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Pulse Width Modulation Methods for Minimizing
Commutation Torque Ripples in Low Inductance
Brushless DC Motor Drives

Juwon Lee

Abstraci—This article proposes pulse width modulation
(PWM) methods for low inductance brushless dc (BLDC)
motor drives that minimize the commutation torque ripples.
An uneven current of noncommutation phase generates the
commutation torque ripples. In the low inductance BLDC
motor drives, two types of time delays in PWM also in-
duce critical torque ripples. In this article, the analyses of
the time delays in PWM and their effects are introduced.
Then, two PWM methods are proposed to eliminate the
time delays in the commutation region and the conduction
region, respectively. The commutation period is controlled
to be synchronized to the switching period. In addition, the
proposed methods synchronize the switching period to the
commutation interrupt. As a result, the proposed methods
effectively maintain the minimum commutation period as
well as minimize the commutation torque ripples in the low
inductance BLDC motor drives. The validity of the proposed
methods is demonstrated by the simulation and experimen-
tal results in various driving conditions. The results show
that the commutation period is remarkably shortened and
the commutation torque ripples are reduced by 27.6% in
comparison to the conventional method.

Index Terms—Brushless dc (BLDC) motor, commutation
torque ripples, low inductance, pulse width modulation
(PWM), time delay.

NOMENCLATURE
Reference value.
Outgoing phase value.
Incoming phase value.
Noncommutation phase value.

Superscript *
Subscript OG
Subscript IC

Subscript NC
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Ve DC link voltage.

Uno Neutral-to-ground voltage.

R, Stator resistance.

Ly Equivalent stator inductance (L — M).
€x Back EMF of x phase.

Sz Switching state of  phase.

D, Duty ratio of x phase.

T, Total output torque.

Wrm Rotor speed.

fs Switching frequency.

tei Interval of commutation interrupt.
tem Period of commutation region.

ted Period of conduction region.

trise Rising time of IC phase current.

tean Falling time of OG phase current.
tesp Duration of commutation start delay.
tcED Duration of commutation end delay.
Nem Commutation constant.

Neg Conduction constant.

[. INTRODUCTION

RUSHLESS dc (BLDC) motor has been widely used in
B electric vehicles, robots, and industrial equipment as it has
high efficiency, high torque density, and a simple control method
[1]. Especially, the attention toward the slotless BLDC motor has
continuously been increasing as it has no iron loss, magnetic
saturation, or cogging torque [2], [3]. From these advantageous
properties, the total output torque is only determined by the
magnetic torque, which is a product of the phase current and
back electromotive force (EMF). In addition, the slotless BLDC
motor is suitable for weight reduction, miniaturization, and mass
production at a low cost [4]. Accordingly, it is favorably adopted
in the small-sized motor drive systems, such as partial prosthetic
hand systems, as shown in Fig. . Meanwhile, since the value of
stator inductance of the slotless BLDC motor is relatively low, a
small control error produces large current ripples, which lead to
the torque ripples [2]. As a result, a precise control of the phase
current that interacts with the back EMF becomes necessary.
In the BLDC motor drive system, a two-phase control method
is commonly used, as the conduction loss is reduced and the
control method is simple. The commutation torque ripples are
the main issue in the two-phase control method, since it becomes
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' Slotless BLDC Motor

Three-Phase Voltage Source Inverter

Fig. 1. Partial prosthetic hand system with a slotless BLDC motor and
a small-sized three-phase VS| PCB board.

up to 50% of the average torque [5]. Until recently, various
pulse width modulation (PWM) methods have been introduced
to reduce the commutation torque ripples by keeping constant
current of the noncommutation (NC) phase [6]—[14]. The vector
selection method considering nonideal back EMF was proposed
in [6]. Modified PWM methods using coordinate transformation
[7] and PWM-OFF-PWM method [8] were introduced. Also,
the methods of changing the current controller using current
hysteresis control [9] and integral variable structure control
[10] were proposed. However, the previous research neglected
the effects of the time delays in PWM, which also generate
critical torque ripples in the low inductance BLDC motor drives.
In [11], an overlapping control for the slotless BLDC motor
was proposed, but the time delay problems still remain. Nu-
merous compensation circuits, such as double-layer C-dump
converter [12], diode-assisted buck—boost converter [13], and
capacitor-switching-based boost converter [14], were proposed
to minimize torque ripples by modulating the dc-link voltage.
However, these circuits cannot be applied to a small-sized BLDC
motor drive system, since an additional space for power semi-
conductors, capacitors, and inductors is required.

