?ﬂ)

(2E +du, +3IR)-L—(2E - du, +3IR)(T,d,; ) R
- 3

—2du, - L+(2E —du, +3IR)'(7;'daff)'R

+ 32 ’ dO.ff

ki =k, xdyy ki, x(1-d,y ) (8)

(2E-2du,)-L—(2E~du,)-(T,d,; )-R
3

du,-L—(2E~du,)-(T,d,; )R

" 312 oy

Bus voltage is modulated by the duty cycle d and satisfy
the following equation:

du, =2(IR+E) 9)
Therefore, k; and k;. can be simplified, as follows:

. IR'T;d” —(IR’T, +2du, - L)-d,; +(2du, +IR)- L
" 3

1928 | J Electr Eng Technol.2017; 12(5): 1925-1933

2R +(20R°T, +du, - L)-d,; —(du, +2IR)- L
L 317

(10)

Eq. (10) shows that adjusting the off-phase duty cycle
can not only slow down the decline of the current during
the turned-off-phase, but also can speed up the increase in
current during conduction. Thus, the commutation torque
ripple can be reduced and commutation time can be
shortened simultaneously. This method shortens the
uncontrollable time of motor commutation, making the
method more suitable for motor working at high-speed.

The generation of the commutation torque ripple in a
BLDCM is primarily caused by the difference in the
decline and increasing rates of the currents during the off
and conduction phases, respectively. The torque ripple is
eliminated when the decline rate of i, and increase rate of i,
are consistent, that is, k;;=—k;.. This characteristic can also
be expressed as follows:

MRT,d” +(IR*T, ~du, - L)-d,; +(du, ~IR)-L=0 (11)

In a BLDCM control system, the PWM period T, is
typically a few microseconds. Thus, this parameter has
little effect on the control method. Therefore, the paper
ignore 7, and Eq. (11) can also be expressed as follows:

~duy -L-d; +(du, ~IR)-L=0 (12)

Solving Eq. (12), the duty d,; during the off-phase can
be expressed as follows:

IR
dyy=1-——— 13
7 au, (13)

2.4 Calculation of commutation time

When motor commutation is completed, the current
during shutdown drops to zero. Then, the current during
conduction increases to its maximum value. Thus, the rates
of change in the current during conduction and shutdown
become consistent. The phase current is assumed to drop to
zero, and commutation time is calculated.

During commutation, changes in the i, current satisfy
the following relationship:

by =—1+k 1 (14)

When i,=0, the commutation time can be expressed as
follows:

I 30
T op2 2 2
IR*Tyd> —(IR’T, +2du, - L)-d,; +(2du, +IR)-L
(15)
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3. Simulation and Analysis

The method for inhibiting the commutation torque ripple
in a BLDCM is validated. The simulation models, namely,
permanent magnet synchronous motor (PMSM), speed
control module and commutation control module, in
Matlab / Simulink environment is established in this paper.

In this simulation system, the PMSM counter EMF is a
trapezoidal back EMF. The commutation control module
detects the back EMF and controls the universal bridge to
modulate the duty cycle during conduction. When the
speed control module detects the commutation time, the
commutation control module triggers the torque control
module. In the commutation control module, the module
reads the DC link current and bus voltage, calculates the
duty cycle when shutdown, and suppresses the current
ripple at the non-commutation phase. The module also
calculates the commutation time. When the commutation
time has been determined, the commutation torque ripple
control is terminated. At the end of the commutation
process, the speed control module controls the speed of the
BLDCM system according to the duty cycle calculated by
the speed PID unit.

The phase current and torque waveforms of the three-
phase winding of a BLDCM with load is shown in Figs. 5
and 6. During any of the commutation phases, the rates of
changes in current during conduction and shutdown are
inconsistent. This characteristic leads to a current ripple in
the non-commutation phase and electromagnetic torque
fluctuations during commutation.

Amplified waveforms of three-phase winding phase

Current[A]

J J J K
R i

0.11 0115 0.12 0.125 0.13 0.135 0.14 0.145 0.15
Time[s]

Fig. 5. Phase current waveforms without torque ripple
control
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5 | | i |
o3t 0.115 0.12 0.125 0.13 0.135 0.14 0.145 0.15
Time[s]

Fig. 6. Electromagnetic torque waveforms without torque
ripple control

current when no torque ripple control is applied are shown
in Fig. 7. During commutation, three-phase winding phase
i, drops down to zero, but the conduction phase i, does not
increase to its maximum value, resulting in significantly
lower increase rate in current during conduction than the
decrease rate in current during shutdown. However, the
summation of the three phase currents is zero at any time,
which inevitably leads to the current ripple during the non-
commutation phase.

