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Abstract—The three phases of brushless dc motor (BLDCM)
are involved in energy conversion during the commutation in-
terval. A novel commutation analysis method of the BLDCM
based on coordinate transformation theory is proposed in this
paper, though this coordinate transformation theory is popular
in the control of three-phase sinusoidal motors, such as induction
motors and permanent magnet synchronous motors. The method is
intuitive and easy to understand compared with the method based
on circuit solving. Combined with the voltage vector diagram of
the inverter, commutation control to reduce commutation torque
ripple under low speed (LS_RCTR) and high speed (HS_RCTR)
is deduced. However, under a heavy load and high-speed condi-
tion, long commutation time may result in commutation failure if
these commutation controls to RCTR is adopted. To avoid that,
commutation time must be controlled. Then, commutation con-
trol to reduce commutation time under low-speed (LS_RCT) and
high-speed (two cases, named HS_RCT1 and HS_RCT2) are pro-
posed. The improved control of BLDCM presented in this paper
can coordinate commutation torque ripple and commutation time
in full speed range. Finally, the feasibility and effectiveness of these
methods are verified by experiment.

Index Terms—Brushless dc motor (BLDCM), commutation
time, commutation, torque ripple.

I. INTRODUCTION

THE brushless dc motor (BLDCM), with a trapezoidal
back electromotive force (EMF) waveform, is widely used

in robotics, aerospace, automotive, household appliances, and
medical applications because of its highly desirable features,
such as a high torque/weight ratio, high efficiency, low mainte-
nance, longer life span, and easy-to-drive features [1]–[3].

However, torque ripple has always been a major and passive
factor preventing BLDCMs from achieving higher performance.
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Fig. 1. Typical three-phase currents during commutation interval.

The main reasons causing torque ripple in BLDCMs are as
follows:

1) the imperfection of the motor design and manufacture,
including nonideal EMFs [4]–[6];

2) the pulse width modulation (PWM) causes a small but
high-frequency torque ripple;

3) commutation torque ripple causes a worse effect, even
leading to a significant torque ripple up to 50% of the average
torque.

The commutation torque ripple is serious because it is sudden
and strong. Much research has focused on this problem [7]–[20].
In fact, this paper also deals with commutation torque ripple and
the related issues.

The theoretical derivation of commutation torque ripple was
first given in [7] by R. Carlson. In [7], [8], the difference be-
tween the current slew rates of the incoming phase (ICP) and
the outgoing phase (OGP) is considered as the main reason for
commutation torque ripple. Fig. 1 shows three typical cases of
the phase currents during the commutation interval. The com-
mutation torque ripple is not presented under case 1, and it takes
place under cases 2 and 3.

Case 1: The decrease rate of the OGP is equal to the increase
rate of the ICP, and the noncommutation phase (NCP) current
does not vary during the commutation interval.
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Case 2: The decrease rate of the OGP is greater than the
increase rate of the ICP, and the NCP current decreases during
the commutation interval.

Case 3: The decrease rate of the OGP is smaller than the
increase rate of the ICP, and the NCP current increases during
the commutation interval.

Many methods have been proposed to reduce commutation
torque ripple (RCTR). These methods can be divided into two
categories. The first uses various PWM. In this category, the
classical three-phase bridge is used, usually with constant dc
voltage. The second uses an adjustable dc–dc converter to keep
the dc-link voltage four times larger than that of the phase back
EMF. And an extra front converter is needed in this method.

The overlapped commutation method is presented in [9], in
which the OGP is modulated during the commutation inter-
val over full speed range. In [10], [11], a method to minimize
commutation torque ripple was presented and developed. In the
method, the ICP is on, whereas both the OGP and the NCP
are modulated with the same duty cycle during commutation
interval. The basic idea is to reduce the current slew rate of the
faster one between ICP and OGP, so as to keep the NCP current
constant. In [13], a novel three-segment modulation method is
proposed to suppress commutation torque ripple, which is re-
alized by modifying the duty ratio according to the voltage of
the NCP before commutation and keeping the average voltage
of the NCP constant during commutation interval. According to
the value function, the optimal vector is selected during com-
mutation interval in [14].

Another category of methods to RCTR uses an adjustable
dc–dc converter to control the dc-link voltage. In [15]–[17], an
adjustable dc–dc converter was applied to maintain the dc-link
voltage four times larger than that of the phase back EMF, be-
cause the current slew rates of ICP and OGP can be the same.
This method is very dependent on the dynamic response of the
dc–dc converter. In [18], a novel topology is proposed to RCTR
in a BLDCM drive system using a three-level neutral-point-
clamped inverter combined with single-ended primary-inductor
converter. In [19], a single-phase supply followed by a diode
bridge rectifier and a modified-zeta converter that operates in
discontinuous conduction mode is used to feed a voltage source
inverter (VSI). The modified-zeta converter acts as an inherent
power factor preregulator. In [20], a novel commutation torque
ripple reduction strategy for BLDCM-based zeta-source con-
verter is proposed. The proposed strategy employs the same
modulation mode during both commutation interval and non-
commutation interval, and the commutation torque ripple is
reduced by regulating the duty cycles of shoot-through vector
and active vector.

