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Variable Conduction Mode Control Method to
Reduce Torque Ripple for Symmetrical Winding

Multiphase Brushless DC Motor
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Abstract—Increasing the number of phases in a motor can
enhance control freedom, offering more possibilities for high-
performance motor drives. For the symmetrical winding multi-
phase brushless dc motor (BLDCM), this article proposes a variable
conduction mode control method to reduce torque ripple. The
proposed method divides the torque intervals based on two types
of constraints: 1) equal copper loss and 2) equal phase current
amplitude. It utilizes the torque reference value to identify the
torque interval and selects the conduction mode that minimizes
torque ripple within that interval. During motor operation, the
conduction mode can be dynamically switched with load variations.
By optimally arranging and combining different conduction modes
based on the motor’s torque output characteristics, this method
significantly reduces torque ripple within each torque interval. This
method does not require additional hardware circuits in general
multiphase motor systems, making it simple and easy to implement.
The validity of the proposed method is verified through experiments
using a nine-phase BLDCM as a prototype.

Index Terms—Multiphase brushless dc motor (BLDCM), output
torque, torque ripple, variable conduction mode.

I. INTRODUCTION

IN RECENT years, with the development of high-
performance rare-earth permanent magnet materials

and low-cost power electronic devices, permanent magnet
motors have been widely used in household, medical, and
transportation fields [1], [2]. Due to their high power density,
high efficiency, and excellent dynamic performance, permanent
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magnet motors are also becoming increasingly popular in
low-voltage, high-power applications such as electric vehicles,
more-electric aircraft, and marine propulsion [3], [4].

Permanent magnet motors are generally classified into per-
manent magnet synchronous motors (PMSMs) and brushless dc
motors (BLDCMs). In principle, the torque density of BLDCMs
is 15% higher than that of PMSMs because their trapezoidal
air gap flux more fully utilizes the stator core material [5],
[6]. However, the torque ripple has always been a major factor
hindering the high-performance drive of BLDCMs.

Currently, in terms of motor control, there are three main
categories of control methods for suppressing torque ripple: 1)
adding dc–dc converter topologies [7], [8], [9], 2) modifying
modulation strategies [10], [11], [12], [13], and 3) changing
control strategies [14], [15], [16].

Methods that involve adding dc–dc converter topologies gen-
erally use boosting to maintain the stability of the noncommutat-
ing current during commutation, thereby reducing commutation
torque ripple. Based on the Z-source inverter in [7], the shoot-
through vector is introduced to increase the dc-link voltage, and
the stability of the noncommutating current is maintained by
adjusting the duty cycles of the shoot-through vector and active
vector. A noninductive boost front-end topology is used in [8],
which utilizes the motor stator inductance to boost the capacitor
to meet the voltage requirements during commutation. Based
on the diode-assisted buck–boost inverter in [9], four types
of switching vectors are constructed according to the motor’s
operating modes. By reasonably designing the duration and
sequence of the switching vectors, commutation torque ripple
can be reduced across the entire speed range.

For methods that modify modulation strategies, torque rip-
ple caused by current commutation or pulsewidth modulation
(PWM) chopping can be reduced. An improved three-phase
modulation strategy is proposed in [10], aiming to optimize the
current slope by using phase voltage and back electromotive
force (EMF) at the start and end of the commutation region,
combined with a voltage compensation method to reduce com-
mutation torque ripple. The delay in PWM and its effects are
analyzed in [11], which synchronizes the commutation cycle
with the switching cycle, effectively maintaining the minimum
commutation cycle and minimizing commutation torque ripple
in low-inductance BLDCM. The relationship between PWM
frequency and torque ripple is analyzed in [12], confirming that
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Fig. 1. Equivalent circuit of the nine-phase BLDCM drive system.

increasing the PWM frequency at the same speed can improve
current waveform quality and reduce torque ripple caused by
PWM chopping. Different modulation methods and their corre-
sponding torque ripples are compared in [13], which proposes an
improved modulation strategy called PWM-ON-PWM, although
the reduction in PWM torque ripple is minimal.

For methods that change control strategies, torque is generally
used as the control target to reduce torque ripple caused by
nonideal back-EMF. A torque control method is proposed in
[14], which designs current control rules to reduce torque ripple
by measuring the waveform function of the back-EMF and
adjusting the PWM duty cycle in real-time. Two switching tables
with the main vector and subsidiary vector are established for
both the normal conduction period and the commutation period
of the motor in [15]. Combining the main and subsidiary vectors
within each control cycle allows the torque ripple caused by non-
ideal back-EMF and current commutation to be simultaneously
reduced. The output modes of the Cuk converter are restructured
in [16], which adopts the concept of average torque control
during the motor’s normal conduction period to reduce torque
ripple by reasonably controlling the inverter’s PWM duty cycle.

The torque ripple suppression methods mentioned above are
all based on three-phase BLDCM systems and have been proven
effective. However, for low-voltage and high-power applications
of multiphase BLDCM systems, most of these methods are
hard for transfer and application. For example, adding dc–
dc converter topologies would increase the size and cost of
the general system, which is a significant problem for multi-
phase BLDCM systems. Modifying modulation strategies would
greatly increase the complexity of multiphase control. Never-
theless, changing control strategies holds significant research
potential. This is because increasing the number of phases in a
multiphase motor enhances the freedom of control, providing
more possibilities for high-performance motor drives.

The symmetrical winding multiphase BLDCM has the charac-
teristic of flexible conduction, allowing for different conduction
mode controls. Two types of parallel multiphase BLDCMs
are compared and analyzed in [17], using a nine-phase motor
as an example to demonstrate the operating characteristics of
the symmetrical winding multiphase BLDCM under different
conduction modes and deriving the output torque comparison
relationships. However, the literature did not analyze the torque
ripple corresponding to different conduction modes. Through
further research, this article finds that under the same speed
and load torque conditions, the torque ripple caused by PWM

Fig. 2. Phase relationship between the back-EMF and the current of phase A1

for the nine-phase BLDCM under different conduction modes. (a)–(g) Eight-
phase to two-phase windings conduction.

chopping in symmetrical winding multiphase BLDCM varies
with different conduction modes. The observed phenomenon
is that the torque ripple gradually decreases as the number of
conducting phases is reduced. This finding provides a new so-
lution for achieving low torque ripple operation in symmetrical
winding multiphase BLDCM drive systems.

