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Abstract: This paper presents a commutation torque ripple suppression strategy for brushless DC
motor (BLDCM) in the high-speed region, which considers the back electromotive force (back-EMF)
variation during the commutation process. In the paper, the influence of actual back-EMF variation
on the torque and outgoing phase current during the commutation process is analyzed. A modified
smooth torque mechanism is then reconstructed considering the back-EMF variation, based on
which a novel torque ripple suppression strategy is further designed. Compared with the traditional
strategy which controls the chopping duty cycle relatively smoothly in the commutation process, the
proposed strategy dynamically regulates the chopping duty cycle, which makes it show a gradual
decrease. This strategy can suppress the commutation torque ripple even in a long commutation
process, and broaden the speed range of the commutation torque ripple reduction. Under the
experimental conditions of this paper, the proposed strategy can effectively reduce the commutation
torque ripple in the high-speed region, and avoid the outgoing phase current cannot be reduced to
zero. The experimental results verify the correctness of the theoretical analysis and the feasibility of
the proposed strategy.

Keywords: brushless DC motor; commutation torque ripple; back electromotive force

1. Introduction

The brushless DC motor (BLDCM) has advantages of simple structure, high power density,
and high reliable operation [1-5]. However, the windings of the motor have inductances, and the
transient process appears during the current exchanged between two phases, and this process will cause
commutation torque ripple, which may reach about 50% of the average torque of the BLDCM [6-8].
If the commutation torque ripple is not suppressed by specific reduction strategy, the vibration and
noise of motors will increase, and the promotion application of BLDCM will be restricted in a field that
has strict requirements for torque ripple and noise [9-11]. When the BLDCM operates in its high-speed
range, limited by the output voltage of the inverter, the incoming phase and the outgoing phase current
are difficult to change rapidly, so the motor will generate greater commutation torque ripple in this
region [12-14].

Pulse width modulation (PWM) techniques can be employed to suppress the commutation torque
ripple by maintaining the non-commutation phase current constant [15-18], where only the outgoing
phase modulation technique is applicable to the high-speed region in light of the relationship between
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the back electromotive force (back-EMF) and DC-link voltage. A voltage compensation method is
proposed in [15] to control the incoming phase and the outgoing phase current slopes by the same
degree. A three-segments modulation strategy is used in [16], where the action time of each segment is
acquired based on the minimum commutation time. An integral sliding mode current controller is
introduced to enhance the robustness of commutation torque ripple suppression in [17]. A three-phase
PWM modulation technique is proposed to suppress commutation torque ripple in [18], where the
torque observer and the calculation of commutation process are not necessary.

DC-link voltage boost techniques can also be adopted to reduce the commutation torque ripple
by adding a DC-DC converter in front of the voltage source inverter (VSI) [19-23]. In [20], the single
ended primary inductor converter (SEPIC) is introduced to adjust the required DC-link voltage during
the commutation process. In [22], the Buck converter is added, by regulating the amplitude of the
out-voltage and the current during the commutation interval, so the commutation torque can be reduced
partly. In [23], a Z-source inverter is used to boost the DC-link voltage by the shoot-through vectors.

Normally, the torque during commutation process is considered to be proportional to the
non-commutation phase current when the back-EMF is assumed to be constant. However, a constant
non-commutation phase current will still generate a torque ripple under the actual back-EMF variation
during the commutation process [24]. Furthermore, the torque ripple is related to the stator current
and the commutation duration, which is much heavier in a long commutation process for the
high-speed region.

A commutation torque ripple suppression strategy considering the back-EMF variation is designed
in this paper for a high-speed region. Section 2 introduces the traditional strategy assuming the
back-EMFs constant. Section 3 studies the impact of the back-EMF change on the torque control
performance and the normal end of commutation in the traditional strategy, and then Section 4 designs a
new strategy in light of the reconstructed smooth torque mechanism. In Section 5, the above theoretical
analysis is experimentally verified. Conclusions come in Section 6.

2. Traditional Commutation Torque Ripple Suppression Strategy Ignoring Back-EMF Variation

The equivalent model of the BLDCM drive system is shown in Figure 1, where S; and D;, i € {1,
2, ..., 6}, are metal-oxide-semiconductor field-effect transistor (MOSFET) and its anti-parallel diode
respectively; N is the neutral point of three phases windings.

o,
+

=
~
+
)
g

Use Z

BLDCM

[e;

Figure 1. The equivalent model of the BLDCM drive system.