If the dc-link is acquired by an uncontrolled rectifier from
three-phase 380-V ac grid, the dc-link voltage is 500–537 V. The
switch device with 1200-V rated voltage can be used without
a dc–dc converter. If a dc–dc converter is applied to maintain
the dc-link voltage four times larger than that of the phase back
EMF, considering the full speed range of BLDCM, a switch
device with more than 1500-V rated voltage must be used to
meet the requirement of voltage stress. Thus, the dc–dc converter
is not a good candidate because of cost, efficiency, and reliability.

With the pursuit of high speed, high power density, and high
electrical frequency, large phase inductance, and finite dc-link
voltage becomes the limiting factors, and then a long commu-
tation may emerge during nominal operation [21]–[23]. Apart
from the commutation torque ripple, the commutation time must
be considered to avoid commutation failure.

The commutation time is directly determined by two factors:
1) the energy stored in the OGP, which is determined by the
phase inductance and phase current of the OGP; and 2) the
discharge rate, which is determined by the dc-link voltage, EMF,
and commutation control method. In [24], a rigorous analytic
investigation, instead of the conventional analysis, is presented,
where all six factors influencing the commutation time in a
BLDCM drive system are identified and analyzed in detail.
Another contribution of the work in [24] is the revelation that
finite dc-link voltage is an important reason causing a long
commutation time.

Since finite dc-link voltage is an important reason for long
commutation, a higher voltage should be provided to shorten
the commutation time. It is worth pointing out that, although the
commutation process can also be regulated using various PWM
methods when the dc-link voltage remains constant [9]–[14],
the commutation time is rarely shortened. Even if a novel three-
segment modulation method is proposed to obtain the minimum
commutation time [13], when the duty cycle is close to 1, the
commutation time is still very long.

During the commutation interval, the three-phase voltages
should be controlled simultaneously. There are three different
equations that need to be solved. The analysis and solution is
complex and tedious. Therefore, the number of the equations
must be decreased to simplify the analysis.

The Clarke transformation is popular in the control of a three-
phase sinusoidal motor, such as an induction motor and perma-
nent magnet synchronous motor. But it has not been used in the
commutation control of BLDCM. By introducing the Clarke
transformation into the commutation analysis, some intuitive
control strategies, and conclusions can be acquired.

In fact, a three-phase VSI feeds the BLDCM with star connec-
tion. There are only two independent control variables from the
viewpoint of the VSI. Therefore, coordinate transformation is
needed to reduce the number of control variables very naturally
to simplify the analysis.

With the help of coordinate transformation theory, the com-
mutation model of the BLDCM is acquired in the two-phase
stationary frame and the commutation process is analyzed in
detail in this paper. Combined with the voltage vector diagram
of the VSI, the method to RCTR under low-speed (LS_RCTR)
and high-speed (HS_RCTR) operations are acquired. To avoid
commutation failure caused by heavy load and high speed, the
commutation control method to reduce the commutation time
is proposed under low-speed (LS_RCT) and high-speed (two
cases, named HS_RCT1 and HS_RCT2).

This paper is organized as follows. Section II describes the
model of the BLDCM. Commutation analysis of the BLDCM
is given in Section III. The control method to RCTR is
depicted in detail in Section IV. The control method to RCT is
discussed in detail in Section V. Section VI introduces the hybrid
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Fig. 2. Equivalent circuit of BLDCM and the inverter.

control of RCTR and RCT. Section VII verifies the outstand-
ing features of the proposed control by means of experimental
results. The conclusion is drawn in Section VIII.

II. MATHEMATICAL MODEL OF BLDCM

A. Terminal Voltage Equation of BLDCM

The equivalent circuit of the BLDCM and its driver is shown
in Fig. 2. Using the negative bus of the dc-link as the reference
point, the voltage equations of the three-phase stator windings
can be expressed as

L
diz
dt

= −Riz + uz − ez − un (1)

where ez , uz , iz (z = A,B,C) are the EMFs, phase voltages,
and phase currents, respectively; R and L are the resistance and
inductance of the phase winding; un and udc are the neutral
point voltage and dc-link voltage; uz = dzudc, dz is the duty
cycle of phase z.