This article analyzes the torque output characteristics of sym-
metrical winding multiphase BLDCM and proposes a variable
conduction mode control method. The proposed method uses
equal copper loss and equal phase current amplitude as two kinds
of constraints to divide the torque into intervals. It utilizes the
torque reference value to identify the torque interval and selects
the conduction mode that minimizes torque ripple within that in-
terval. This method fully exploits the operating characteristics of
symmetrical winding multiphase BLDCM, enabling optimized
control of both output torque and torque ripple.



640 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 1, JANUARY 2025

The rest of this article is organized as follows. Section II
describes the mathematical model and conduction mode of
symmetrical winding multiphase BLDCM and compares the
output torque between different conduction modes. Section III
analyzes the torque ripple corresponding to different conduction
modes and introduces the proposed variable conduction mode
control method. Section IV conducts experimental validation
and analysis. Finally, Section V concludes this article.

II. OPERATION CHARACTERISTICS OF SYMMETRICAL WINDING

MULTIPHASE BLDCM

A. Mathematical Model and Conduction Mode

The armature windings of a symmetrical winding multiphase
BLDCM are uniformly distributed in space and have only one
neutral point. Taking a nine-phase BLDCM as an example, the
motor and its drive system can be simplified to the equivalent
circuit, as shown in Fig. 1, where the multiphase motor is
modeled as resistance, inductance, and back-EMF connected
in series.

As shown in Fig. 1, each phase armature winding is connected
to the midpoint of the inverter bridge arm, with the number
of windings equaling the number of bridge arms. Where Udc

represents the dc-bus voltage, C1–C2 are the filtering capaci-
tors, S1–S18 are the power switching devices, D1–D18 are the
freewheeling diodes, A1–A9 are the phase windings, Rs is the
phase resistance, Ls is the phase inductance, eA1–eA9 are the
phase back-EMFs, and N is the neutral point.

According to the system equivalent circuit shown in Fig. 1,
the voltage equation of the symmetrical winding multiphase
BLDCM can be expressed as⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

uA1 = RsiA1 + Ls
diA1

dt + eA1 + uN

uA2 = RsiA2 + Ls
diA2

dt + eA2 + uN

uA3 = RsiA3 + Ls
diA3

dt + eA3 + uN

...

uA(m−1) = RsiA(m−1) + Ls
diA(m−1)

dt + eA(m−1) + uN

uAm = RsiAm + Ls
diAm

dt + eAm + uN

(1)
where uA1∼uAm are the phase voltages, iA1∼iAm are the phase
currents, uN is the neutral point voltage, and m is the number of
phases (with m being an odd number).

The armature windings are connected in a star configuration.
According to Kirchhoff’s current law, the phase currents satisfy
the following relationship as:

iA1 + iA2 + iA3 + · · ·+ iA(m−1) + iAm = 0. (2)

The converted electromagnetic power acts on the load in the
form of torque. Under ideal conditions, the electromagnetic
torque equation can be expressed as

Pe = Teω (3)

Te =

eA1iA1+eA2iA2+eA3iA3+· · ·+eA(m−1)iA(m−1)+eAmiAm

ω
(4)

where ω represents the mechanical angular velocity.

Fig. 3. Conduction results of the armature winding in the first sector of
the nine-phase BLDCM. (a) Eight-phase conduction mode. (b) Seven-phase
conduction mode.

As the number of phases in a symmetrical winding multiphase
BLDCM increases, a larger flat-top width of the back-EMF is
required to fully utilize each phase winding and achieve a smooth
output torque. Generally, in the design of a m-phase BLDCM,
the flat-top width W of the back-EMF follows the relationship as

W =
m− 1

m
π. (5)

The broad flat-topped region of the back EMF provides a
foundation for changing the conduction mode of the windings.
Additionally, as the number of motor phases increases, the rotor
position sectors are divided into smaller segments, allowing for
more flexible control methods if the winding conduction modes
are changed.

For a m-phase BLDCM, if the control method of conducting
all m-phase windings is used and the square wave current is
applied, periodic torque ripple will occur due to the insufficient
width of the back-EMF flat-top region. Additionally, special
commutation points are required, so this method is not used
to control the motor in this article. Furthermore, if the control
methods of conducting (m–1)-phase, (m–3)-phase, and (m–5)
phase windings are adopted, it is called even-phase winding
conduction. If the control methods of conducting (m–2)-phase,
(m–4)-phase, and (m–6)-phase windings are adopted, it is called
odd-phase winding conduction. Taking m = 9 as an example,
as shown in Fig. 2, it illustrates the phase relationship between
the back-EMF and the current of phase A1 when different con-
duction modes are used in a nine-phase BLDCM. Fig. 2(a)–(g),
respectively, shows the conduction of eight-phase to two-phase
windings.

As shown in Fig. 2, when controlling the nine-phase BLDCM,
the entire electrical cycle is divided into 18 sectors, with the
motor commutating every 20 electrical degrees. When using the
traditional H_PWM-L_ON modulation strategy, the upper bridge
power switching devices corresponding to each phase winding
perform PWM chopping within the conducting sector. In con-
trast, the lower bridge switching devices remain continuously on.
For example, S1 performs PWM chopping, and S10 remains con-
tinuously on for phase A1. The difference between conduction
modes lies in the number of armature windings simultaneously
conducting within each sector, but the pulse generation method
for the power switching devices S1–S18 is the same.