Assuming the three-phase stator windings are symmetrical, simultaneously neglecting the mutual
inductance, and as shown in Figure 1 the three-phase windings are star-connected, the terminal voltage
model can be expressed as

Uy R 0 O ia L 0 0 d 1a e
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where u,, up, and u, are terminal voltages; i,, i,, and i are stator currents; e,, e,, and e. are phase
back-EMFs, and uy is the neutral point voltage of the motor.
The electromagnetic torque is given by

_ eala + eplp + ecic
Wm

Te @)
where wp, is the rotor mechanical angular velocity.

A BLDCM is normally driven by a six-step mode, where normal conduction periods and
commutation periods exist. In a normal conduction period, only two windings are energized, and the
other one is floating. In a commutation period, three-phase windings are all energized due to the stator
inductance and the limited inverter voltage.

Figure 2 shows the modulation method for the high-speed region, where the shaded area and the
non-shaded area represent commutation and normal conduction periods, respectively. The outgoing
phase modulation starts to be used in the commutation period when Hall sectors change, and the
non-commutation modulation is switched to be applied in the normal conduction period as the
outgoing phase current is reduced to zero. The duty cycle of the chopping switch in the normal
conduction period and the commutation period are denoted as dnorm and demt, respectively; as shown
in Figure 2, two duty cycles are not the same, and the value relation between these two duty cycles is
demt < dnorm. Taking the commutation process of a*c¢™—b*c™ as an example, the commutation torque
ripple in high-speed region is discussed as follows.

Direction of Motor
b 1 oAb v a1 b

T
Commutation period Normal conduction period

Figure 2. Modulation in high-speed region.

According to Figures 1 and 2, the terminal voltages are satisfied as 1y = demtUqc, Up = Uge and
e = 0 in the commutation process of a*c™—b*c™, where dcy is the duty cycle of the commutation
process. Substituting it into (1) and considering i, + i, + i = 0 in star-connected motors, the current
equation can be obtained as

L9 = (2deme — 1)Ugc — (260 — ep — ec) — 3Ria
3L% = (2 = demt)Uge — (2ep — ea —ec) — 3Rip, (3)
3L% = _(1 + dcmt)udc - (zec —€a — eb) —3Ri.

If the back-EMF variation is neglected, the phase back-EMFs will be

ea =E
eb:E (4)
ec = —E

where E is the magnitude of phase back-EMF.
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By substituting (4) into (2), the torque can be simplified as

Eiy + Ei, — Ei 2Ei
_ Eia+Eip—FEic __2Eic _ _@keic 5)
a)m a)m Tt

Te

According to (5), the torque is proportional to the non-commutation current during the
commutation process on the assumption that back-EMF is unchanged, which means keeping the
non-commutation current constant can effectively suppress the commutation torque ripple.

Substitute (4) into (3), the non-commutation current can be expressed as

di. .
3LE = —(1 + demt)Uge + 4E — 3Ric (6)

To maintain the current unchanged, namely di./dt = 0, the required duty cycle should be

4E - 3Ri, 1= 4E +3RI

1 @)
udc Uclc

dcmt =

3. Effect of Back-EMF Variation on Commutation Torque Ripple Suppression

The traditional high-speed commutation torque ripple suppression strategies usually neglect the
change of back-EMF in the commutation process, and suppresses the commutation torque ripple by
controlling the non-commutation phase current constant. The phase currents and back-EMFs in the
commutation process of a*c™—b*c™ are shown in Figure 3, where I is the current amplitude before the
commutation, fcm¢ is the commutation duration, namely the time from commutation initial time to the
moment that the outgoing phase reduces to zero, f11,) is the Hall sector’s period.

Commutation Period Normal Conduction Period
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Figure 3. The variation of back-EMF during the commutation process.
It can be seen from Figure 3 that the actual back-EMFs during the commutation process are

ea = E—2Et/tyan
ep =E , (0<t<temt) (8)
ec=-E

As the motor speed increases, the Hall sector’s period gradually decreases, while the commutation
duration is prolonged due to the limited DC-link voltage. Based on (8), when the commutation
duration accounts for a large proportion of the Hall sector’s period, there is a significant variation in
the outgoing phase back-EMF during the commutation process. Therefore, the effect of back-EMF
variation on the torque ripple suppression in the traditional strategy is analyzed as follows.
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3.1. Effect of Back-EMF Variation on Torque