In this paper, the analysis is focused on the PWM/ON scheme.
In the scheme, the upper switch of one phase is modulated and
the lower switch of another phase is ON. For example, A+B−

represents that the windings of phase A and phase B are en-
ergized, and the upper switch of phase A (VT0) is modulated
and the lower switch of phase B (VT3) is ON. The commutation
from A+B− to A+C− is taken as an example of the commu-
tation between the lower switches (LSC), and the commutation
from B+A− to C+A− is taken as an example of the commuta-
tion between the upper switches (USC). In these two examples,
phase C is ICP, phase B is OGP, and phase A is NCP.

Only two phases are involved in energy conversion during the
noncommutation interval. The phase voltage equations during
A+B− are given as

⎧
⎪⎨

⎪⎩

L
diA
dt

= −RiA + uA − eA − un

L
diB
dt

= −RiB + uB − eB − un

. (2)

In the PWM/ON scheme, the LSC of phase B is ON, so uB = 0;
and the USC of phase A is modulated with the duty cycle of dNC,
then uA = dNCudc. Considering that iB = − iA , formula (2) can
be simplified as

dNCudc − 0 = 2RiA + 2L
diA
dt

+ (eA − eB ). (3)

Fig. 3. Ideal waveforms of the EMFs and the phase currents of the BLDCM.

In the stable state of the BLDCM, it can be found that the
phase EMFs eA = E and eB = −E during A+B− from Fig. 3,
where E denotes the EMF. From (3), the relation between the
EMFs and the phase voltage can be obtained as

E = eA = −eB =
dNCudc − 2RiA

2
. (4)

B. Electromagnetic Torque Equation

The electromagnetic torque Tem is given as

Tem =
pem

ω
=

∑
z=A,B ,C ez iz

ω
(5)

where ω is the angular velocity of the BLDCM. During the
commutation interval, the total electromagnetic power pem is
the sum of the three phases’ electromagnetic power. Similarly,
it represents the sum of the two energized phases’ electromag-
netic power during the noncommutation interval. So, to main-
tain torque constant, constant electromagnetic power should be
achieved.

III. COMMUTATION ANALYSIS IN THE TWO-PHASE

STATIONARY FRAME

The transformation expressions with equal power from the
three-phase ABC stationary frame to the two-phase stationary
frame can be expressed as

x = xα + jxβ =
√

2/3(xA + xB ej120◦
+ xC ej240◦

) (6)

where xα and xβ denote the α- and β-axis components of
vector x, respectively. The transformation given by (6) is well
known as the Clarke transformation, which is popular in the con-
trol of three-phase sinusoidal motors, such as induction motors
and permanent magnet synchronous motors. But it has not been
used in the commutation control of BLDCM. By introducing
the Clarke transformation into the commutation control of the
BLDCM, some intuitive control strategies and conclusions can
be acquired.

Combining (6) and (1), the terminal voltage equations of
BLDCMs in the two-phase stationary frame during the commu-
tation interval can be expressed as

L
diα,βCI

dt
= uα,βCI − Riα,βCI − eα,βCI (7)

where iα,βCI, , eα,βCI, and uα,βCI, respectively, denote the α-
and β-axis components of the current vector, the EMF vector
and the voltage vector during the commutation interval.
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The commutation from A+B− to A+C− is chosen as an ex-
ample to analyze the commutation process in detail, and the
other cases can be analyzed similarly. During the commuta-
tion interval, the EMFs assume as eA = −eC = E, eB ≈ −E,
which is widely applied in the commutation analysis of BLDCM
[9], [13], [14], [18], [28]. Combining the assumption with (4)
and (6), eα,βCI can be obtained as

{
eαCI ≈

√
2/3(dNCudc − 2RiACS)

eβCI ≈ 0
. (8)

Assuming iACS, iBCS, and iCCS denote instantaneous three-
phase currents at the beginning of the commutation, respectively,
then we can get iACS = − iBCS, iCCS = 0. Taking that into (6),
the initial value of (7) can be written as

{
iαCS =

√
3/2iACS

iβCS =
√

1/2iBCS = −√
1/2iACS

(9)

where iαCS and iβCS denote the α- and β-axis components of the
current vector at the beginning of the commutation. The special
solution of (7) is given as

⎧
⎨

⎩

iαCI =
uαCI − eαCI

R

(
1 − e−

R
L t

)
+ iαCSe

− R
L t

iβCI =
uβCI − eβCI

R

(
1 − e−

R
L t

)
+ iβCSe

− R
L t

. (10)