As shown in Fig. 3, it depicts the armature winding conduction
results in the first sector (0–20°) of the nine-phase BLDCM,
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using eight-phase and seven-phase conduction modes as exam-
ples. For different conduction modes, floating phases are set
according to the number of armature windings that need to
be energized, allowing each phase to be sequentially floated
throughout the entire electrical cycle. In different conduction
modes, conduction begins at the start of the back-EMF flat-top
region to accurately utilize the commutation points based on the
Hall signals.

B. Output Torque Comparison Between Different
Conduction Modes

Due to its inherent flexibility, the symmetrical winding mul-
tiphase BLDCM can be controlled using different conduction
modes. However, to ensure the safety and stable operation of the
motor system, it is necessary to constrain the current. Therefore,
the output torque corresponding to different conduction modes
varies. This section analyzes the comparative relationship be-
tween the average torques of different conduction modes using
copper loss and phase current amplitude as constraint conditions.

When the m-phase BLDCM is controlled using the (m–1)-
phase conduction mode, the steady-state electromagnetic power
equation can be expressed as

Pe_(m−1) = (m− 1)EI(m−1) (6)

where E is the amplitude of the back-EMF, and I(m-1) is the
amplitude of the phase current.

According to E= keω, by substituting (6) into (4), the average
torque equation can be obtained as

Te_(m−1) = (m− 1)keI(m−1) (7)

where ke is the coefficient of the back-EMF.
When the m-phase BLDCM is controlled by (m–2)-phase

conduction mode, the average torque equation can be written
as

Te_(m−2) =
(m− 1)

2
keI(m−2)_up +

(m− 3)

2
keI(m−2)_down.

(8)
From (8), it is known that the average torque equation of the

motor under the odd-number phase conduction mode consists
of two parts. Since the number of armature windings that are
simultaneously energized with the positive pole of the power
supply differs from those energized with the negative pole within
each sector, I(m-2)_up � I(m-2)_down. However, the neutral point
current satisfies Kirchhoff’s current law, from which it can be
derived that I(m-2)_up / I(m-2)_down = (m-3) / (m-1).

In the conduction modes of the (m–1)-phase and (m–2)-phase,
the copper losses of the motor windings can be, respectively,
represented as {

PCu_(m−1) = mRsI
2
rms_(m−1)

PCu_(m−2) = mRsI
2
rms_(m−2)

(9)

where Irms is the root mean square (rms) value of the phase
current.

When the constraint condition of equal copper losses is satis-
fied, i.e., PCu_(m-1) = PCu_(m-2), the following can be obtained

TABLE I
COMPARISON OF AVERAGE TORQUE BETWEEN ADJACENT CONDUCTION

MODES WITH EQUAL COPPER LOSS AS THE CONSTRAINT

as:

Irms_(m−1)

Irms_(m−2)
= 1. (10)

The relationship between the rms value and the amplitude
of the phase current varies depending on the conduction mode.
When the m-phase BLDCM adopts the (m–1)-phase and (m–2)-
phase conduction modes, the relationship between the two can
be expressed as

Irms_(m−1) =

√
m− 1

m
I(m−1) (11)

⎧⎨
⎩
Irms_(m−2)_up =

√
(m−2)(m−1)

m(m−3) I(m−2)_up

Irms_(m−2)_down =
√

(m−2)(m−3)
m(m−1) I(m−2)_down.

(12)

By substituting (10) into (11) and (12), the comparative rela-
tionship of the phase current amplitudes can be derived as⎧⎨

⎩
I(m−1)

I(m−2)_up
=

√
m−2
m−3

I(m−1)

I(m−2)_down
=

√
(m−2)(m−3)

m−1 .
(13)

Furthermore, by substituting (13) into (7) and (8), the com-
parative relationship of the average torque can be derived as⎧⎨

⎩
Te_(m−1)

Te_(m−2)_up
=

√
m−2
m−3

Te_(m−1)

Te_(m−2)_down
=

√
m−2
m−3 .

(14)

From (14), it can be seen that the two different phase current
expressions in (12) yield the same comparative relationship for
average torque. For the m-phase BLDCM, using the (m–1)-phase
conduction mode control produces a higher output torque than
using the (m–2)-phase conduction mode.

Following the abovementioned analysis process, the average
torque for other conduction modes can be derived. Table I
presents the comparative relationship of average torque between
adjacent conduction modes for the m-phase BLDCM under the
constraint of equal copper losses.

When comparing the average torque under the constraint of
equal phase current amplitudes, it can be seen from (8) that
I(m-2)_down > I(m-2)_up. Therefore, let I(m-2)_down = I(m-1),
and the following can be obtained as:

Te_(m−1)

Te_(m−2)
=

m− 1

m− 3
. (15)

From (15), it can be seen that for the m-phase BLDCM, using
the (m–1)-phase conduction mode produces a higher output
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TABLE II
COMPARISON OF AVERAGE TORQUE BETWEEN ADJACENT CONDUCTION

MODES WITH EQUAL PHASE CURRENT AMPLITUDE AS THE CONSTRAINT

torque than using the (m–2)-phase conduction mode. Similarly,
as shown in Table II, the comparative relationship of average
torque between adjacent conduction modes can be derived under
the constraint of equal phase current amplitudes.

By observing Tables I and II, it can be seen that the com-
parative results of average torque between adjacent conduction
modes are greater than or equal to 1 under the constraints of equal
copper losses and equal phase current amplitudes. Therefore,
the theoretical analysis indicates that the torque output capa-
bility of a symmetrical winding multiphase BLDCM gradually
decreases as the number of conducting phases diminishes under
current constraint conditions. When the load torque varies, it is
necessary to switch conduction modes to ensure torque output
performance dynamically.

III. OPTIMAL CONTROL STRATEGY OF SYMMETRICAL

WINDING MULTIPHASE BLDCM

Under current constraints, the output torque of a symmetrical
winding multiphase BLDCM varies with different conduction
modes. Further research in this article reveals that the torque
ripple corresponding to different conduction modes also varies
under the same speed and load torque conditions. Specifically,
the torque ripple decreases as the number of conducting phases
reduces. Therefore, this article proposes a variable conduction
mode control method. This method divides the torque intervals
based on the torque output capabilities of different conduction
modes and uses the torque reference value to identify the torque
interval. By dynamically switching the conduction mode accord-
ing to load changes, we can achieve low torque ripple operation
in symmetrical winding multiphase BLDCM drive systems.