Meanwhile, the commutation delay is another main factor
of the torque ripples. It is generated due to the time delay in
PWM and causes various losses in the motor drive system [15],
[16]. In the case of BLDC motor drives, the commutating instant
does not match with the end of the PWM switching due to the
commutation delay [17]. Thus, several methods compensating
for the commutation delay were proposed in [18]-[24]. The
methods of modifying the carrier function by initializing [18]
and changing the frequency [19] at the commutating instant were
introduced. However, the PWM duty ratio became an inaccurate
value and the current harmonic distortion was generated due to
the carrier function, which are critical in the low inductance
motor drives. Mixing the ratio of the commutation and conduc-
tion period was proposed in [20], but the modified PWM duty
ratio was still not precise. To reduce the commutation delay,
pulse-amplitude modulation methods using the buck converter
[21] and phase-controlled rectifier [22] were proposed. In [23],
the PWM generation method using hall signals with the logical
circuit was proposed. However, the abovementioned methods
required additional circuits that take up considerable space.
The commutation error compensation method, which considers
both phase delay and position error, was proposed in [24]. Al-
though this method was effective for compensating the position
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Fig. 2. Equivalent circuit of a BLDC motor with a three-phase VSI.

error, there was still a limit to eliminating the commutation
delay.

This article proposes new PWM methods to minimize the
commutation torque ripples in the low inductance BLDC motor
drives. At first, considering the effect of PWM, the time delays
called commutation end delay (CED) and commutation start
delay (CSD) are introduced and analyzed. The analyses repre-
sent that the torque ripples due to the time delays are critical
to the low inductance BLDC motor drives. Then, to eliminate
each delay, two types of PWM methods called the N-switching
period commutation method and the variable switching period
(VSP) conduction method are proposed. The former modifies
the PWM duty ratio to synchronize the commutation period to
the switching period, and the latter adjusts the switching period
to synchronize it to the commutating instant. As a result, the pro-
posed methods effectively remove the time delays and maintain
the NC phase current constant. Accordingly, the commutation
torque ripples are minimized, and the commutation period is
kept to a minimum in the low inductance BLDC motor drives.
Finally, the proposed methods are verified by the simulation
software, PLECS of Plexim Inc., and experimental results from
a partial prosthetic hand system.

Il. ANALYSIS OF COMMUTATION TORQUE RIPPLES IN
CONVENTIONAL PWM METHOD

A. Modeling of BLDC Motor

Fig. 2 shows the equivalent circuit of the BLDC motor with
a three-phase PWM voltage source inverter (VSI). The voltage
equations from ground to each phase and ground to the neutral
point are expressed as

. di Vi
Vao = R Za+Lsd7:+ea+ Uno:Sa%
. dib V:ic
O:Rs Lsi no:S —
Up wp + I +ep+ v b
. di. Ve
UCO:RSZchLSEJreCJr vm):Sc?d
Sy, + Sy + S, eq + €y + e
Uno = o Ve g (1)

where the switching state S is 1 when the upper switch conducts
and —1 when the lower switch conducts. In one switching period
tsw, S becomes 1 during the PWM duty ratio Dt and —1 in the
rest of the time. Using the state-space averaging, the switching
state is expressed as Sy, = 2D — 1.
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Fig. 3. Various cases of three-phase current waveforms in the two-
phase control method of a BLDC motor.

The two-phase control method of the BLDC motor is shown
in Fig. 3. The commutation interrupt, which is triggered by the
hall sensor or the zero-crossing point of the back EMF, starts at
every 60° of the electrical angle. The commutation region occurs
when the commutation interrupt is triggered and the conduction
region occurs in the rest of the time. In the commutation region,
the outgoing (OG) phase current falls to zero and the incoming
(IC) phase current rises to the value of the current reference
where the NC phase current is determined by the current of the
other two phases. Using the Kirchhoff’s current law at the neutral
point, the total output torque is expressed as

toG +tic + inc = 0

T €0G10G 1 €ictic + encine
=

wrm
~ Eliog tiic) — Einc _ 2Finc @)
wrm me
where F is the peak value of trapezoidal back EMF. From (2), the
commutation torque ripples are generated when the NC phase
current does not remain constant.

