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ABSTRACT This paper proposes a torque ripple reduction for brushless DC (BLDC) permanent mag-
netic (PM) motor drive based on the DC-link voltage pulse amplitude modulation (PAM). The proposed
method improves torque ripple drawback for BLDC drives at low speed. BLDC drives have the better
inverter efficiency and requires low position sensing resolution. However, both freewheeling current during
diode conduction and discontinuous motor phase current cause high torque ripples. In this paper, a front-
end DC converter is added to improve BLDC torque ripples. Although the integration of DC converter
and BLDC drive has been reported, the DC voltage regulation for the BLDC torque ripple compensation
is this paper novelty. On the basis, the DC bus is modulated during diode conduction to manipulate the
DC current dynamically every BLDC commutation period. In addition considering the discontinuous six-
step commutation, the DC current is also regulated with the 6th-order spatial harmonic to minimize the
commutation reflected torque ripple. The proposed torque ripple compensation of BLDC drive is verified
by simulation for different PM motor types. According to experimental results, around 40% torque ripple

reduction on a PM motor is demonstrated using the proposed BLDC drive with DC voltage modulation.

INDEX TERMS Torque ripple, brushless DC motor, and pulse amplitude modulation.

I. INTRODUCTION

BLDC drive has the advantages of better inverter efficiency
and requires low position sensing resolution. For certain
motion applications such as electric bikes and converter belt,
standard BLDC drives have issues on high torque ripples
especially at low speed [1]. The main results causing torque
ripples are the diode freewheeling current every commutation
switch. In this case, motor current spikes are resultant leading
to misalignment between desired and actual currents [2].

In order to reduce BLDC reflected torque ripples, several
BLDC control methods have been proposed. [3] manipulates
three-phase PWM switching patterns during the commuta-
tion period to reduce the torque ripple. During the diode
conduction period, the chop mode is implemented on both
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inverter high-side and low-side switch. PWM_ON_PWM
[4], ON_PWM [5], and PWM_ON [6] related PWM drive
techniques are proposed for torque ripple reduction. In these
cases, the PWM duty is adjusted to create an overlap period
for the same rising and falling current within diode con-
duction. However, these methods require various operation
modes dependent on different PWM duties. Different from
prior PWM modification, [7] adds a hysteresis current control
for the DC-link current regulation during the diode conduc-
tion. However, the PWM modification is still implemented
for ripple reduction. Other side effects, e.g. efficiency and
reliability, might induce due to additional switches among
different PWM duties. Instead of BLDC six-step commuta-
tion, [8] uses space vector PWM (SVPWM) to drive the PM
motor with trapezoidal EMF. By adjusting dq current vector
commands, the trapezoidal EMF reflected torque ripples are
compensated.
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Different from PWM modification, the DC-link voltage
modulation is also proposed for the improvement on BLDC
torque ripples. The DC-link voltage modulation, also called
pulse amplitude modulation (PAM) has the advantages of
better motor efficiency comparing to PWM BLDC [9] and
SVPWM BLDC [10]. [11] proposes a torque ripple reduc-
tion through the DC-link voltage regulation. On this basis,
the DC-link voltage is increased to remain constant motor
currents during normal BLDC commutation. [12] realizes
the inverter topology in [11] by adding dual voltage supply
converter at front-end stage. Multiple switches are designed
between every two different voltage levels. However, only
freewheeling diode conduction is taken into consideration.
For BLDC drive under discontinuous six-step commuta-
tion, the misalignment between the trapezoidal current and
sinusoidal electromotive force (EMF) voltage causes addi-
tional torque harmonics. At this time, no ripple compensa-
tion method is reported to improve this current and EMF
misalignment issue.

Torque ripple can also be reduced through current
regulation. [13] adjusts the current command with the
high-performance current controller to reduce torque ripple.
Although the current control method is based on Field Ori-
ented Control (FOC) drive, this pre-process command and
regulation can be implemented on DC voltage or DC current
for BLDC drive ripple reduction [14]. However, the control
bandwidth must be sufficiently high for the manipulation of
both DC voltage and current. Considering the DC voltage
regulation, the front-end DC converter with wide-bandgap
switches can be implemented for high bandwidth voltage
control. [15] proposes the concept of DC voltage regulation
to increase FOC drive efficiency specifically for the control
using space vector PWM (SVPWM).