When Rt/L � 1, e−Rt/L ≈ 1 − Rt/L is satisfied [25]. The
assumption is more suitable for a slotted motor; the slotless
motor should use a higher order Taylor polynomial, which is
not discussed in this paper. So the special solution of (7) can be
approximated as

⎧
⎪⎨

⎪⎩

iαCI ≈ uαCI − eαCI −
√

3/2RiACS

L
t +

√
3/2iACS

iβCI ≈ uβCI − eβCI +
√

1/2RiACS

L
t − √

1/2iACS

. (11)

Assuming iACE, iBCE, iCCE denote the instanta-
neous three-phase currents at the end of the commu-
tation, respectively, then we can get iACE = − iCCE,
iBCE = 0. Assuming iαCE and iβCE denote the α- and β-
axis components of the current vector at the end of the
commutation. The relationship between iαCE and iβCE can be
expressed as

√
3iβCE = iαCE. (12)

Combining (8), (11), and (12), the commutation time tcom can
be obtained as

tcom ≈
√

6LiACS√
3(uβCI − eβCI) − (uαCI − eαCI) +

√
6RiACS

≈ 6LiACS

3
√

2uβCI −
√

6uαCI + 2dNCudc + 2RiACS
. (13)

It can be seen that the commutation time is determined
by several factors: resistance, inductance, phase currents, duty
cycle during the noncommutation interval and the work point of
BLDCM (corresponding to different uαCI and uβCI). In fact, the
commutation control method, which determines the work point,

TABLE I
COORDINATES OF THE INTRINSIC VOLTAGE VECTORS

Voltage
vector

α-axis β-axis Voltage
vector

α-axis β-axis

000 0 0 011 −
√

2/3udc 0

100
√

2/3udc 0 001 −
√

1/6udc −
√

1/2udc

110
√

1/6udc

√
1/2udc 101

√
1/6udc −

√
1/2udc

010 −
√

1/6udc

√
1/2udc 111 0 0

is the key factor influencing the commutation time. Substituting
(13) into (11), iαCE and iβCE can be rewritten as

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

iαCE ≈
√

3/2iACS[
√

3(uβCI − eβCI) + (uαCI − eαCI)]√
3(uβCI − eβCI) − (uαCI − eαCI) +

√
6RiACS

iβCE ≈
√

1/2iACS[
√

3(uβCI − eβCI) + (uαCI − eαCI)]√
3(uβCI − eβCI) − (uαCI − eαCI) +

√
6RiACS

.

(14)
Then, the instantaneous values of three-phase currents at the

end of the commutation can be expressed as
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

iACE = −iCCE

≈ iACS[
√

3(uβCI − eβCI) + (uαCI − eαCI)]√
3(uβCI − eβCI) − (uαCI − eαCI) +

√
6RiACS

iBCE = 0

.

(15)
According to (13), the commutation time can be reduced by

increasing uβCI or decreasing uαCI. It can be implemented by
changing the work point.

The electromagnetic power pem is the dot product of the EMF
vector and current vector in the two-phase stationary frame.
Because eβCI ≈ 0 from (8), it can be expressed as

pem = e · i = eαCIiαCI + eβCIiβCI ≈ eαCIiαCI. (16)

From the analysis given above, two conclusions can be drawn.
Conclusion I: During the commutation interval, because eαCI

is invariant, iαCI should be also invariant to RCTR. From (11),
to make iαCI constant, uαCI = eαCI + RiαCS should be satisfied.
This is the basic idea for RCTR.

Conclusion II: When RCTR is introduced, the commutation
time is determined by uβCI and RiαCS. In some conditions, the
commutation time would be long, maybe causing commutation
failure. Then, RCT becomes critical, and it should be prior to
RCTR.

III. REDUCE COMMUTATION TORQUE RIPPLE

The BLDCM is fed by the VSI. The number of voltage vectors
outputted by the VSI is eight. The coordinates of the voltage
vectors can be acquired according to (6), which is listed in
Table I.

The principle of RCTR is to keep the current slew rate of the
OGP equal to that of the ICP, and the current of the NCP should
not vary during the commutation interval. In the two-phase sta-
tionary frame, to implement RCTR, conclusion I should be
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Fig. 4. Work point of VSI during the commutation interval. (a) Low-speed
operation. (b) High-speed operation.

satisfied, i.e.

uαCI − eαCI − RiαCS = 0. (17)

The work point of the BLDCM can be classified as two
categories. One is |eαCI + RiαCS| ≤

√
1/6udc, which is also

expressed as dNC ≤ 1
2 + RiACS

2udc
or E ≤ 1

4 udc − 3
4 RiACS. The

other is |eαCI + RiαCS| >
√

1/6udc, which is also expressed as
dNC > 1

2 + RiACS
2udc

or E > 1
4 udc − 3

4 RiACS. The former is called
as low-speed operation and latter is called as high-speed oper-
ation. The classification is widely used in BLDCM [10], [13],
[16], [17], [26], [28].