Three typical cases of phase current are shown in Fig. 3.
In case 1, the rising time of the IC phase current ¢, and the
falling time of the OG phase current ¢ are same, where the
NC phase current and the output torque are maintained constant.
However, in case 2 or 3, i, is longer and shorter than ¢y,
respectively, causing the ripple of NC phase current and output
torque. Depending on the motor parameters, the phase current
within the commutation region is determined to be one of the
abovementioned three cases. Accordingly, the compensation
methods are required to achieve the commutation region as
case 1.

B. Commutation End Delay

The previous compensation methods only tried to keep
tise and tgy identical. To satisfy the condition, the PWM duty

4 Cd: Conduction Region 2 Commutation
Cm: Commutation Region Interrupt
Carrier A
Function N | R
«— [4 «— [4
tow Low
A I, L {1
Update > >
Ideal PWM Cd Cm cd |« Cd Cm | cd |«
Sequence rd 7
Actual PWM Lem
cd Cm cd |« Cd cm | cd |
Sequence o 7 — 7
teep tesp
(a) (b)
Fig. 4. ldeal and actual PWM sequences of the two-phase control

method.

ratio of each phase was calculated. However, in the PWM VSI
system, the PWM sequence is updated at every peak of the carrier
function, as shown in Fig. 4(a). Therefore, there is a time delay
tcep between the end of the commutation region and the next
PWM sequence, which is called “CED”. The CED has a value
between zero and tg,. As the PWM duty ratio stays constant
until the next peak of the carrier function, the PWM sequence
remains unchanged even if the commutation region ends. As
a result, the torque ripples occur during CED even though the
compensation method is applied. Assuming constant back EMF
during the commutation region, the CED and the torque ripples
are expressed as

tCED - Ncm tsw - tcma Ncm eN

~ « Ai €IC — ENC .~ 'ULtCED 2F
Te:Te_T:EtCED = —

€

. (3)

rm LS wrm

Therefore, the torque ripples due to commutation delay be-
come severe when the CED is long or the stator inductance is
low. Assuming vy, is identical as well as the phase voltage, the
commutation torque ripples due to CED are much more critical
in the low inductance BLDC motor system.

C. Commutation Start Delay

The commutation interrupt indicates the start of the commu-
tation region and is related to the rotor position. As the rotor
position and the PWM sequence are irrelevant, the commutation
interrupt could be triggered in between the PWM sequence, as
shown in Fig. 4(b). Therefore, a time delay ¢csp occurs between
the commutation interrupt and the next PWM sequence, which is
called “CSD”. The CSD has a value between zero and t,. The
lagged commutation due to the time delay induces the torque
ripples that are proportional to CSD. Moreover, it generates
circulating current and reduces efficiency and various losses of
the motor drives [24], [25]. These negative effects are even more
severe in the low inductance motor drives and high-speed drives.

The effects of CED and CSD are shown in Fig. 5. Due to the
time delays, the PWM sequence in the commutation region is
distorted, which induces the commutation torque ripples.
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Meanwhile, it is necessary to minimize the duration of the
commutation region to reduce the torque ripples and enhance
system response [7], [12]. As the back EMF of OG phase starts
decreasing at the commutating instant, the commutation period
should be as short as possible to assure constant output torque
in the commutation region. In the following section, the novel
PWM methods are proposed that minimize the duration of the
commutation region as well as eliminate both CED and CSD.

[ll. PROPOSED PWM METHODS

In order to eliminate the CED and CSD with the minimum
commutation period, this article proposes two PWM methods:
1) the N-switching period (NSP) commutation method; and
2) the VSP conduction method.

A. NSP Commutation Method

According to (3), the CED is produced by the time delay
between the commutation period and the switching period. The
period of commutation region varies in the conventional PWM
methods; it depends on the parameters, such as phase current,
resistance, and inductance. Therefore, the commutation period
and duration of CED become nonperiodical. The prepresented
research [26] synchronized the commutation period to a digital
sampling period to eliminate CED, but the commutation period
was not achieved to be a minimum, since the minimum value
becomes shorter than a sampling period when the motor is
driven with a higher switching frequency. In the proposed NSP
commutation method, the commutation period is synchronized
to the multiple of the switching period and N.y,, which is called
“commutation constant”. Moreover, the commutation period
and the commutation constant are controlled to be a minimum.