A. Torque Ripple Analysis Under Different Conduction Modes

The symmetrical winding multiphase BLDCM typically uses
PWM for control during the driving process. However, the
presence of inductance in the phase windings leads to current
fluctuations due to PWM chopping, which in turn causes elec-
tromagnetic torque ripples at the same frequency. Fig. 4 displays
the phase current and electromagnetic torque waveforms within
each PWM cycle. This section uses a nine-phase BLDCM as
an example to analyze the variation in torque ripples when
controlled using different conduction modes.

1) Torque Ripple During Normal Conduction Period: As
shown in Fig. 5, they are the system equivalent circuits of the
nine-phase BLDCM when operating in the eight-phase con-
duction mode, where Fig. 5(a) and (b), respectively, show the

Fig. 4. Phase current and electromagnetic torque waveforms within each
PWM cycle.

Fig. 5. System equivalent circuits of the nine-phase BLDCM with eight-
phase conduction during the normal conduction period within one PWM cycle.
(a) PWM = ON. (b) PWM = OFF.

current flow paths when PWM = ON and PWM = OFF within
one switching cycle during the normal conduction period.

For the eight-phase conduction mode, the H_PWM-L_ON

modulation strategy is used as an example. From Fig. 5(a),
it can be observed that when PWM is ON, current flows into
the windings of phases A1, A3, A5, and A7 from the positive
terminal of the power supply and flows out from the windings
of phases A2, A4, A6, and A9, forming a closed circuit through
the negative terminal of the power supply. The winding of phase
A8 is a floating phase, with no current passing through. The
corresponding voltage equation is{

uAx = Udc = RsiAx + Ls
diAx

dt + eAx + uN

uAy = 0 = RsiAy + Ls
diAy

dt + eAy + uN
(16)

where iAx = –iAy, eAx = –eAy = E, x = 1,3,5,7, y = 2,4,6,9.
When the modulation frequency of PWM is high, the carrier

cycle is much smaller than the motor’s electrical time constant
Ls / Rs, so the influence of winding resistance can be neglected.
According to (16), the current change rate of the phase winding
can be obtained as

diAx

dt
=

Udc − 2E

2Ls
. (17)
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Assuming that the initial value of the phase current during
PWM = ON is iAx(0) = –iAy(0) = I1, the function expression
of the phase current can be obtained as

iAx_ON(t) =
Udc − 2E

2Ls
t+ I1. (18)

From Fig. 5(b), it can be observed that when PWM = OFF,
current flows into the windings of phases A1, A3, A5, and A7

through the freewheeling diodes, while current flows out of the
windings of phases A2, A4, A6, and A9, forming a closed circuit
without passing through the negative terminal of the power
supply. The winding of phase A8 is a floating phase, with no
current passing through. The corresponding voltage equation is{

uAx = 0 = RsiAx + Ls
diAx

dt + eAx + uN

uAy = 0 = RsiAy + Ls
diAy

dt + eAy + uN.
(19)

According to (19), the current change rate of the phase wind-
ing can be obtained as

diAx

dt
= − E

Ls
. (20)

Since the initial value of the phase current during PWM=OFF

is iAx(dT) = –iAy(dT) = (Udc–2E)dT / 2Ls + I1, the function
expression of the phase current can be obtained as

iAx_OFF(t) = − E

Ls
t+

Udc

2Ls
dT + I1. (21)

Based on the calculations of (18) and (21), the average value
of the current within a switching cycle can be obtained as

IAx_mean_8 =
(2d− d2)Udc − 2E

4Lsf
+ I1. (22)

Furthermore, the average value of the electromagnetic torque
within a switching cycle can be obtained as

Te_mean_8 =
8E

ω

(
(2d− d2)Udc − 2E

4Lsf
+ I1

)
. (23)

The peak-to-peak value of the electromagnetic torque can be
derived from the peak-to-peak value of the current within one
switching cycle, as follows:

ΔTe_8 =
8E

ω
ΔIAx =

4Ed(Udc − 2E)

ωLsf
. (24)

According to (23) and (24), the electromagnetic torque ripple
can be calculated as

Te_rip_8 =
ΔTe_8

2Te_mean_8
=

d(Udc − 2E)

(2d− d2)Udc − 2E + 4LsfI1
.

(25)
From (25), it can be seen that the torque ripple Te_rip_8 of

the nine-phase BLDCM during the normal conduction period
is related to the duty cycle d, the dc-bus voltage Udc, the am-
plitude of back-EMF E, the phase inductance Ls, the switching
frequency f, and the amplitude of phase current I1.

Under steady-state load torque conditions where different
conduction modes have torque output capability, if we adopt
the five-phase and two-phase conduction modes, the average

TABLE III
TORQUE RIPPLE UNDER DIFFERENT CONDUCTION MODES AT THE SAME SPEED

AND TORQUE CONDITIONS

value of the electromagnetic torque within one switching cycle
can be represented as

Te_mean_8 = Te_mean_5 = Te_mean_2. (26)

Based on the peak-to-peak value of the current within
one switching cycle and the number of energized phases of
the armature winding, the comparative relationship between
peak-to-peak values of the electromagnetic torque can be
obtained as {

ΔTe_5 = 3
5ΔTe_8

ΔTe_2 = 1
4ΔTe_8.

(27)

Furthermore, by substituting (27) into (26), we can obtain the
comparative relationship of the electromagnetic torque ripple,
as follows: {

Te_rip_5 = 3
5Te_rip_8

Te_rip_2 = 1
4Te_rip_8.