A. LS_RCTR

As shown in Fig. 4(a), at low-speed operation,
|eαCI + RiαCS| ≤

√
1/6udc, in order to reduce the commuta-

tion torque ripple, uαCI − eαCI − RiαCS = 0 should be satisfied
according to (17). uβCI can vary from 0 to

√
1/2udc. From (13),

lager uβCI results in shorter commutation time. So the work
point of VSI is selected as A in Fig. 4(a).

In Fig. 4(a), for the commutation interval from A+B−

to A+C−, at the beginning of the commutation iACS =
−iBCS, iCCS = 0, combining (6), the initial current vector can be
obtained. At the end of the commutation, iACE = −iCCE, iBCE =
0, combining (6), the ending current vector can be achieved.

When the work point locates A, its coordinates can be
expressed as

uαCI + juβCI = eαCI + RiαCS + j
√

1/2udc =
√

2/3dNCudc

+ (
√

3/2 − 2
√

2/3)RiACS + j
√

1/2udc. (18)

According to the coordinates of the intrinsic voltage vectors
in Table I, it can be known that the output voltage vector corre-
sponding to point A is obtained by linear combination of voltage
vectors [010] and [110]. Due to the actions of the two voltage
vectors, the initial current vector moves toward the ending cur-
rent vector. When the current vector reaches the ending current
vector, the commutation process finishes.

During the commutation interval, the voltage vectors [010]
and [110] are applied alternately. That means phase A is mod-
ulated, and the upper switch of phase B and lower switch of
phase C are both ON. So, uBCI = udc and uCCI = 0 are obtained.
Then, the output voltage of every phase can be calculated as

uACI = (dNC + 0.5)udc − 0.5RiACS, uBCI = udc, uCCI = 0.
(19)

The detailed calculation process of uACI can be found in
Appendix A. Taking uαCI = eαCI + RiαCS, uβCI =

√
1/2udc

and (8) into (13), the commutation time of LS_RCTR can be
calculated as

tcom ≈ 2iACSL

udc + RiACS
. (20)

B. HS_RCTR

As shown in Fig. 4(b), at high-speed operation,
|eαCI + RiαCS| >

√
1/6udc, to RCTR, uαCI = eαCI + RiαCS

should be satisfied. uβCI should be as large as possible to short
commutation time. Thus, B is selected as the work point. Its
coordinate can be expressed as

uαCI + juβCI =
√

2/3dNCudc + (
√

3/2 − 2
√

2/3)RiACS

+ j
√

2(1 − dNC)udc. (21)

It can be seen from Fig. 4(b) that the output vector corre-
sponding to point B is obtained by the linear combination of
vector [100] and [110], so uACI = udc and uCCI = 0. Then, the
output voltage of every phase can be calculated as

uACI = udc, uBCI = (2 − 2dNC)udc + RiACS, uCCI = 0. (22)

Taking uαCI = eαCI + RiαCS, uβCI =
√

2(1 − dNC)udc, and
(8) into (13), the commutation time of LS_RCTR can be calcu-
lated as

tcom ≈ iACSL

(1 − dNC)udc + 0.5RiACS
. (23)

C. Shortcoming of RCTR

When dNC is very close to 1, it should be noted that the com-
mutation time is very long from (23) when HS_RCTR is used.
When the commutation time is longer than the time correspond-
ing to 30 electrical degrees, commutation failure will take place.
It will cause phase current increase sharply, and a large torque
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fluctuation will be also presented, even causing over-current
protection.

So, when the motor operates in a high-speed and heavy load
condition, RCT should take precedence over RCTR to avoid
commutation failure.

IV. REDUCE COMMUTATION TORQUE

A. LS_RCT

Equation (13) indicates that, increasing uβCI or decreasing
uαCI will reduce the commutation time. At low-speed operation,
when the work point locates A, the only way to reduce the
commutation time is to decrease uαCI, because uβCI cannot be
magnified. In this case, the work point should move from point
A to point A1 as shown in Fig. 4(a), where uαCI decreases but
uβCI keeps maximum, and the corresponding coordinate of A1
can be expressed as

{
−√

1/6udc < uαCI < eαCI + RiαCS

uβCI =
√

1/2udc

. (24)

In fact, the exact coordinate of A1 should be determined by
preset commutation time.