To control the commutation period, both the rising time of IC
phase current and the falling time of OG phase current should
be equalized to the multiples of the switching period as follows:

tem = trise = lfan = Ncm tsw, ch € N. (4)

AS tyise and tgy are determined by the phase voltage and motor
parameters, the PWM duty ratio of each phase is modified to
satisfy (4). The proposed method is divided into the following
two cases according to the relation between the commutation
period and the motor electric constant, i.e., Telee = Ls /Rs.

Short Commutation Period ( tem < 2Tclec): In the case of the
short commutation period, the IC phase current rises rapidly to

reach the reference value within a short commutation period.
Therefore, the upper switch of the IC phase stays ON and the
OG and NC phase switches are controlled, as shown in Fig. 6(a).
Thus, the phase voltages and neutral voltage are expressed as

. de Vi
Vico = Rs tic + Lsdiltc +eic + Uno = %

. di 1%
v0Go = R oG + Ls% + eoG + Vno = Soc %

. ds Vi
Unco = Rs inc + Ls— + exc + no = Sne =

dt¢ 2
D D Vi

Uy = OG-;)- NC %C_%_GIC‘F@%G“F@NC. )

Asthe IC phase current rises from zero to a reference value and
the OG phase current falls from a reference value to zero, each
phase current is calculated by solving the differential equations.
Using the Taylor’s expansion, the phase currents are derived as

i — ViCn VIiCn 7%t ~ vICnt
Ic = — € s =
R, Ry Ly
. VOGn * VOGn _Rsy
106 = +([F— ——)e Ls
R, R
) I* o RSI* - ’UOGntL
L.
. UNCn % UNCn _Rsy
iNe = + | —I" — e Ls
R, R,
R, I + une
> I (6)
L
VICn = VICo — €IC — Uno
~ (=Doc — Dnc + 2) Vie + eoc + enc — 2eic
3
VoGn = V0Go — €0G — Uno

(2DoGg — Dxc — 1) Ve + exc + enxc — 2eo06
3

UNCn = UNCo — ENC — Uno

_ (2Dne — Dog — 1) Ve + eic + eog — 2enc )
3 .

To satisfy (4), each phase current should meet

iIClt =t 0

. . *

120G |t =trse I

inc = —1I". (8)

Using (6)—(8), the rising time of the IC phase current and
falling time of the OG phase current are calculated as

trise = 3LSI*
(—DoG — Dnc + 2) Vae + eog + enxc — 2eic

tean = SL.I” .
3R,I* — (2DoG — Dnc — 1) Vae — erc — enc + 2eo06

&)
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And, the PWM duty ratios of OG and NC phases are derived as
(Rs —2Ls/tem) I" + oG — eic

Dog = +1
. Vae
—Ry — Ly/tem) I —
Dne = (-R [tem) I* + enc — exc 1 (10)
Ve

As the duty ratio exists between 0 and 1, the conditions of the
commutation period are expressed as follows:

2L
tem < R. = 2Telec (11)
to 2L I 2L, I
Vdc+RI e —eic  Vae+ RI*
LI LI
tem > 2 : (12)

“R.I fenc — e Vi — R — 2E

In addition, the period of the commutation region is synchro-
nized to the switching period in the NSP commutation method.
Therefore, the minimum values of the commutation constant and
the commutation period are expressed as

N 2L I* L,I* ‘< f
m — |1MaXx , w
¢ Vae + 'Ry’ Vg — IR, — 2E s

(13)

tem = Ncm tsw-

Using the proposed method, the CED is eliminated, while
the commutation period is kept minimized. However, if the
switching period is so long that it is not able to satisfy (11)
even if Ny, = 1, another PWM method can be applied.

Long Commutation Period ( tem > 2Telec): In the case of the
long commutation period, the IC phase current rises slowly to
reach the reference value within a long commutation period.
Therefore, the upper switch of the OG phase stays ON and the
IC and NC phase switches are controlled, as shown in Fig. 6(b).
Thus, the phase voltages are expressed as

dijc Vi
Vico = R t1c + Ly T € e+ vno = Sic %
) Vi
V0Go = Rs 1o + L dt +60(3+ Uno—fd
din 1%
UNco = Rs inc + L T € 4+ exc+ Uno = Sne ;C- (14)

The neutral voltage, phase current, rising time, and falling
time are derived in the same way as before. As a result, the

Switch R Lg €oc

On Switch

-l— Sy Ss)C xSe) &
Phase A: Phase B: Phase C:
oG (¢ NC

(b)

Switching sequences of the NSP commutation method at the following. (a) Short commutation period. (b) Long commutation period.
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Fig. 7. PWM duty ratio according to the commutation period.