(28)

Based on the above analysis process, the comparative relation-
ship of torque ripple for the m-phase BLDCM using different
conduction modes can be derived, resulting in mathematical
expressions, as shown in Table III.

According to Table III, when m = 9, the torque ripple ra-
tios of the nine-phase BLDCM under eight-phase, seven-phase,
six-phase, five-phase, four-phase, three-phase, and two-phase
conduction modes are 1, 0.86, 0.75, 0.6, 0.5, 0.33, and 0.25,
respectively. Therefore, theoretical analysis reveals that the
torque ripple caused by PWM chopping is greatest when the
(m–1)-phase conduction mode is used for symmetrical multi-
phase BLDCM during the normal conduction period. As the
number of phases generating PWM reduces, the torque ripple
decreases gradually.

2) Torque Ripple During Commutation Period: As shown
in Fig. 6, they are the system equivalent circuits of the nine-
phase BLDCM using the eight-phase conduction mode, where
Fig. 6(a) and (b), respectively, shows the current flow paths when
PWM = ON and PWM = OFF within one switching cycle during
the commutation period.

Taking the commutation from A1+, A3+, A5+, A7+, A2−,
A4−, A6−, A9− to A1+, A3+, A5+, A8+, A2−, A4−, A6−,
A9− as an example, due to the presence of inductance in the
winding, the current in the switched-OFF phase A7 does not
immediately disappear, it continues to flow through the diode
D16 for freewheeling.

From Fig. 6(a), it can be seen that when PWM = ON, current
flows into the windings of phases A1, A3, A5, and A8 from
the positive terminal of the power supply, while current flows
out of the windings of phases A2, A4, A6, and A9, forming
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Fig. 6. System equivalent circuits of the nine-phase BLDCM with eight-phase
conduction during the commutation period within one PWM cycle. (a) PWM =
ON. (b) PWM = OFF.

a closed circuit through the negative terminal of the power
supply. The winding of phase A7 acts as a switched-OFF phase,
with current flowing into it through the freewheeling diode. The
corresponding voltage equation is⎧⎨

⎩
uAx = Udc = RsiAx + Ls

diAx

dt + eAx + uN

uAy = 0 = RsiAy + Ls
diAy

dt + eAy + uN

uAz = 0 = RsiAz + Ls
diAz

dt + eAz + uN

(29)

where iAx + iAy + iAz = 0, eAx = –eAy = eAz = E, x = 1,3,5,8,
y = 2,4,6,9, z = 7.

Assuming that the initial value of the current in the noncom-
mutating winding Ax during PWM = ON is iAx(0) = I1, ac-
cording to (29), the function expression of the noncommutating
current can be obtained as

iAx_ON(t) =
Udc − 4E

3Ls
t+ I1. (30)

From Fig. 6(b), it can be observed that when PWM = OFF,
current flows into the windings of phases A1, A3, A5, and A8

through the freewheeling diode, while current flows out of the
windings of phases A2, A4, A6, and A9, forming a closed circuit
without passing through the negative terminal of the power
supply. The winding of phase A7 acts as a switched-OFF phase,
with current flowing into it through the freewheeling diode. The
corresponding voltage equation is⎧⎨

⎩
uAx = 0 = RsiAx + Ls

diAx

dt + eAx + uN

uAy = 0 = RsiAy + Ls
diAy

dt + eAy + uN

uAz = 0 = RsiAz + Ls
diAz

dt + eAz + uN.

(31)

Since the initial value of the noncommutating current during
PWM = OFF is iAx(dT) = (Udc–4E)dT / 3Ls + I1, the function

expression of the noncommutating current can be obtained as

iAx_OFF(t) = − 4E

3Ls
t+

Udc

3Ls
dT + I1. (32)

According to the calculation results of (30) and (32), the aver-
age value of the noncommutating current within one switching
cycle can be obtained as

IAx_mean_8 =
(2d− d2)Udc − 4E

6Lsf
+ I1. (33)

Furthermore, based on the average and peak-to-peak values
of the electromagnetic torque within one switching cycle, the
expression for the torque ripple can be derived as

Te_rip_8 =
ΔTe_8

2Te_mean_8
=

d(Udc − 4E)

(2d− d2)Udc − 4E + 6LsfI1
.

(34)
By comparing (25) and (34), it can be observed that the nine-

phase BLDCM under eight-phase conduction mode exhibits a
similar torque ripple expression during normal conduction and
commutation periods.

Similarly, when different conduction modes are employed for
control, the comparative relationship of the torque ripple can be
derived based on the peak-to-peak value of the current within
one switching cycle. Extending to the m-phase BLDCM, the
torque ripple calculated during the commutation period under
different conduction modes yields the same results, as shown in
Table III.

The theoretical analysis above indicates that for the sym-
metrical winding multiphase BLDCM, reducing the number of
conducting phases can decrease the torque ripple caused by
PWM chopping under the same speed and steady-state load
torque conditions. The variation pattern is consistent both during
normal conduction and commutation periods.

B. Proposed Variable Conduction Mode Control Method

Based on the torque output characteristics of the symmetrical
winding multiphase BLDCM, this article proposes a variable
conduction mode control method by further analyzing the torque
ripple under different conduction modes. This method can re-
duce torque ripple while ensuring torque output performance.
Fig. 7 is a schematic diagram of the proposed method.

Specifically, in the implementation of the proposed method,
the torque reference value Te_ref is used to identify the torque
interval, and the conduction mode is dynamically switched ac-
cording to load changes. At the same time, the feedback value of
the current loop is switched. In different conduction modes, the
average value of all noncommutating winding currents is taken
and compared with the current reference value. The difference is
controlled by a single PI controller to generate the required duty
cycle. The reference value of the current loop iref varies with the
conduction mode and is adjusted according to their respective
torque equations.

To utilize the torque reference value to identify the torque
interval, the prerequisite is that the torque reference value Te_ref

can accurately follow the actual torque Te_act. Due to the non-
linear characteristics of the motor, values calculated using the
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Fig. 7. Schematic diagram of the proposed variable conduction mode control
method.