This paper proposes a torque ripple reduction for BLDC
drive based on the PAM control of DC-link voltage. The
proposed BLDC drive contains a front-end buck converter
and LC filter to realize DC voltage modulation. The DC-link
voltage is regulated dependent on six-step commutation
conditions. Six-step commutation issues are considered on
both diode conduction period and non-orthogonal relation
between trapezoidal current and sinusoidal magnet flux.
In order to achieve high dynamic DC voltage regulation,
a cascaded current and voltage controller is implemented
to compensate the converter filter reflected resonance. After
that, the dynamic model of inverter freewheeling during
diode conduction is developed for the DC voltage modu-
lation. Besides considering the influence of discontinuous
trapezoidal current, the DC voltage is regulated dependent
on rotor position to reduce torque ripple. The proposed
BLDC drive for torque ripple reduction is verified by sim-
ulations for PM motors with sinusoidal and trapezoidal EMF
voltages. A PM motor with sinusoidal EMF is selected
for experimental evaluation. It is concluded that around
40% torque ripple reduction is achieved using the proposed
BLDC drive.
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TABLE 1. Comparison of torque ripple reduction.

Paper Inverter PWM Ripple Performance
structure | METHOD | compensation
[8] Six-leg SVPWM |1.Offline model No data is
inverter 2.Feedforward presented
control
[4] Six-leg PWM [l.Inverter model 13.5% ripple
inverter BLDC P.Switching duty improvement
control (Various modes)
[12] Six-leg PAM  [l.Inverter model 28.9% ripple
inverter + two| BLDC PR.Two-level improvement
SEPIC oltage control
converters
Proposed|  Six-leg PAM  [1.Motor and 40.0% ripple
method |inverter + one| BLDC |[inverter model improvement
buck converter| 2.Adjustable
voltage control

Si based MOSFET with six-
step commutation switching
. frequency: electric frequency
DC

SiC MOSFET switching
frequency: 500kHz

I
G i

FIGURE 1. Proposed PAM BLDC drive and sensing device with front-end
buck converter.

Il. RIPPLE COMPENSATION METHODS COMPARISON
This section compares state-of-the-art torque ripple com-
pensation for BLDC drives. Table 1 lists the specification
of different torque ripple compensation methods. Both [8]
and [4] realize the ripple compensation based on existing
six-leg inverter. Although no additional hardware is required,
the saturation at high voltage duty and complicated control
algorithm are primarily challenge. By contrast, [12] adds
two SEPIC converters to minimize the diode conduction
current. This paper simplifies the hardware in [12] by a
simple two-switch buck converter. Besides diode conduction,
the misalignment between sinusoidal EMF and trapezoidal
BLDC current is also considered. The compensation perfor-
mance is improved to 40.0% through the dynamic DC voltage
regulation.

Ill. PROPOSED DC VOLTAGE MIODULATION

This section proposes the BLDC drive with front-end buck
converter for torque ripple reduction. Fig. 1 shows this PAM
BLDC drive topology. A front-end buck converter with SiC
MOSFET is designed to allow 500kHz switch frequency for
high dynamic voltage control, The Si based six-leg inverter is
still maintained for BLDC commutation. This drive enables
DC-link voltage Vpc to be manipulated based on the desired
voltage command. To remove PWM harmonics caused by
SiC buck converter, an inductor and capacitor are used to
formulate the LC filter.
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FIGURE 2. lllustration of proposed torque ripple reduction for BLDC drive
using DC bus voltage regulated PAM inverter.

Fig. 2 shows the corresponding signal process for the
torque ripple reduction control using the proposed BLDC
drive. The proposed BLDC drive is extended from the prior
PAM BLDC drive in [16]. Several improvements are added
in order to compensate the torque ripple caused by BLDC
discontinuous six-step commutation. First, the sensor-based
BLDC drive is selected because the precise commutation
position is required. Second, the bandwidth of DC bus voltage
regulation must be sufficient high in order to compensate
the torque ripple. Under this effect, the current controller
and total current feedback are designed to maximize the DC
current regulation performance. In this section, key control
features for torque ripple reduction using the PAM BLDC
drive are explained as follows.