PWM duty ratio of IC and NC phases are expressed as
(=Rs + 2L /tem) I" + eoc — eic

Dyc = +1
© Ve
—2Rs+ Lg/tem) I* —

Dre = ( + / cm) + enc — eic +1. (15)

Vae
And, the condition of the commutation period is derived as

2L

tem > R. = 2Telec. (16)

In the case of a long commutation period, Ny, is always 1, so
the commutation period is identical to the switching period.

From (12) and (16), the commutation period is synchronized
to the multiples of the switching period in any case of the driving
system using the proposed methods. Fig. 7 shows the PWM duty
ratio according to the commutation period, where the duty ratio
is always between 0 and 1.

In the conventional PWM methods, the commutation period
keeps changing while driving. On the other hand, from (10)
and (15), the parameters, such as current reference, back EMF,
stator resistance, and inductance, are all reflected to calculate
the PWM duty ratio. Therefore, the commutation period of the
proposed methods is kept constant regardless of the parameters.
In addition, the proposed method is implemented using a simple
three-phase PWM VSI without any additional circuit.

B. VSP Conduction Method

Fig. 8 shows the carrier function, commutation interrupt, and
PWM sequence in the cases of ideal commutation and actual
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one using the NSP commutation method, respectively. As the
timing of the PWM sequence and the commutation interrupt R
is different, a nonperiodical CSD occurs. To eliminate it, the Peak Modified
VSP conduction method is proposed, which is based on the 5:;2';:“
methods usually applied in the six-step control [27]-[29]. The — >t
. P tsw
VSP me.thod was used in the case of lqw-sw1tch1ng frequency | .1 pwm S - . S
modulation, but has not been addressed in the two-phase control ~ Sequence = = > ¢
of the BLDC motor. In BLDC motor drives, the commutation
interrupt occurs at every 60° of the electrical angle. Therefore, NSP+VSP|_cd | Cm Cd Cm ca 1y,
the interval of the commutation interrupts £ is expressed as
Fig. 10.  Modified carrier function and PWM sequence using both the

3
tei =tem + tea = —
T

T

a7

where w, is an average speed between two interrupts, which
is calculated using linear extrapolation. To eliminate CSD, the
conduction region has to end exactly at the commutating instant.
Therefore, the period of conduction region .4 is controlled to
be the multiples of the switching period as

3

T

ted = Nea tow = tei — tem = — tem, N €N (18)
where N4 is the conduction constant. In the conventional meth-
ods, the commutation period ., in (18) varies and is complicated
to calculate while driving. However, using the proposed NSP
commutation method, t., is fixed and predetermined by the
user. Therefore, the conduction period t.4 could be controlled
by modifying the conduction constant and the switching period.
Considering the maximum value of the switching frequency
determined by the motor drive system, the conduction constant

and the VSP are expressed as

3
ch = \‘<_ - tcm) X fswmaxJ
W,
t/ _ 1 3 t
swoT ch 7T(I}r cm .

Fig. 9 shows N and VSP according to the rotor electric
speed. As the speed increase, the conduction constant Ny de-
creases, and the VSP is calculated using (19). Fig. 10 shows the
switching sequence using both the NSP commutation method
and the VSP conduction method. Compared to Fig. 8, both CED
and CSD are eliminated with minimized commutation torque
ripples.

The VSP conduction method is implemented only using a
software algorithm without any additional circuit. In addition,

19)

NSP commutation and VSP conduction methods simultaneously.

TABLE |
Parameters of BLDC Motor

Symbol Parameter Nominal value
PP Pole pair 1
Ve DC link voltage 12V
Leatea Rated current 0.84 A
Tratea  Rated torque 1.62 mNm
R, Stator resistance 3350
Lg Stator inductance 108 uH
Tolec Electric constant 32.28 uH/Q

the PWM duty ratio is not distorted as the conduction region
ends exactly at the commutating instant. As a result, both the
time delay and the torque ripples are minimized at the transition
from the conduction region to the commutation region.

[V. SIMULATION RESULTS

To verify the proposed PWM methods, the simulation is
performed using PLECS. The parameters in Table | are used
for the BLDC motor model. Also, the digital signal processor
(DSP), the carrier function generator, and the three-phase PWM
VSI are implemented.