Taking (24) into (13) and (15), the commutation time and the
NCP current at the end of the commutation can be calculated as

tcom ≈ iACSL

( 1
2 + 1

3 dNC)udc −
√

1
6 uαCI + 1

3 RiACS

(25)

iACE = −iCCE ≈ iACS
(
(3 − 2dNC) udc +

√
6uαCI + 4RiACS

)

(3 + 2dNC)udc −
√

6uαCI + 2RiACS
.

(26)

It can be seen that during commutation interval, the NCP
current has a fluctuation while LS_RCT is applied.

Similar to the derivation of (19), the output voltage of every
phase can be calculated as

uACI =
√

3/2uαCI + 0.5udc, uBCI = udc, uCCI = 0. (27)

Fig. 5 shows the PWM sequences of LS_RCTR and LS_RCT.
The gray area represents the current flows through the fly-wheel
diode of the corresponding switch.

B. HS_RCT1

At high-speed operation, when the VSI operates at work point
B as shown in Fig. 4(b), to reduce the commutation time, we can
increase uβCI and/or decrease uαCI. Then, the work point can
move from B to B1 or B2. When it moves to B1, voltage vectors
[100] and [110] are applied. When it moves to B2, voltage
vectors [110] and [010] are applied and shorter commutation
time is obtained. Distinguishing the two cases, the control to
RCT is named HS_RCT1 and HS_RCT2, respectively.

Under HS_RCT1, uαCI is decreased and uβCI is increased to
RCT. The coordinates of B1 can be expressed as

{√
1/6udc < uαCI < eαCI + RiαCS

uβCI =
√

2udc −
√

3uαCI
. (28)

Fig. 5. Commutation control at low-speed operation. (a) LS_RCTR.
(b) LS_RCT.

Taking (28) into (13) and (15), the commutation time and the
NCP current at the end of the commutation can be calculated as

tcom ≈ iACSL

(1 + dNC
3 )udc − 2

√
2
3 uαCI + 1

3 RiACS

(29)

iACE ≈ (3 − dNC)udc −
√

6uαCI

(3 + dNC)udc − 2
√

6uαCI + RiACS
iACS < iACS. (30)

It also can be seen that there is a fluctuation on the NCP
current during commutation interval.

The output voltage of every phase can be calculated as

uACI = udc, uBCI = 2udc −
√

6uαCI, uCCI = 0. (31)

C. HS_RCT2

Under HS_RCT2, uαCI is decreased and uβCI maintains max-
imum to reduce the commutation time. The coordinates of B2
can be obtained as

{
−√

1/6udc < uαCI <
√

1/6udc

uβCI =
√

1/2udc

. (32)

Taking (32) into (13) and (15), the commutation time and the
NCP current at the end of the commutation can be calculated as

tcom ≈ iACSL

( 1
2 + 1

3 dNC)udc −
√

1
6 uαCI + 1

3 RiACS

(33)

iACE ≈ iACS
(3 − 2dNC)udc +

√
6uαCI

(3 + 2dNC)udc −
√

6uαCI + RiACS
< iACS. (34)

The output voltage of every phase can be calculated as

uACI =
√

3/2uαCI +
udc

2
, uBCI = udc, uCCI = 0. (35)
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Fig. 6. Commutation control at high-speed operation. (a) HS_RCTR.
(b) HS_RCT1. (c) HS_RCT2.

Fig. 6 shows the PWM sequences of HS_RCTR, HS_RCT1,
and HS_RCT2, where the gray area represents the current flows
through the fly-wheel diode of the corresponding switch.

V. HYBRID CONTROL OF RCTR AND RCT

With the increase of dNC and the NCP current at the
beginning of the commutation, the commutation time be-
comes longer. Commutation failure may take place when
LS_RCTR and HS_RCTR are used to reduce the commuta-
tion torque ripple. Thus, RCT should take precedence over
RCTR. To realize hybrid control, if the commutation time cal-
culated by (20) and (23) is longer than the time correspond-
ing to 15 electrical degrees, RCT should be adopted other
than RCTR. Assuming ω denotes the angular velocity, and
then the time corresponding to 15 electrical degrees can be
given as

tcri =
π

12ω
. (36)

Fig. 7. Flowchart of the hybrid control of RCTR and RCT.

Fig. 8. Hardware experimental platform.

TABLE II
EXPERIMENTAL PARAMETERS

Rated power (W) 780
DC-link voltage (V) 110
Rated current (A) 10
Rated torque (N·m) 15
Phase inductance (mH) 2.2
Phase resistance (Ω) 0.15
Rated speed (r/min) 2500
Pairs of poles 2

As mentioned before, when dNC ≤ 0.5 + RiACS/2udc, the
BLDCM works at low-speed operation. If tcom > tcri, LS_RCT
should be used. From (24) and (25), the work point of VSI under
LS_RCT is

⎧
⎨

⎩

uαCI =
√

3/2udc +
√

2/3dNCudc +
√

6RiACS −
√

6iACSL

tcri
uβCI =

√
1/2udc

.