Fig. 8 shows the waveform diagram of the electro-
magnetic torque during commutation. The back EMF
during commutation is approximately constant. Thus, the
speed mutation during commutation, and the current ripple
during the non-commutation phase will inevitably lead to
the commutation torque ripple.

The waveform of the three-phase winding phase current
when the proposed commutation torque ripple control
method is applied is shown in Fig. 9. After application of
the proposed control method, the increase rate in current

Current|A|
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| | |
0.124 0.125 0.126 0.127 0.128 0.129
Time[s]

Fig. 7. Simulation results of the phase current without
torque ripple control

m|

Torque|[Nm]

I | i |
0.124 0.125 0.126 0.127 0.128 0.129
‘Time[s]

Fig. 8. Simulation results of the electromagnetic torque
without torque ripple control
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Fig. 9. Simulation results of phase current with torque
ripple control
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Fig. 10. Simulation results of electromagnetic torque with
torque ripple control

Table 1. Phase current simulation results

Current Torque
Without With Without With
Min 0.5047 0.6462 0.7093 0.9582
Max 0.9028 0.694 1.2642 1.0191
RF 56.9% 6.8% 55.5% 6.09%

during conduction is significantly higher than that without
the proposed control method. After commutation, the
phase current almost increases to its maximum value, so
the pulse during the non-commutation phase of BLDCM
is significantly reduced. The electromagnetic torque
waveform when the proposed control method is used is
shown in Fig. 10. During commutation, the BLDCM
commutates smoothly with almost no torque ripple.

The suppression of the commutation torque ripple using
the proposed method is quantitatively analyzed using the
following equation to calculate key ripple factor (RF)
parameters.

AX = max min (1 6)

where AX is the parameter RF, and X,,,,, X,.,, and X, are
the maximum, minimum, and average values of parameter
X

The key parameters of the simulation results are shown
in Table 1.

Table 1 shows that, compared with the phase current
and torque without torque control method, the proposed
method can effectively suppress the current and
commutation torque ripple during the non-commutation
phase.

Simulation results show that the proposed method can
not only retard the decrease in current during shutdown but
can also effectively improve the increase in current during
conduction. This process guarantees the consistency of
the rates of change in the currents during shutdown and
conduction during commutation. This method can
effectively reduce the current ripple of the non-
commutation phase, thereby inhibiting the commutation
torque ripple. Thus, the simulation results demonstrate the
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feasibility of the proposed method.

4. Experimental Verification

To verify the feasibility of the method, a control
platform using TMS320F2812 as the master chip, IRF2807
MOSFET as a three-phase full-bridge power device,
IR2136S as power devices driver chip, and Hall current
sensors to measure the bus current was established. The
experimental prototype is a BLDCM with four pairs of
poles and a star connection. Its parameters are as follows:
rated DC voltage u,, 24V; rated torque Ty, 0.18 Nm; rated
speed n, 2000 rpm; phase resistance R, 1.2 Q; and effective
inductance L, 1.2 mH.

When the control system detects the commutation
signals, the motor immediately initiates the commutation
control process. The controller calculates the duty cycle
and commutation time of the off-phase. When the running
and commutation times are equal, the controller exits the
commutation control, and the motor cuts back the PWM-
ON speed control mode.

To verify the proposed method not only in the high-
speed region but also in the low-speed region with good
phase current ripple suppression. The paper conducts
experiments in the low-speed (800 rpm) and high-speed
(2000 rpm) areas.

Fig. 1 shows that the waveforms of the three phase
currents in a BLDCM winding are similar, and these
waveforms only differ in phases, that is, 120°. To simplify
the analysis, the paper only analyze a phase winding to
elucidate the causes of the ripple in the phase current of a
BLDCM.