The actual back-EMF variation affects the suppression effect of commutation torque ripple. By
substituting (8) into (2), the torque equation with back-EMF variation can be expressed as

_2Eic  2Ei;

Te = (9)

Wm @m tHall
According to (9), it can be seen that the torque during the commutation process is not only related
to the non-commutation current, but also to the outgoing phase current. The smooth torque condition
can be derived from (9) as
dTe 2E di. 2Et  di, 2Ei,

_ = e —a_ 10
dt wm At omtgan At @miHal (10)

If the traditional duty cycle (7) is employed to suppress the torque ripple, the smooth torque
mechanism (10) can be simplified in light of (3) and (8) as
dTe  -2E dia -2E d(tia)

— = —— 3Lt 3Li, — 2Et] = 3L
dt 3metHall[ ar o ] 3mefHa11[ dt

— 2Ff] (11)

Define T as the torque at the initial moment of commutation. The torque during the commutation
process can be obtained by integrating (11) as

2Et[Et — 3Liy(t)]

12
3Lwmttan ( )

Te(t) =Teo +

Based on (12), the torque waveform during the commutation process is shown in Figure 4. It can
be seen that the torque change is zero only when t = 3Li,/E, and a large torque ripple occurs at the end
of commutation process, namely the moment i, just reduces to zero.

A

Tok---------==

|
0 3LiyE Temt

Figure 4. The effect of back-EMF variation on the torque during the commutation process.

3.2. Effect of Back-EMF Variation on Outgoing Phase Current

The actual back-EMF variation also affects the normal turn-off of outgoing phase current. If
the traditional duty cycle (7) is used to suppress the torque ripple in high-speed region, the current
differential equation can be acquired by substituting (8) into (3) as

L% = —Riy — (Ugc —2E - 2RI) + E t (13)
dt tHall

To simplify the calculation, outgoing phase current term Ri, can be neglected as the resistance
is small and the outgoing phase is gradually reducing to zero. The outgoing phase current can be
obtained by integrating (13) as

. 1 2E 2E 3t 2 3t 2
iy =1——mt+ 2 _ ZHal™, +1——‘§E”Lm

e = 14
L 3LtHan 3Ltran 4E (14)
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where m = Uy, — 2E — 2RI

According to (14), the minimum value of outgoing phase current is 7, min =1 — Btranm?/(8EL),
which happens at t = 3mt,))/(4E). If the minimum value is less than or equal to zero, the commutation
process can be successfully finished as the outgoing phase current reduces to zero, as shown in the
gray line in Figure 5. If the minimum value is larger than zero, the commutation process cannot be
successfully finished as the outgoing phase current never reduces to zero, as shown in the black line in
Figure 5.

€t —>

femi

i a_min <0

I
—  3mpgi4E) —l
Figure 5. The effect of back-EMF variation on the outgoing phase current.

Therefore, the condition for the normal end of the commutation process is

. 3t 11m2
la_min = I- I;E—L <0 (15)

Since the variables in (15) are all larger than zero, it can be further simplified as

8ELI
m> | (16)
3tHall

Set p as the pole pairs and 7 as the motor speed, the Hall sector’s period can be expressed as
tHan = 10/(np). Substitute it into (16), the speed range for the normal end of the commutation process
in the traditional strategy is

Use—2RI _ fi

keLI N 1
2(ke + 4/555) 8

n<

(17)

where k. = E/n is phase back-EMF coefficient; f1 and g; are numerator and denominator of the critical
speed in the traditional strategy.

4. Proposed Commutation Torque Ripple Suppression Strategy Considering Back-EMF Variation

According to (10), the smooth torque mechanism with back-EMF variation is reconstructed as

di di, .
tHand—; + td—: +i, =0 (18)

Substitute (3) and (4) into (18), and it can be presented as
2

. . 4FEt
(Zt - tHall)dcmtudc - (udc +4E + 3R1a)t - (udc —4E + 3Rlc)tHall + Friall
a

+3Liy =0 (19)
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For commutation torque ripple suppression with back-EMF variation, the duty cycle is

1 AEt?
demt = ———————[(Uge + 4E + 3Riy )t —
M2t — tpan) Uge [(Uae ) tHall

+ (udc —4E + 3Ric)tHa11 - 3Lia] (20)

If this duty cycle is employed, the torque gradient can always be zero over the whole commutation
process, even with the changing back-EME, and the torque ripple will be thus suppressed completely.