A. LC FILTER DESIGN

The proposed torque ripple reduction is based on the high
dynamic DC voltage modulation. Since the PAM BLDC
drive relies on PWM voltage control for DC voltage mod-
ulation, both the converter PWM frequency and LC filter
cutoff frequency determine the upper limit of voltage reg-
ulation bandwidth. As mentioned in Fig. 1, SiC MOSFET
with 500kHz PWM frequency is selected to maximize the
converter bandwidth. To remove PWM harmonics on DC
voltage, the filter inductance and capacitance are selected
based on the requirement of DC voltage ripple AVr. Itis given
by [17]

AV, 1-D )
Vbce SLCfpzwm

where Vpc is the desired DC voltage after regulation, as seen
in Fig. 2. Besides, D is converter PWM duty cycle, and fpwm
is PWM frequency of buck converter. In this paper, the worst
regulation case is defined at PWM duty D= 0% with 0.9%
AV, voltage ripple with the inductance and capacitance value
in Table 2.

B. VOLTAGE RESONANCE AND COMPENSATION
It is noted that the LC filter results in the resonance to limit
the DC voltage regulation bandwidth. At this part, a voltage
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TABLE 2. Test PAM inverter and motor characteristics.

Drive characteristics Values
Filter capacitor 100puF
Filter inductor 55.8uH

Converter PWM frequency 500kHz
DC bus voltage 100 V
Switch on-state resistance 7.5mQ
Motor characteristics Values
Rotor poles 8 pole
Rated power 320W
Rated torque 0.1 Nm
Motor resistance 0.3Q

0.786mH (d-axis)/1.052mH(q-axis)/

Motor inductance 0.919mH (average)

PR R

VAD*cgsg ZV?;('(S) “
Vic(s)[2 Vo) oo 1
1 -135
0 | 5 S " -180
10 10 10 10 10! 102 103 10
Frequency (Hz) Frequency (Hz)
(a) (b)

Legend: — voltage control without resonant compensation and
--- proposed control with resonant compensation

FIGURE 3. Frequency response for conventional voltage control and
proposed voltage control with resonant compensation: (a) magnitude and
(b) phase versus operating frequency.

controller in Fig. 2 is proposed to compensate the filter
reflected resonance. Considering the buck converter cascaded
with BLDC drive, the corresponding transfer function can be
developed by [17]

ﬁe(s)k L (L; +R.) &
Vie(s) ' LLCS 4+ LiR.Cs? + (L + Ly) s + R,

where L is the motor stator inductance, Re is the equivalent
resistance considering both motor resistance and inverter on-
state resistance. L and C are filter inductance and capaci-
tance of buck converter. Because (2) is a 3rd-order dynamic
system with three poles and one zero, a resonance might
appear if there are complex poles. It is also noted that if
IGBT inverter is used, the additional voltage drop should be
considered when IGBT is conduced. However considering
standard IGBT switches, the voltage drop is usually less than
1% which can be negligible.

The resonant dynamic due to the interaction between filter
and BLDC drive is explained in Fig. 3. In this figure, the
frequency response of (a) magnitude and (b) phase plot are
compared between two different voltage modulation meth-
ods. Both inverter and motor characteristics are listed in
Table 2. In Fig. 3 black solid line, the frequency response of
DC voltage output Vpc(s) and voltage input V]*DC( s) with-
out resonance compensation is analyzed. This simulation is
realized by substituting the filter and motor parameters from
Table 2 into (2). In order to reduce the filter resonance while
maximizing voltage modulation bandwidth, a closed-loop
voltage control is proposed to improve the resonant dynamic
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using DC-link voltage feedback signal. First, (3) shows a
voltage controller Gy.(s). The controller pole is designed to
cancel the zero of transfer function in (2) while the control
zero decouples the resonant pole in (2). Besides, an integral
gain Kj, is to remove steady state error. Under this effect,
Gyc(s) can be developed by

s+zero Ky S =+ fres Ki v

p‘vs + R, /L + K

3

where K, v and,K; v are the proportional and integral gain
of voltage controller, and is the corresponding resonance
frequency. By applying pole/zero cancellation from (3) to (2),
the frequency response of Vpc(s)/ Vl*)c( s) is changed by the
blue dash line in Fig. 3. It is seen that the resonance is reduced
while the modulation bandwidth is increased from 500Hz to
1700Hz. In this analysis, the bandwidth of the voltage control
system is determined by —3dB gain. Besides due to the high
bandwidth feedback control, the proposed voltage controller
has the ability to withstand at least 50% parameter error of
the inductance.