Fig. 11(a) is the phase current waveform of the BLDCM
with traditional method, in which the upper arm uses PWM
speed control, and the lower arm uses regular conduction
control. The rotation speed is 800 rpm, load torque is 0.05
Nm, and the duty cycle d is 0.4. The non-commutation
phase current i, rapidly declines during commutation.
During this time, the speed and the counter EMF E, can be
considered constant. Therefore, the rapid decline in the
phase current reduces torque ripple. The current waveform
diagram when the proposed control method is used to
control a BLDCM is shown in Fig. 11(b).

Comparing Figs. 11(a) and 11(b) it can be shown that
the smaller slope of the phase current during the increase
and decrease in current when the proposed method is
used compared with that when traditional control methods
are used. This phenomenon is due to the additional
commutation control strategy, which adjusts the rate of
change in the phase current to ensure less current pulse
during the non-commutation phase. In Fig. 11(b), the non-
commutation phase current is running smoothly when the
BLDCM commutates, and almost no commutation
fluctuation occurs. This phenomenon indicates that the
commutation torque ripple is suppressed.
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In order to provide a better illustration of the proposed
method, the amplified waveforms are shown in Figs. 12(a)
and (b). During commutation, the phase current ripple
factors are significantly reduced, and commutation is more
stable. The experimental results showed that the proposed
method can be applied in the low-speed zone.
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Fig. 11. Current fluctuation waveforms at 800 rpm (a)

without and (b) with the proposed commutation
control strategy
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Fig. 12. Amplified current fluctuation waveforms at 800

rpm (a) without and (b) with the proposed
commutation control strategy
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Figs. 13 show the changes in the motor phase current
under the same motor load as that in Fig. 11 but at
rotational speed of 2000 rpm. The current waveforms of
the phase current without and with commutation control
strategy are shown in Figs. 13(a) and (b), respectively.

Figs. 13(a) and (b) are partially amplified, and the results
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Fig. 13. Current fluctuation waveform of 2000 rpm(a)
without and (b) with the proposed commutation
control strategy
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Fig. 14. Amplified current fluctuation waveform at 2000
rpm (a) without and (b) with the proposed
commutation control strategy
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are shown in Figs. 14 (a) and (b).

Fig. 14(a) shows that, the current ripple during
commutation is higher when the speed is 2000 rpm than
at 800 rpm. This condition increases the torque ripple
compared with that when traditional control method is
applied in the high-speed zone.

Using the proposed method, The paper let the motor run
under the same load torque, and the phase current ripple is
shown in Fig. 13(b). The proposed method significantly
reduced commutation torque ripple compared with the
traditional speed control method.

The magnitude of the phase current ripple of the
BLDCM during commutation can be obtained using Figs.
14. The phase current RF is calculated by Eq. (16), and the
results are shown in Table 2.

Table 2.Phase current ripple results

800r/min 2000r/min
Without With Without With
Min 0.534 0.667 0.609 0.618
Max 0.812 0.783 0.986 0.754
RF 40.0% 16.7% 50.0% 18.8%

Table 2 shows that the proposed control method can
inhibit the phase current ripple in the low-speed and high-
speed zones.

The experimental results show that the proposed method
can significantly control the current ripple during the non-
commutation phase of a BLDCM to a level lower than that
when a traditional control method is used. In particular, the
inhibitory effect is more evident in the high-speed range.
The motor works stably at both zones when the proposed
method is applied, indicating that the method has strong
adaptability and reliability.

5. Conclusion

This paper proposed a new commutation current control
method to control the torque ripple in a BLDCM during
commutation, and considered the armature resistance in the
proposed method. The “open-phase conduction, off-phase
pulse width modulation, and non-commutation phase”
modulation method was used during commutation. The rate
of change in the current was made to be equal during
commutation by controlling the duty cycle. Thus, This
paper established and analyzed the mathematical model of
the three-phase current during commutation. This process
ensured a constant current during non-commutation,
thereby reduced the commutation torque ripple.

Compared with other methods that suppress the torque
ripple in BLDCMs, the proposed method exhibits the
following advantages:

a) The proposed method showed higher accuracy in
controlling the ripple of the phase current, because the
impact of armature resistance to the phase current during
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commutation is considered.

b) No additional hardware is required, but CPU
performance requirements are reduced, because the
calculation of the off duty cycle and phase commutation
time does not depend on the phase current and back-EMF.

¢) The method can be used in low and high ranges,
eliminating the need to distinguish these two zones in the
inhibition of the phase current ripple.
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