Moreover, the outgoing phase current in the proposed strategy is analyzed as follows. By
substituting (20) into (3), it can be

dia _ tgan

TEr—T (a+ biy) (21)

where a = Ug. — 2E + 2Ri. > 0, b = R — 2L/tygan-
If b > 0, the current in the interval during commutation process (t € [0,0.5t11,)1]) satisfies

dia fHan4

L2 < 22
df = tygan —2t 22)
By integrating (22), it can be presented as
. atHall 2t
<I In(1- 23
sl ind tHall) 2

As t gradually increases to 0.5t11,y, In(1 — 2#/t11) will approach to negative infinity. Therefore, i,
can be reduced to zero in t € [0,0.5t,1], and the commutation process can be successfully turned off.
If b < 0, the current in the interval during commutation process (¢ € [0,0.5t114)]) satisfies
dia tHall

dt S—m(ﬂ+b1) (24)

By integrating (24), it can be presented as

t bl
Hall (2 + )ln(l— 2t
2L tHan

ia <I+ (25)
As t gradually increases to 0.5t1a1, In(1 — 2¢/1ay) will also approach negative infinity. Therefore,
if a + bl > 0, the outgoing phase current can be reduced to zero and the commutation process will end
successfully. If a + bl < 0, i, will be not decreased but increased as di,/dt > 0 in light of (21), and the
commutation cannot be shut off normally.
Based on the above analysis, the condition for a + bl > 0 is

2L1

Uge — 2F + 2Ric + RI —
fHall

>0 (26)

By ignoring the non-commutation phase current variation, the condition can be further simplified

to be
2L1

fHall

Uge — 2E - RI — >0 (27)

According to (27), the speed range for the normal end of the commutation process in the proposed

strategy is
< Ugc —RI 2

n< = (28)
ke + B 82

where f, and g, are numerator and denominator of the critical speed in the proposed strategy.
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To compare the critical speeds of the traditional strategy and the proposed strategy, it can be
obtained by subtracting the denominator of (28) from that of (17) as

o [#pL1 ~ \/3le 4Ll = 9
§1-8& = F(\/k—e -0 ) = 15—11(‘/_ 5~ @elLl) (29)

where we = mpn/30 is the electrical angular velocity of the motor.

Since the winding inductance voltage is generally much smaller than the phase back-EMF, g1 — g»
> 0 is satisfied in light of (29). Moreover, f1 — f, < 0 is also met based on (17) and (28). Consequently,
f1/g1 = f2/g2 < 0 can be derived, which means the speed range of the proposed strategy is larger than
that of the traditional strategy.

Above all, if b > 0 is satisfied under the rated speed, the outgoing phase current can be reduced to
zero over the full speed range. if b < 0 is met under the rated speed, the proposed strategy still broadens
the speed range for commutation torque ripple suppression compared with the traditional strategy.

5. Experimental Results

The control block of the proposed strategy is shown in Figure 6. In the normal conduction period,
the proportional integral (PI) controller is employed to control the current, where iy is the amplitude
of the conduction phase current. In the commutation period, the duty cycle is obtained from (20) to
guarantee dT¢/dt = 0 during the commutation process. The period switch is introduced to select the
duty cycle and the modulation in normal conduction period or commutation period.

Back-EMF | £
Fitting

Hall

Sensor
ity
+

BLDCM

Figure 6. The control block of the proposed strategy.

To verify the correctness of the theoretical analysis and the effectiveness of the proposed strategy,
the experimental system is established as shown in Figure 7.

DSP+FPGA g
= Control Unit

Torque Sensor

Figure 7. Experimental system.
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In the experimental system, the torque sensor TMB307, whose measuring range is 10N-m and
resolution is less than 0.01N'm, is used to measure the output mechanical torque of BLDCM. The control
unit adopts the hybrid architecture of DSP (TMS320F28335) and FPGA (EP1C6Q240C8). MOSFET is
manufactured by IR Corporation as IRFB4310-ZGPBF, whose switching frequency is 20kHz. The phase
current is measured using the current sensor CSM025A. The measured torque, speed and duty cycle
waveforms are output by the D/A converter. The rotor type of the experimental BLDCM is surface
mounted, whose parameters are shown in Table 1.

Table 1. Parameters of BLDCM.