The three-phase current waveforms using the conventional
PWM method, the previous method in [11], and the proposed
NSP commutation method are shown in Fig. 11(a). The switch-
ing period is modified to ignore the effect of CSD. The torque
errors in the figure are expressed as

= T mx_T min
T. (%) = <U€—) x 100.

T*

e

(20)
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In the conventional method, the falling time is much shorter
than the rising time, where the fluctuation of the NC phase
current is generated. As addressed in (2), the ripple of the NC
phase current induces the commutation torque ripples, which
are more than half of the torque reference. In the previous
method, in [11], the rising and falling times are equalized as
shown in the second waveform of Fig. 11(a). However, there
is still CED between the end of the commutation region and
the next PWM sequence. Therefore, the commutation torque
ripples around half of the torque reference remains even though
the compensation method is applied. On the other hand, the
torque ripples are minimized in the proposed NSP commutation
method. In the last waveform of Fig. 11(a), both the rising and
falling times are synchronized to the switching period. Using
(13), the commutation constant N, is derived as 1 and the
commutation period ?.y, is synchronized to a switching period.
Since 2 Tepee = 64.55 pH/Q from Table 1, the criterion of (11)
is satisfied showing the validity of the analysis and the proposed
methods. As a result, the current of the NC phase is maintained
constant and the commutation torque ripples are reduced to
24.5% of the torque reference.

The phase current waveforms using the conventional PWM
method, the NSP commutation method only, and the NSP com-
mutation method and VSP conduction method simultaneously
are shown in Fig. 11(b). In the conventional method, the CSD
and CED exist and the rising and falling times are not equalized,
resulting in large torque ripples. Using the NSP commutation
method only, the CED is eliminated, while the CSD still remains,
as shown in Fig. 11(b). Therefore, the torque ripples still exist,
which are proportional to the CSD. Using the NSP commutation

O;mlloscope

DC Power
Source

DSpP

Inverter -

Fig. 12.  Experimental setup. The slotless BLDC motor is controlled by
small-sized PWM VSI in power PCB board.

method and the VSP conduction method simultaneously, both
CSD and CED are eliminated. In the last waveform of Fig. 11(b),
the switching period is changed to t.,, which is synchronized
to the commutation interrupt. Using (19), N is calculated as 4
and t., is calculated as 65.135 us. As aresult, the torque ripples

are reduced to a quarter of the reference torque.

V. EXPERIMENTAL RESULTS

To verify the proposed PWM methods, an experimental setup
is established, as shown in Fig. 12. The 10-mm diameter slot-
less BLDC motor is controlled by the small-sized VSI for the
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Fig. 13.  Block diagram and flowchart of proposed PWM methods.

partial prosthetic hand system. The 5-mm width small DSP
(STM32G491REI6) is utilized to implement the proposed meth-
ods. Considering the dc-link voltage and the output capacitance
of the power semiconductor, the maximum switching frequency
of the system is derived as 120 kHz. The parameters of the
slotless BLDC motor are listed in Table I.

The overall block diagram and flowchart of the proposed
methods are shown in Fig. 13. The phase current and dc-link
voltage are sampled by the analog-to-digital conversion (ADC)
peripheral, and the rotor position is sampled by timer (TIM)
peripheral in the DSP. The rotor position is used to calculate rotor
speed by the Luenberger speed observer and reconstruct back
EMF. Using the sampled parameters and the torque reference,
the NSP commutation method and VSP conduction method are
applied in each region, respectively. The switching between two
regions is decided by the commutation interrupt and an algorithm
in the NSP method. Then, the voltage reference and the PWM
duty ratio are derived using the proposed methods and generated
by the advanced control timer peripheral in the DSP. In addition,
the VSP is implemented by modifying the register related to the
peak of the carrier function.

Fig. 14 shows the three-phase currents in the four cases of
driving conditions. In Fig. 14(a), the conventional method is
applied where the rising and falling times are different and the
time delays in PWM exist. Accordingly, the current of the NC
phase becomes uneven. In Fig. 14(b), both the NSP commutation
method and the VSP conduction method are applied. Using

e
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Fig. 14.  Experimental results of three-phase current using the follow-

ing. (@) Conventional method at wym = 28 kr/min and 7 = 0.9T}teq-
(b) Proposed NSP and VSP methods at wim = 28 kr/min and
T = 0.9Tiated- (€) wrm = 20 kr/min and T} = 0.9T1ateq- (d) wrm =
28 kr/min and T} = 0.6Tateq-