Gye(s) = Kp

s + pole s

C. CURRENT FEEDBACK CONSIDERING FREEWHEELING
EFFECT:

The current closed-loop controller in Fig. 2 is key to manip-
ulate the DC-link voltage command V{j. for torque ripple
reduction. Traditional PAM BLDC directly measures the
DC-link current for regulation [18]. However considering
the diode conduction, the freewheeling current flows through
motor windings even when DC current is zero. In this case,
the freewheeling reflected current should be considered for
the current regulation to compensate torque ripples.

To compensate this freewheeling current reflected ripple,
an improved current regulation is proposed through direct
phase current measurement. On the basis, the equivalent total
motor current instead of DC current is reconstructed based on
Table 3. In this table, the equivalent total current is equal to a
specific phase current at different rotor positions. During the
diode conduction, the unchanged phase current is selected as
the equivalent total current for the current control in Fig. 2.

Fig. 4(a) illustrates A-phase (a) terminal voltage and (b)
current during the six-step commutation within one electric
period. As seen from the commutation stage V6 between
S5m/3-27, the BLDC commutation contains both diode con-
duction and normal conduction sup-period. Fig. 5 further
explains three-phase inverter currents during V6 period in
Fig. 4. In (a), the diode conduction sub-period in V6 is shown.
At this instant, the inverter current flows across from C-phase
to both B-phase switch and A-phase body diode. After a
certain time, the freewheeling current in A-phase disappears
and the commutation period changes to the normal BLDC
commutation in (b). It is noted that in (a), the DC-link current
Ipc is not equal to the total current across motor for torque
production because of freewheeling in I5. More importantly,
the equivalent effective total current can be obtained with the

VOLUME 10, 2022

TABLE 3. Total current feedback table.

Electric Equivale
e Sector | Phase A| Phase B|Phase C | nt total
position
current
030 1 In Out x -B
30-60
+A
60-90 ) n . out
90-120 u R
120-150
150180 | ° x In | Out ”
180-210 4 Out n .
210-240 v N
240-270 5 Out . n
270-300 "
300-330 6 y out n
330-360 u B

Phase A terminal voltage .
tea, High-side device Diode
] : itxa gomm utation

—>

: : —>
Low-side device

Va4 i vs Ve Vil ova iov3oiva
Diode conduction ( Normal conduction
sub-period ¥ | 47 sub-period

IO\E

L

Lot

Current [A]

1§ Ipc 3
0 i
T 47/3 57/3 27 /3 273 T
V4 Vs

a)g

T —————

) \"2!
Electric angle [rad]
(b)

FIGURE 4. lllustration of A-phase (a) terminal voltage and (b) current
under BLDC drive (PAM control without PWM phase voltage is assumed).

knowledge of three-phase currents. For instance, considering
the diode conduction in V6 case at the position of 57/3, the
total current flows across C-phase high-side. According to
Table 3, the equivalent total current is the same as positive
C-phase current.

Fig. 4(b) compares the measured DC-link current Ipc and
proposed equivalent total current I;; with respect to the rotor
position. In this figure, Iio is calculated based on the phase
current selection in Table 3. By using the proposed i for
current control, it is expected that current feedback I, con-
tains freewheeling reflected current for the following torque
ripple compensation development.

Fig. 4(b) compares the measured DC-link current Ipc and
proposed equivalent total current Iy, with respect to the rotor
position. In this figure, I is calculated based on the phase
current selection in Table 3. By using the proposed Iy for cur-
rent control, it is expected that current feedback Iio;contains
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FIGURE 5. lllustration of three-phase currents during BLDC commutation
V6 period in Fig. 4: (a) diode conduction sub-period (b) normal
commutation sub-period.

the freewheeling reflected current for the following torque
ripple compensation development.