Parameter Symbol Value Unit
Rated voltage Un 24 \%
Rated current IN 14 A
Rated torque TN 32 N-m

Rated speed nN 600 r/min
Back-EMF coefficient ke 0.013 V/(r/min)
Phase resistance R 0.2415 Q
Phase inductance L 0.387 mH
Pairs of pole p 4 /

Based on IEC 60034-20-1, the torque ripple rate K, is defined as

Thigh — T1
Y 2 100%

Kg=—2 %
T Thigh + Tiow

(30)

where Thigh and Toy are the maximum and minimum values of the torque, respectively.

In the traditional strategy, the duty cycle is calculated by (7). Except for it, the modulations and
the controller in the normal conduction period are all the same as that in the proposed strategy.

Figure 8 shows the waveforms of the motor under the rated load at 500 r/min, where the torque
ripple rates of the traditional strategy and the proposed strategy are 7.644% and 4.376% respectively. It
can be seen that the torque ripple is reduced to a certain degree in the traditional strategy. However,
there is still a large torque fluctuation during the commutation process. Since the back-EMF variation
is considered in the proposed strategy, the torque ripple rate is lower than 60% of the one in the
traditional strategy.

Sampling Interval: 160.00ns
i [5.000ms/div]

H : H g H i

Sanpling Interval: 160.00ns
i [5.000ms/div]

iy i, i [14A/div]
[=J
=1

i i, i [14A/div]
e
(=3
o
£ =

N

T
|
1
eachoes
]
|
*

PP 0.49Nm”

duty [0.25/div]
1)

T. [0.5N-m/div]
)
=

in
T

Max""3.45 N.m"T"

b

‘:‘— zoom

Min 2.96 N.m

(a)

duty [0.25/div]

e
i

7. [0.5N-m/div]
o
(=]

|
]
o
|
|
!

A

«— 700m

Min 2.95 N.m

(b)

Figure 8. Experimental waveforms under the rated load at 500 r/min. (a) the traditional strategy. (b) the

proposed strategy.
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To account for the commutation process in detail, the enlarged waveforms of the dash area in
Figure 8 is presented in Figure 9. In Figure 9a, the outgoing phase current is decreased to zero for
about 1.2 ms and the motor torque is reduced first and then increased to a larger value during the
commutation process with the constant duty cycle, which verifies the theoretical analysis in Figure 4.
In Figure 9b, the outgoing phase current is decreased to zero for about 1 ms and the motor torque is
almost constant with the reduced duty cycle.

Sampling Interval: 160.00ns Sampling Interval: 160.00ns

T 7 1 1 i T[200.0us/div] [200. Ous/div]

s A Al
Iy} Iy

4
=

=4
2>

Iy I, ic [14A/diV]
iy, lv, i [14A/div]

T. [0.5N-m/div]
g
k=l

T. [0.5N-m/div]
b 2eg
=

duty [0.25/div]
1)
n

duty [0.25/div]
e
n

fem=1.2ms

(@)

Figure 9. Enlarged waveforms of the commutation process under the rated load at 500 r/min. (a) the
traditional strategy. (b) the proposed strategy.

Figure 10 shows the waveforms of the motor under the rated load at 550 r/min, where the torque
ripple rates of the traditional strategy and the proposed strategy are 14.928% and 4.685% respectively.
The actual measured critical speed of the traditional strategy is 501 r/min, which is basically same as
the theoretical value 497 r/min calculated by (17). When the motor speed is larger than the critical
speed, in the traditional strategy the outgoing phase current will not be reduced to zero and the other
currents are distorted during the commutation process, which generates a large torque fluctuation.
As the experimental motor’s parameters meet b > 0 in (21) in light of Table 1, it will never happen
over the full speed range in the proposed strategy that the outgoing phase current cannot be reduced
to zero.

Sampling Interval: 160.00ns Sampling Interval: 160.00ns
[5.000ms/div] ioib i i1 i [5.000ms/div]
4T 5 o

=4
=3

iy, iy, ic [14A/diV]

Iy, B, i [14A/diV]
o
=Y
N

i 1
z - O T
= 1 =
£ A/q ; j £
z 3.0 4 ViV Z.3.0;
2 PP 093 NJ?‘: 3
< Max “3.58 Nom "1™ e
Min_2.65N.m !

duty [0.25/div]
o
0

duty [0.25/div]
o
n

@) (b)

Figure 10. Experimental waveforms under the rated load at 550 r/min. (a) the traditional strategy.
(b) the proposed strategy.
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To account for the commutation process in detail, the enlarged waveforms of the dash area in
Figure 10 is presented in Figure 11. In Figure 11a, the reason for the current’s distortion is that the
waveform of outgoing phase current is approximately concave parabola and its minimum value is
larger than zero, which causes the failure end of the commutation process. In this experiment, when
the commutation time exceeds 2.5 ms, it is considered a failure and the commutation process is forcibly
terminated. In addition, the torque is first decreased and then increased to a large value, which
aggravates the torque ripple. These experimental results also verify the theoretical analysis in Figure 5.
In Figure 11b, it can be seen that the proposed strategy can reduce the outgoing phase current to zero
with the back-EMEF variation considered, where the normal end of commutation can be acquired.