(11), (12), and the parameters in Table I, the conditions of the
commutation period are derived as

17.75 pis < tem < 64.55 pis. @1

Therefore, the commutation constant is calculated as 3 and the
commutation period is calculated as 25 ps. In addition, using
(19), the VSP ¢, is changed to 8.351 us. As a result, both
CSD and CED are eliminated and the commutation period is
synchronized to three times of the switching period. Therefore,
there is no fluctuation in NC phase current. The different speed
condition is shown in Fig. 14(c), and the different torque con-
dition is shown in Fig 14(d). The ¢y, and t},, are calculated in
the same way. The ripple of the NC phase current is minimized,
and the slopes of the OG and IC phase current are identical in



LEE et al.: PWM METHODS FOR MINIMIZING COMMUTATION TORQUE RIPPLES IN LOW INDUCTANCE BRUSHLESS DC MOTOR DRIVES

4545

Torque Ripples [%] T [mNm]— T;[mNm|—
15k : l ‘ ‘ I l ‘
(a)
1 405% . ‘ ! | , ] ‘
1.5 wl l . ; ‘ I l ‘
(b) 11.2%

(©) 11.3%
] |- -
s } : | i ‘ } : | 1
(d) 13.4%
l L
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
Time[ms]
Fig. 15. Waveforms of output torque and torque reference at condi-

tions (a)—(d) in Fig. 14. The commutation torque ripples are calculated
at each commutation region.

all three cases of the proposed methods. This demonstrates the
validity of the proposed methods even if the control parameters,
such as the rotor speed and output torque, are changed.

In Fig. 15, the waveforms of the output torque at condition
in Fig. 14(a)—(d) are compared and analyzed. While there are
commutation torque ripples of 40.5% using the conventional
method, the proposed method reduced the commutation torque
ripples to 11.2%, which is 27.6% of the conventional ones.
The torque ripples are also minimized in the case of different
speed and output torque. Since the remaining torque ripples are
generated due to the switching ripples of the phase current, it is
considered that the commutation torque ripples are minimized
in given driving conditions.

Fig. 16 shows the dynamic response of the proposed methods
in varying torque conditions. The proposed NSP commutation
method and VSP conduction method are applied in each region.
The torque reference is changed from 0.674eq t0 0.97 eq, While
the speed is controlled steady to 28 kr/min. It is observed that
there are not any current and torque ripples in the transient condi-
tion. Moreover, the commutation torque ripples are minimized
in both dynamic and steady-state conditions. As a result, the
dynamic output torque with fast response and fewer ripples can
be obtained using the proposed methods.

The dynamic response of the proposed methods in varying
speed conditions is shown in Fig. 17. The speed reference
is changed from 14 to 28 kr/min, while the output torque
is controlled steady to 0.67}4eq. It is observed that there are
not any current and torque ripples in the transient condition
even if the speed accelerates in a short period. The output
torque is increased in the transient condition, and the commuta-
tion torque ripples are effectively minimized in both dynamic
and steady-state conditions. This indicates that the proposed
methods are also effective in varying speed conditions. As
a result, the proposed NSP commutation method and VSP
conduction method have both good dynamic and steady-state
performance.
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Fig. 16. Experimental results of three-phase current, output torque,

and speed in varying torque conditions. The torque reference is changed
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and speed in varying speed conditions. The speed reference is changed
from 14 to 28 kr/min.
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VI. CONCLUSION

This article proposed the PWM methods for minimizing the
commutation torque ripples in the low inductance BLDC motor
drives. The analyses of CED and CSD represented that the time
delays generate critical torque ripples. To eliminate CED, the
NSP commutation method was proposed where the commuta-
tion period was controlled to be synchronized to the switching
period. Then, to eliminate CSD, the VSP conduction method
was proposed where the switching period was synchronized to
the commutation interrupt. Consequently, both the commutation
torque ripples and commutation period were minimized in the
low inductance BLDC motor drives. Only a software algorithm
and three-phase PWM VSI were required to implement the
methods. The proposed methods were verified by the simula-
tion and experimental results in both steady-state and dynamic
driving conditions. The results showed that the commutation
torque ripples were reduced by 27.6% in comparison to the
conventional method. At the same time, the commutation period
was minimized and synchronized to three times of the switching
period. As a result, the proposed PWM methods provided the
high efficiency and precise torque control in various slotless
BLDC motor driving applications, such as partial prosthetic
hand systems.
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