D. CURRENT CONTROL WITH FEEDFOWARD:

The sufficient current control bandwidth is also required to
dynamically modulate the total current for the BLDC torque
ripple compensation. Fig. 2 shows the function of this current
controller. The input is current command I}, dependent on
BLDC operating conditions while the output is desired DC
voltage command V7 for voltage controller.

The proposed current control consists of both feedback
control and feedforward control. For the feedback control,
the current controller is formulated by both proportional and
integral (PI) control. The corresponding PI controller G..(s)
is designed by (4).

K.
Gec(s) = Kip+ == Ki p = 2BW,-LiK; 1 = 2BW Re
@)

where K; p and K; | are respectively the proportional and
integral gain.

In order to improve the current control bandwidth, the
feedforward control is added for this current control. The
feedforward controller is designed as the inverse of system
transfer function from voltage output to current input. (5)
depicts this feedforward controller Gggc.

BW o1
s+ BWyoi
It is noted that a low pass filter with the same bandwidth

BW as the proposed voltage controller is added to prevent
unstable system because the upper bandwidth is limited by

Grrc(s) = (2L¢s 4+ 2R,) (5)
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the voltage control. For motion control applications with
speed closed-loop, additional speed controller can be imple-
mented. Similar to the current controller, a speed controller
can be realized for the proposed BLDC drive.

IV. TORQUE RIPPLE COMPENSATION PROCESS

This section aims to compensate the torque ripple caused by
the freewheeling current during diode conduction. The torque
reduction from the freewheeling current is investigated. The
DC voltage is regulated to maintain the torque output during
diode conduction.

A. FREEWHEELING CURRENT REDUCTION

In addition to the DC-link current reduction and terminal
voltage spike in Fig. 4, the freewheeling current also leads to
the motor phase current variation. Because the motor current
must be continuous during all BLDC commutation states,
the energy stored in phase windings need to be released.
According to Fig. 5, a single BLDC commutation consists of
(a) diode conduction and (b) normal commutation. Consider-
ing the diode conduction in Fig. 5(a), corresponding motor
three-phase currents can be derived through the equivalent
circuit analysis. It is shown by (6)

Iy g = _[Oe—(Rs/Ls)t + W (1 _ e—(Rs/Ls)t)
S
Ip g = Es+Ec —2Vpc/3 (1 B e_(RS/LS)l)
R,
Ic g = Ipe” R/ 4 M (1 _ e*(Rs/LS)I> (6)

S

when ty <t< tys during V6 cycle in Fig. 5 (a) (6)

where I is the initial condition of I;,; when diode conduc-
tion begins in Fig. 4(b), Ry and L are respectively motor
phase resistance and inductance, and E5, Eg and Ec are
corresponding three-phase EMF phase voltages at ty.

Itis important that the freewheeling current I5_gflows from
motor A-phase to inverter, as seen in Fig. 5(a). By contrast
for normal BLDC commutation in Fig. 5(b), motor phase
currents are represented by (7)

Iy =0
IC = —IB
— [le—(t—txA)Rs/Ls + @(1 _ e—(t—txA)Rs/Ls)
2R,
Eg — E
_ZB T EC (] _ g t—tAIRs/Ls) o

2R,

when 79 + txa < t < tjduring V6 cycle in Fig. 5 (b)

where t( is the time when commutation stage V6 begins
and t; is the time when commutation stage V6 is finished. I;
in Fig. 4(b) is the initial condition when normal commutation
begins. Equations (6) and (7) derives three-phase currents
for the BLDC commutation in Fig. 5(a) and (b). In this state,
the total current iy is equal to C-phase current Ic. Because
the torque output is proportional to the total current Iy, the
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torque reduction can be evaluated by comparing C-phase
current between (6) and (7). Assuming Vpc remains constant
during both diode conduction and normal commutation, it can
be derived Ic 4 is smaller than I¢ It results in the torque
reduction during diode conduction.