Fig. 8. Corresponding relationship between the reference torque and the
reference current under different operating conditions.

Fig. 9. Process of identifying the torque interval and selecting the conduction
mode.

average torque equation are usually inaccurate. Therefore, this
article uses the nine-phase BLDCM with eight-phase conduction
as an example. By measuring the data under various speed and
torque conditions, a correspondence relationship between the
reference torque Te_ref and the reference current iref is estab-
lished, as shown in Fig. 8.

As shown in Fig. 9, it illustrates the process of identifying
the torque interval and selecting the conduction mode. When
the load torque changes dynamically, the torque interval is first
identified. If the threshold conditions are met, the corresponding
conduction mode is selected. If the conditions are not met, it
indicates that the torque value is at the threshold boundary or
fluctuating at the boundary. At this point, the difference between
the torque reference value Te_ref and the interval threshold Te

′ is
calculated. If this difference meets the hysteresis conditions set
at different boundaries, a conduction mode with fewer phases is

Fig. 10. Torque interval division results of the nine-phase BLDCM. (a) With
equal copper loss as the constraint condition. (b) With equal phase current
amplitude as the constraint condition.

Fig. 11. Experimental platform and prototype. (a) Photographs of the experi-
mental platform. (b) Photographs of the prototype.

selected for control. When switching the conduction mode at any
time, the conducting and floating phase windings are selected
based on the rotor position sector, and the conduction rules for
each mode must be preset.
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Fig. 12. Steady-state experimental results of the nine-phase BLDCM with variable conduction mode control. (a) 600 r/min. (b) 1200 r/min. (c) 2200 r/min.

When the motor operates under heavy load conditions, the
load current is high, and the output power is substantial. Thus,
multiphase winding conduction is used. When the motor oper-
ates under light load conditions, the load current is low, and the
output power is decreased, so the number of simultaneously con-
ducting windings is reduced. This achieves variable conduction
mode control within the rated torque range.

There are no restrictions when applying the proposed method
to motors with different phase numbers, but some modifications
are necessary. The specific requirements for implementing the
proposed method are follows.

1) For the multiphase BLDCM prototype under study, all
conduction modes need to be driven individually accord-
ing to winding conduction rules within a dual closed-loop
control framework for speed and current.

2) Within the operating range of rated speed and rated torque,
the relationship between the reference torque and refer-
ence current under each conduction mode is experimen-
tally measured to establish an offline lookup table.

3) Based on the criteria for dividing torque intervals, specific
interval thresholds are confirmed, and hysteresis condi-
tions for the interval boundaries are determined during
experimental tuning.

1) Torque Interval Division Criteria: To apply the proposed
control method, the torque must be divided into intervals,
with the interval thresholds serving as the switching condi-
tions for each conduction mode. Therefore, this article pro-
poses two criteria for dividing the torque intervals: 1) equal
copper loss and 2) equal phase current amplitude as constraint
conditions.

Pinver_loss =
(
m× UIGBT × I +m×RIGBT × I2rms

)× (
1
2 + Rs×I

Udc
+ ke

Udc

√
m×ke×I

k1

)
+ (m× f × Etotal)

+
(
m× Udiode × I +m×Rdiode × I2rms

)× (
1
2 − Rs×I

Udc
+ ke

Udc

√
m×ke×I

k1

)
.

(35)
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TABLE IV
OUTPUT TORQUE OF EACH CONDUCTION MODE UNDER THE CONSTRAINT OF

EQUAL COPPER LOSS

TABLE V
OUTPUT TORQUE OF EACH CONDUCTION MODE UNDER THE CONSTRAINT OF

EQUAL PHASE CURRENT AMPLITUDE

The maximum output torque for each conduction mode can be
obtained when using equal copper loss as a constraint condition,
as shown in Table IV. Here, the maximum output torque in
the (m–1)-phase conduction mode is defined as the rated load
torque TN. The torque switching points for each conduction
mode can be determined based on the average torque comparison
relationship shown in Table I. As shown in Fig. 10(a), it is the
torque interval division results for the nine-phase BLDCM under
the constraint condition of equal copper loss.

The maximum output torque for each conduction mode can
be obtained when using equal phase current amplitude as a
constraint condition, as shown in Table V. The torque switching
points for each conduction mode can be determined based on the
ratio of phase current amplitudes under the same load condition.
As shown in Table V, the maximum output torque for adjacent
even-phase conduction modes and odd-phase conduction modes
is the same. Therefore, only the even-phase conduction modes
are used for control within the rated torque range. As shown
in Fig. 10(b), it is the torque interval division results for the
nine-phase BLDCM under the constraint condition of equal
phase current amplitude.

For the two torque interval division criteria proposed in this
article, using equal copper loss as a constraint is based on the
motor itself. This division ensures that the maximum loss in each
conduction mode does not exceed the rated value, allowing the
conduction mode with the minimal torque ripple to have a wider
torque operating range. In contrast, using equal phase current
amplitude as a constraint is based on the capacity of the power
switching devices. This division ensures that each conduction
mode’s maximum phase current amplitude does not exceed the
rated value, allowing each conduction mode to have the optimal
torque operating range.

2) System Loss Analysis: Compared to the traditional single
mode control method, using the variable conduction mode con-
trol method changes the number of conducting phases and the
amplitude of phase currents, thereby altering system losses.

The losses in a motor drive system can be divided into three
parts: 1) inverter losses, 2) motor losses, and 3) mechanical

losses [18]. These three types of losses can be represented by (35)
shown at the bottom of the this page, (36), and (37), respectively,
as follows:

Pmotor_loss =
(
m×Rs × I2rms

)
+ (k2 × ω) (36)

Pmech_loss = k3 × ω (37)

where I and Irms are the amplitude and rms value of the phase
current corresponding to the current conduction mode, UIGBT

is the IGBT conducting voltage, RIGBT is the conducting resis-
tance, Udiode is the forward voltage of the freewheeling diode,
Rdiode is the forward resistance, Etotal is the total switching
losses, and k1, k2, k3 are constants.