Sampling Interval: 160.00ns _ . _ _ ) SamPling Interval: 160.00ns
- i+ [500.0us/div] - i, i iovi i [500.0us/div]
= 0 § i 5 H % » " 4 &
k] ’ S — kS Y Y — ! :
< i’ : Fiy < H HE
1"\_‘0'(; oo i), H H E0.0- ¢ \ : :
- fa_min > 0 2 H
B O S 2 d ; d
= 3 | :
. J H H
| ' i
' v E
o N H
, )

T, [0.5N-m/div]
o
1=

7. [0.5N-m/div]
o
=)

14
in

duty [0.25/div]
duty [0.25/div]
o
o

(a)

Figure 11. Enlarged waveforms of the commutation process under the rated load at 550 r/min. (a) the
traditional strategy. (b) the proposed strategy.

When the motor is operating under rated conditions (motor speed is 600 r/min, and load torque
is 3.2 N'm), owing to the motor rated speed 600r/min is higher than the critical speed 497 r/min,
the outgoing phase current will no longer be reduced to zero with the traditional strategy, and the
traditional strategy is obviously invalid for rated conditions of the motor. Figure 12 shows the
experimental waveforms with the proposed strategy under the rated load at 600 r/min. As shown in
Figure 12, the torque ripple rate is 7.792%, which indicates the proposed strategy can suppress the
torque ripple effectively, and the phenomenon that the outgoing phase current cannot be reduced to
zero does not appear under rated conditions by the proposed strategy.

Senpling Interval: _160.00ns
i [5.000ms/div]

j:

oy iy i [14A/diV]

P-P 048 N.m !
“i"Max 332 Nam
Min 2.84 N.m ,

T, [0.5N-m/div]

duty [0.25/div]

Figure 12. Experimental waveforms with the proposed strategy under the rated load at 600 r/min.
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This paper considers the variation of the back-EMF in the commutation period, and the proposed
strategy dynamically regulates the chopping duty cycle according to the variation trend of back-EMFs
of three phases. Hence, the back-EMF coefficient is one of the important input parameters for the
controller. To measure the back-EMF coefficient, driving by another motor at the speed 200 r/min,
Figure 13 shows the measured back-EMFs of three phases in the open circuit windings. The back-EMF
coefficient ke = 0.013V/(r/min) listed in Table 1 can be calculated by this experimental result.

Sampling Interval: 400.00ns
Pey L’\g‘ : [10. 00ms/div]

Figure 13. The measured three phases back-EMF and Hall signal of phase-a at 200r/min.
6. Conclusions

This paper aims to reduce the commutation torque ripple of BLDCM in its high-speed region,
simultaneously broadening the valid speed range of the torque ripple reduction strategy without
increasing the DC voltage. This paper firstly analyzes the problems of the traditional commutation
torque ripple suppression for the high-speed region in a long commutation duration. A novel
commutation torque ripple reduction strategy is then proposed based on a reconstructed smooth
torque mechanism with back-EMF variation considered. Compared with the traditional strategy which
controls the chopping duty cycle relatively smoothly in the commutation process, the proposed strategy
dynamically regulates the chopping duty cycle, which make it show a gradual decrease. The proposed
strategy has the following contributions:

1.  The effect of back-EMF variation on torque and outgoing phase current during the commutation
process is theoretically analyzed, and the speed range for the normal end of commutation is
further deduced.

2. The smooth torque mechanism is reconstructed with the back-EMF variation considered, based on
which a new commutation torque ripple suppression strategy is further designed. The proposed
strategy can guarantee the torque gradient to be zero (dT./dt = 0) even under the changing
back-EMF during the commutation process, which can more effectively reduce the commutation
torque ripple.

3. The proposed strategy broadens the speed range for commutation torque ripple reduction,
reducing the risk of phase current distortion and enhancing the reliability of the motor operation.
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