It is noted that the length of diode conduction period is
dependent on the diode conduction time txs, which is derived
by

Lg VDC/3_EA
ta =——1

n (3)
Ry "Rglo+ Vpc /3 —Ex

As seen in (8), txa is dependent on the motor electric
time constant Lg/Rg and DC voltage Vpc. Finally, the diode
conduction is induced two times per phase every electric
cycle, as demonstrated from the phase voltage in Fig. 4(a).
Considering the influence of diode conduction, a torque rip-
ple with 6th-order periodic harmonic per electric cycle is
expected.

B. DIODE CONDUCTION COMPENSATION

This part proposes the DC voltage feedforward compensation
to remove torque ripple caused by diode conduction. During
the diode conduction, the torque output is decreased due
to freewheeling current. In order to compensate this effect,
Vpc command must be adjusted during conduction period.
In order to realize the voltage compensation, three-phase
diode conduction times tya/txg/txc must be calculated first.
Based on (8), txa/txp/txc can be estimated by

_ L Vpc/3 —Eqa
a = ——Sln(,\ DC/ 4 —

Ry Ryl + Ve /3 — Ex
tA=ts=he =1 )

In (9), a three-phase balanced motor is assumed where the
conduction times among three-phase should be all the same
as Besides, the estimated A-phase EMF ]:ZA in (9) can be
obtained by (10). Assuming a balanced three-phase motor,
the magnitude of three-phase EMF should have the same
magnitude |E| for six-step BLDC commutation.

dlior
2
yll

Es = Egp=—Ec = |E| (10)

Ex = (Vpc — —2Rlior — 2L

Similar to (9), three-phase EMF voltages at the time instant
to is assumed the same with balanced windings. To maintain
the constant torque during diode conduction, the current con-
troller output V- form Fig. 2 can be modified by V- ...
in (11). Taking A-phase diode conduction in Fig. 5 for exam-
ple, the phase current flows across A-phase resistance and
EMF voltage should be compensated. By contrast, the DC
voltage decreases to original V[~ once the drive leaves from
diode conduction to normal commutation. Under this effect,
the overall DC voltage compensation is proposed by

Vicecom = Vbe + Rslor +E, whenty <t <t
Viceom = Vbe, Whento +14 <t <t (11)
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FIGURE 6. Flowchart of diode conduction ripple compensation process.
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05

FIGURE 7. Vector relationship of EMF and BLDC regulated current with
respect to rotor position during sector V1 in Fig. 5 (peak torque at = /6).

where tg and t| are the same as (6) and (7). In (11), the voltage
drop due to inductance Ly is not taken into consideration due
to voltage controller response limitation. Fig. 6 shows the
signal flowchart of the proposed torque ripple compensation.
It is noted that this process is executed once the BLDC
commutation is changed during every six-step commutation.

C. BLDC CURRENT VECTOR ADJUSTMENT

In addition to the diode freewheeling current, the unchanged
BLDC controlled current vector during every commutation
stage also reduces the torque output. On the basis, the torque
output of BLDC motor drive can be derived by

Tom =Ua X Ep +1Ip X Eg + Ic X Ec)/wn (12)

where Tepis electromagnetic torque and wp is motor
mechanical speed. In (12), the peak Ten is happened once
the current vector is aligned with EMF voltage vector.

Fig. 7 shows the vector diagram relationship of the flux,
EMF and BLDC regulated current vector at different rotor
positions. The peak torque appears when the EMF and current
vector are aligned with each other at the position of 7/6
during sector V1 in Fig 5. However for other positions, the
current vector deviation occurs leading to torque Tep, vari-
ation. It is important that the DC voltage can be regulated
with respect to rotor position to improve this misalignment
reflected torque ripple. For every BLDC commutation, the
corresponding Temcan be derived by (13) through (12). It is
given by

Tem = (Ic_a X Ec —Ipc x Eg + Ipc X Ep)/wm
= lior * Egor/&m
= Iliot| X |E1| + |E3| X COS(Oerr)/om (13)
where I;), is the synthesized current vector. Considering the

operation under sector V1, I;), is the black solid vector in
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Fig. 7, and E:m, the synthesized EMF vector, is the red dot
vector in Fig. 7. For actual EMF waveform, E,ot c0n51sts
of 1st-order EMF harmonic E1 and 3rd-order harmonic E]
Besides, 6 is the angle error between current vector and
EMF vector. In this case, the peak Tep, is realized once e
is equal to zero.