From (35), (36), and (37), we can see that both the inverter
losses and motor copper losses are related to changes in phase
current. In contrast, the motor iron losses and mechanical losses
are unrelated, which can be simplified as functions of the me-
chanical angular velocity.

When a m-phase BLDCM uses variable conduction mode
control, for example, when using (m–1)-phase and (m–2)-phase
conduction modes, by setting (7) equal to (8), the comparative
relationship of the phase current amplitudes can be derived{ I(m−1)

I(m−2)_up
= 1

I(m−1)

I(m−2)_down
= m−3

m−1 .
(38)

By substituting (38) into (11) and (12), the comparative rela-
tionship of the phase current rms values can be derived as⎧⎪⎨

⎪⎩
I2

rms_(m−1)

I2
rms_(m−2)_up

= m−3
m−2

I2
rms_(m−1)

I2
rms_(m−2)_down

= m−3
m−2 .

(39)

From (38) and (39), we can see that reducing the number of
conducting phases in the winding will increase the phase current
amplitude under the same speed and load torque conditions.
Based on the corresponding current relationship, this will lead
to an increase in inverter losses and motor copper losses.

Furthermore, the efficiency of the motor system can be ex-
pressed as

η =
Pout

Pin
=

Pout

Pout + Psw + Pcon + Pcu + Pcore + Pmech
(40)

where Psw and Pcon are the switching losses and conduction
losses of the power devices, Pcu and Pcore are the copper losses
and iron losses of the motor, and Pmech is the mechanical losses.
Among these, Psw, Pcon, and Pcu are variable losses.

The variable losses increase with the current amplitude.
Therefore, when implementing the variable conduction mode
control method, the system efficiency η decreases within each
torque interval.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

To verify the correctness of the theoretical analysis and the
effectiveness of the proposed method, both steady-state and dy-
namic experiments are conducted on a multiphase BLDCM drive
system. The experimental platform and prototype are shown in
Fig. 11. The control circuit uses a DSP (TMS320F28335) and
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Fig. 13. Dynamic experimental results of the nine-phase BLDCM under con-
ditions of constant speed and load step change. (a1) and (a2) Single conduction
mode control. (b1) and (b2) Variable conduction mode control.

an FPGA (EP1C6Q240C8) as the main control units. The power
circuit employs the IPM (PM75RL1A120) as the power device
and the dc source (RP7962A) as the main power supply. The
sampling circuit utilizes the LEM voltage sensor (LV25-P) and
LEM current sensor (LAH50-P) to collect the dc-bus voltage
and the phase current. The motor is loaded using a MAGTROL
hysteresis brake (AHB-12), and the actual motor torque is mea-
sured using a torque sensor (TM307). The experimental results
are recorded by a Yokogawa eight-channel digital oscilloscope
(DLM4058). The experimental prototype is a 2 kW nine-phase
BLDCM, with the specific parameters listed in Table VI.

A. Steady-State Experiments

To verify the feasibility of the proposed method, variable
conduction mode control is applied to the nine-phase BLDCM
under low-speed, medium-speed, and high-speed steady-state

Fig. 14. Dynamic experimental results of the nine-phase BLDCM under
conditions of speed change and load step change. (a1) and (a2) Single conduction
mode control. (b1) and (b2) Variable conduction mode control.

TABLE VI
PROTOTYPE PARAMETERS OF THE NINE-PHASE BLDCM
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Fig. 15. Comparative experimental results of different methods. (a) Traditional method. (b) Reduction method in [12]. (c) Reduction method in [13]. (d) Proposed
method under Cons. Ⅱ. (e) Proposed method under Cons. Ⅰ.

Fig. 16. Comparative experimental data of different methods. (a) Torque
ripple. (b) System efficiency.

conditions. As shown in Fig. 12, these are the experimental
waveforms for the nine-phase BLDCM operating at 600 r/min,
1200 r/min, and 2200 r/min with a 4 N·m load. From top to
bottom, the waveforms are the speed n, the actual torque Te_act,
the one-phase current iA1, and the nine-phase currents iA1–A9.
From left to right, the nine-phase motor successively uses eight-
phase conduction, seven-phase conduction, six-phase conduc-
tion, five-phase conduction, four-phase conduction, three-phase
conduction, and two-phase conduction. It should be noted that
under the constraint of equal copper losses, the two-phase con-
duction mode can output a maximum of 4 N·m. However, under
the constraint of equal phase current amplitude, the two-phase
conduction mode can only output a maximum of 2 N·m.

As seen in Fig. 12, during the conduction mode switching pro-
cess, the speed remains unchanged while the torque ripple gradu-
ally decreases. The conduction mode with the fewest conducting
phases exhibits the smallest torque ripple. The experimental
results show the same trend across different speeds. Zoom1
and Zoom2 display magnified waveforms for the eight-phase
conduction and two-phase conduction modes, respectively. The
peak-to-peak torqueΔTe_8 for the eight-phase conduction mode
is 0.55 N·m, 0.51 N·m, and 0.40 N·m, while the peak-to-peak
torque ΔTe_2 for the two-phase conduction mode is 0.27 N·m,
0.25 N·m, and 0.24 N·m. The torque ripple Te_rip_8 for the
eight-phase conduction mode is 6.87%, 6.37%, and 5.00%,
while the torque ripple Te_rip_2 for the two-phase conduction
mode is 3.37%, 3.12%, and 3.00%. By comparison, the torque
ripple is reduced by 3.50%, 3.25%, and 2.00%. The experimental
results shown in Fig. 12 confirm the feasibility of the variable
conduction mode control method. Specifically, reducing the
number of conducting phases by changing the conduction mode
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can decrease torque ripple under steady-state conditions with
the same speed and load torque.

B. Dynamic Experiments

To verify the effectiveness of the proposed method, variable
conduction mode control is applied to the nine-phase BLDCM
under both steady-state and dynamic speed conditions, follow-
ing the two torque interval division results described in this
article.