(37)
When dNC > 0.5 + RiACS/2udc, the BLDCM works at high-

speed operation. If tcom > tcri, HS_RCT1 or HS_RCT2 should
be used. From (28) and (29), the work point of VSI under
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Fig. 9. Measured EMF of BLDCM.

Fig.10. Experimental results at low-speed operation. (a) LS_RCTR.
(b) LS_RCT.

TABLE III
THEORETICAL AND PRACTICAL VALUES OF tCOM AND iACE

Theoretical values
tcom(ms)iACE(A)

Practical values
tcom(ms)iACE(A)

Low-speed operation

LS_RCTR USC 0.32 −10 0.32 −9.8
LSC 0.32 10 0.32 10.2

LS_RCT USC 0.25 −3.63 0.26 −4.92
LSC 0.25 3.63 0.28 4.9

High-speed operation

HS_RCTR USC 0.54 −10 0.56 −10.2
LSC 0.54 10 0.58 10

HS_RCT1 USC 0.43 −8.78 0.45 −9.4
LSC 0.44 8.78 0.47 9.6

HS_RCT2 USC 0.37 −6.82 0.40 −7.4
LSC 0.34 6.82 0.40 7.2

Fig. 11. Experimental results at high-speed operation. (a) HS_RCTR.
(b) HS_RCT1. (c) HS_RCT2.

HS_RCT1 is

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

uαCI =
√

3/8udc +
√

1/24dCNudc +
√

3/8RiACS

−√
3/8

iACSL

tcri

uβCI =
√

1/8
(

udc − dCNudc + 3
iACSL

tcri

) . (38)

From Fig. 4(b), it can be seen that when uα + RiαCS >
udc/

√
6, HS_RCT1 should be applied; otherwise, HS_RCT2
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Fig. 12. Dynamic experimental results under RCTR.

should be used. According to (32) and (33), the work point of
VSI under HS_RCT2 is
⎧
⎨

⎩

uαCI =
√

3/2udc +
√

2/3dNCudc +
√

6RiACS −
√

6iACSL

tcri
uβCI =

√
1/2udc

.

(39)
Fig. 7 shows the flowchart of hybrid control of RCTR and

RCT. The table in Appendix B gives the phase voltage under
the different control modes during the commutation interval,
where uNCP, uOGP, and uICP represent the voltage of the NCP,
OGP, and ICP, respectively.

VI. EXPERIMENTAL VERIFICATION

In order to verify the proposed method, the experimental setup
of a BLDCM connected with a dc generator load is shown in
Fig. 8. A MC56F8037 DSP is chosen as the control chip. Table II
shows the experimental parameters. The measured EMF of the
BLDCM is shown in Fig. 9.

A. Experiments of Independent Operation Modes

Figs. 10 and 11 show the experimental results of the BLDCM
at low-speed operation and high-speed operation under the dif-
ferent commutation control modes. The NCP current is 10 A at
the beginning of the commutation. The top of each figure shows
multicycle waveforms, and the commutation process are further
shown at the bottom, where the commutation from A+B− to
A+C− and from B+A− to C+A− are taken as examples of the
commutation between the LSC and USC, respectively.

Fig. 10 shows the experimental results under LS_RCTR and
LS_RCT. The current slew rate of the OGP is roughly equal

to that of the ICP, and the NCP current does not obviously
vary during the commutation interval under LS_RCTR. But
the NCP current is reduced to about 4.9 A at the end of the
commutation under LS_RCT. The commutation time is 0.32 ms
under LS_RCTR compared with 0.28 ms under LS_RCT.

Table III shows the theoretical values and practical values of
the commutation time and the NCP current at the end of the
commutation. The theoretical values of the commutation times
are calculated by (23), (26), (28), (32), and (36), respectively,
which assume that the EMFs of the BLDCM keep consistent
during commutation interval.

Fig. 11 shows the experimental results under HS_RCTR,
HS_RCT1, and HS_RCT2. The current slew rate of the OGP is
roughly equal to that of the ICP, and the NCP current does not ob-
viously vary during the commutation interval under HS_RCTR.
The current slew rate of the OGP is greater than that of the ICP,
and the NCP current is reduced to about 9.4 and 8.2 A at the end
of the commutation under HS_RCT1 and HS_RCT2, respec-
tively. The commutation time under HS_RCTR, HS_RCT1,
and HS_RCT2 is about 0.56, 0.46, and 0.4 ms, respectively.
Table III shows the theoretical values and practical values of
the commutation time and the NCP current at the end of the
commutation.