As shown in Fig. 13, they are two sets of comparative
experimental waveforms for the nine-phase BLDCM under
steady-state speed with step changes in load torque. First, in
Fig. 13(a1) and (b1), the torque intervals are divided based on
the constraint of equal copper losses (Cons. I). The step changes
in load torque are 3.5 N·m, 4.5 N·m, 5 N·m, 6 N·m, 6.5 N·m,
and 7 N·m. Fig. 13(a1) shows that when a single conduction
mode (eight-phase conduction) is applied, both torque ripple
and phase current increase as the load torque. In contrast, in
Fig. 13(b1), when variable conduction mode control is applied,
the conduction mode can be flexibly switched within the preset
torque intervals by judging whether the reference torque exceeds
the interval threshold as the load torque increases. The proposed
method can reduce torque ripple within the respective torque
intervals compared to the single conduction mode. Second, in
Fig. 13(a2) and (b2), the torque intervals are divided based on the
constraint of equal phase current amplitude (Cons. II). The step
changes in load torque are 1.5 N·m, 3.5 N·m, and 5.5 N·m. In
Fig. 13(b2), when variable conduction mode control is applied,
the conduction mode can be flexibly switched by identifying
the changes in the reference torque, and this also reduces torque
ripple within the respective torque intervals.

As shown in Fig. 14, these are two sets of comparative exper-
imental waveforms for the nine-phase BLDCM under dynamic
speed conditions with step changes in load torque. First, in
Fig. 14(a1) and (b1), the torque intervals are divided based
on the Cons. I. The experimental results are similar to the
corresponding results in Fig. 13. Second, in Fig. 14(a2) and (b2),
the torque intervals are divided based on the Cons. II. The step
changes in load torque are 1.5 N·m, 3.5 N·m, 5.5 N·m, and 0 N·m.
This experiment includes scenarios with sudden increases and
decreases in torque. On the one hand, it verifies the effectiveness
of reducing torque ripple. On the other hand, it also confirms that
the proposed method has good dynamic performance.

The above two sets of experiments compare the proposed
method with the traditional single mode control method.
To verify the differences between the proposed method and
the torque ripple reduction methods from the literature, a
comprehensive comparison is conducted under the same
operating conditions. As shown in Fig. 15, these are the
comparison results among different methods. Fig. 15(a) is
the traditional single mode control method. Fig. 15(b) is the
reduction method in [12], which reduces torque ripple by
increasing the switching frequency. Fig. 15(c) is the reduction
method in [13], which reduces torque ripple by modifying the
modulation strategy. Fig. 15(d) is the proposed method under
Cons. II, and Fig. 15(e) is the proposed method under Cons. I.

In Fig. 15, the load torque step changes are 1.5 N·m, 3 N·m,
4.5 N·m, and 6 N·m. The variations in speed and reference torque
remain consistent across different methods, but the torque ripple
and phase current variations differ. The single mode control
method in Fig. 15(a) produces the highest torque ripple. In
Fig. 15(b), increasing the switching frequency from 10 kHz
to 20 kHz reduces torque ripple to some extent. In Fig. 15(c),
the modified modulation strategy PWM-ON-PWM also reduces
torque ripple. The differences between the methods become
evident when observing the changes in phase current. However,
the torque ripple reduction achieved by the methods in the
literature is limited. In Fig. 15(d) and (e), the proposed method,
using two different torque interval division criteria for variable
conduction mode control, further reduces torque ripple. Among
these, Fig. 15(e) demonstrates the most effective torque ripple
reduction, attributed to the use of a control mode with fewer con-
ducting phases under this standard. These experimental results
further confirm the effectiveness of the proposed method.

To quantitatively analyze the performance metrics between
different methods, we recorded the experimental data from the
experiments shown in Fig. 15. As illustrated in Fig. 16, this data
includes torque ripple and system efficiency.

As shown in Fig. 16(a), with the increase in load torque, the
torque ripple corresponding to each method gradually decreases.
The traditional single mode control method exhibits the high-
est torque ripple, with values of 23.62%, 13.31%, 9.68%, and
9.31%. In contrast, the proposed method under Cons. I has the
lowest torque ripple, with values of 15.95%, 6.64%, 4.43%, and
4.65%. Fig. 16(b) shows that as the load torque increases, the
system efficiency for the first four methods initially increases
and then decreases. The reduction method in [13] achieves
the highest system efficiency, with values of 56.66%, 62.23%,
62.36%, and 61.16%. However, the proposed method under
Cons. I has the lowest system efficiency, with values of 51.06%,
52.24%, 52.76%, and 56.96%. Compared to the methods in the
literature, the proposed method results in a decrease in system
efficiency. This is because, within each torque interval, it uses
a control mode with fewer conducting phases, leading to an
increase in phase current magnitude. This increase in inverter
losses and motor copper losses causes a reduction in system
efficiency when implementing the variable conduction mode
control method within each torque interval.

The abovementioned experimental results indicate that in
general motor systems, without increasing the hardware com-
plexity, various performance metrics are interdependent and
require balance. For example, in this study, by analyzing the
torque output characteristics of a multiphase BLDCM under
different conduction modes, reducing torque ripple necessitated
sacrificing some system efficiency.

V. CONCLUSION

For the symmetrical winding multiphase BLDCM drive sys-
tem, this article proposes a variable conduction mode control
method, offering a new solution for low torque ripple operation
in multiphase motors. This method has the following advantages.

1) The proposed method differs significantly from existing
torque ripple suppression methods for the three-phase
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BLDCM. It fully leverages the operational characteristics
of symmetrical winding multiphase BLDCM and is a
performance-optimized control strategy.

2) The proposed method is not limited to a particular phase
motor. When applied to odd-phase winding multiphase
BLDCM, it can be implemented with modifications ac-
cording to the specific requirements of the method. This
method has significant scalability.
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