It can be seen that, whether at high-speed operation or low-
speed operation, in order to shorten commutation time to avoid
commutation failure, RCT is an effective way, although it will
sacrifice the quality of torque during the commutation interval.

B. Dynamic Experiment

The dynamic experiment is carried out to illustrate the ef-
fectiveness of the hybrid control of RCTR and RCT. The duty



4258 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 5, MAY 2018

Fig. 13. Dynamic experimental results under the hybrid commutation control.

cycle dNC is increased from 0% to 100%. A dc generator with
the rated field excitation is adopted as the load, so the outputted
voltage is proportional to the motor speed. The top of each fig-
ure shows the full range waveforms, and the waveforms under
different modes are further shown at the bottom.

Fig. 12 shows the experiment result of using only LS_RCTR
and HS_RCTR to reduce the commutation torque ripple. It can
be seen from Fig. 12 that with the increase of the duty cycle,
the motor current increases, and the commutation time becomes
longer. It should be noted that the dc-link voltage decreases
continuously, that is because a storage battery is adopted as the
dc source. Therefore, with the increase of the duty cycle, the
actual speed may decrease when the dc-link voltage decreases
to a certain value. As can be seen from Fig. 12, LS_RCTR is
used when the duty cycle is less than 50%, so that commutation
failure does not occur; HS_RCTR is used when the duty cycle
is greater than 50%. When the duty cycle increases to about
75%, commutation failure takes place. The phase currents of
the BLDCM increase rapidly, and then the motor stops working
due to over-current protection.

Fig. 13 is the experimental result of hybrid control of RCTR
and RCT. LS_RCTR is used when the duty cycle is less than
50%. HS_RCTR is used when the duty cycle is greater than
50% (about 50%–75%). In order to avoid commutation failure,
HS_RCT1 is used when the duty cycle is greater than about 75%
(about 75%–90%) and HS_RCT2 is used when the duty cycle
is greater than about 90% (about 90%–100%), where although
commutation torque ripple arises, commutation failure does not
occur. It can be seen that the hybrid commutation control method

proposed in this paper can ensure that the motor operates in full
speed range.

VII. CONCLUSION

To simplify commutation analysis of BLDCM, a novel anal-
ysis method based on Clarke transformation is proposed. Based
on the method, commutation control of RCTR and RCT are
deduced in this paper.

The proposed commutation control is a compromise between
RCTR and RCT. Compared with the traditional method, the
presented method has the following advantages.

1) The complex circuit analyses are avoided during the com-
mutation interval.

2) RCTR and RCT are coordinated to make the motor operate
with good performances in full speed range.

3) The presented method is easy to implement. It is only
required to change the software instead of hardware.

APPENDIX

The output voltage of every phase can be calculated as fol-
lows.

When the output vector of the VSI is obtained by linear
combination of voltage vectors [010] and [110], that means
uBCI = udc and uCCI = 0. According to Clarke transformation,
we can get

uαCI =
√

2/3(uACI− uBCI

2
− uCCI

2
) ⇒ uACI =

√
3/2uαCI+

udc

2
.

(A1)
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When the output vector of the VSI is obtained by linear
combination of voltage vectors [100] and [110], that means
uACI = udc and uCCI = 0. Similarly, we can get

uαCI =
√

2/3(uACI− uBCI

2
− uCCI

2
) ⇒ uBCI = 2udc −

√
6uαCI.

(A2)

TABLE AI
PHASE VOLTAGES UNDER DIFFERENT COMMUTATION CONTROL MODES

Operating
mode

Commutation between LSC Commutation between USC

LS_RCTR

uNCP = (dNC + 0.5)
udc − 0.5RiACS
uOGP = udc
uICP = 0

uNCP = (0.5 − dNC)
udc + 0.5RiACS
uOGP = 0
uICP = udc

LS_RCT

uNCP =
√

3/2uα

+ 0.5udc
uOGP = udc
uICP = 0

uNCP = −
√

3/2uα

+ 0.5udc
uOGP = 0
uICP = udc

HS_RCTR

uNCP = udc
uOGP = 2(1 − dNC)udc
+ RiACS
uICP = 0

uNCP = 0
uOGP = (2dNC − 1)udc
−RiACS
uICP = udc

HS_RCT1
uNCP = udc

uOGP = 2udc −
√

6uα

uICP = 0

uNCP = 0
uOGP =

√
6uα − udc

uICP = udc

HS_RCT2

uNCP =
√

3/2uα

+ 0.5udc
uOGP = udc
uICP = 0

uNCP = −
√

3/2uα

+ 0.5udc
uOGP = 0
uICP = udc
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