For actual PM motors, EMF voltage might not be either
ideally sinusoidal or trapezoidal waveform. Under this effect,
EMEF reflected torque ripple must occur. It is important that
this EMF reflected torque ripple can be compensated for a
BLDC drive by adjusting the DC voltage dependent on the
rotor position.

Since the BLDC current vector does not change during
every commutation, the effective torque can be different as
rotor rotates from O to 77/6 given the same current amplitude.
To deal with the torque ripple in (13), the BLDC current mag-
nitude I;,; needs to be manipulated dependent on different
rotor positions. Based on the torque equation in (13), both
position error 6.rand EMF vector E:m need to be compen-
sated. Considering firstly the position error 6 in Fig. 7,
the current vector is aligned with EMF vector at 6,=m/6 for
commutation stage between 0< 6, <m/3. Under this effect,
the current vector should be increased when 6, moves from
7/6. For ideally sinusoidal EMF, the current command Iz,
can be adjusted by

I, =1 when0 < 6, < /3 (14)

cos(ée -7 / 6)

where I* is the initial current command determined by the
current controller and 6, is the estimated rotor position. It is
noted that the instantaneous position 6, can be obtained
through the Hall sensor position interpolation [19].

By contrast for actual implementation, the EMF voltage
might not be purely sinusoidal waveform. In general, the
EMF voltage vector E:o, can be expressed based on the com-
bination of different EMF harmonics.

E?m = Iflcosee + R31b:3cos39€ + R511§5cos50€+ .
(15)

where qu /53 /E5 are respectively lst-, 3rd- and Sth-order
EMF harmonics, and R3jand Rs; are the ratio of 3rd- and
Sth-order EMF. Both R3jand Rs; can be obtained by offline
EMF waveform measurement and finite element analysis.
In (15), additional 5th, 7th, 9th...harmonics are neglected for
simplicity. Because the BLDC commuted current is nearly
square-wave, the current command /% , can be manipulated
with the similar EMF waveform in (15). Considering the
commutation state between 0< Oe < /3, the modified I o 18
given by

1
cos(ée — 7T/6 — ) —i—R3lcos3(0Ae — 71/6 — @)
when 0 < 6, < /3 (16)

I*

tot

, =1"x
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FIGURE 8. Proposed BLDC drive with both the diode ripple compensation
and current vector adjustment.

where ¢ is the phase delay influenced by the current con-
troller bandwidth in (4). This phase delay can be calculated
by

6w,
—1 e
Q= tan _— 17

In (17) w, is the motor electrical frequency in rad/s. By com-
bining the position error compensation 7 ; in (14) and EMF
vector compensation /7 , in (16), the resultmg current com-
mand [}, is synthesized by

Fig. 8 illustrates the overall signal process for the proposed
BLDC torque ripple compensation. It includes both the diode
freewheeling current compensation in Fig. 6 and BLDC cur-
rent vector adjustment in (18), as shown at the bottom of the
next page. Both simulation and experiment will be evaluated
in next two sections.

V. SIMULATION RESULTS

The simulation result is performed in this section to verify the
proposed torque ripple compensation. Two PM motors with
sinusoidal EMF and trapezoidal EMF are respectively tested
to compare the proposed torque ripple compensation perfor-
mance. Considering the flux nonlinearity, the motor model
is obtained based on the look-up table using pre-processing
finite element analysis (FEA), Ansys Maxwell. By con-
trast, the inverter is developed through the analytical model
from Matlab Simulink. For simplicity, the parasitic capacitor
in switches and body diodes are neglected to reduce the
simulation time.

A. PM MOTOR WITH SINUSOIDAL EMF

The PM motor with sinusoidal EMF is evaluated firstly.
In this simulation, the same 320W PM motor with a 48V
inverter drive in Table 2 is built. The same motor will also
be used for experimental verification.

Five simulation results on a single motor are compared to
evaluate different BLDC drives. They are 1) normal BLDC
drive without compensation, 2) BLDC drive with proposed
diode conduction compensation in Fig. 6, 3) BLDC drive with
current adjustment in (18), 4) both diode compensation and
current adjustment in Fig. 8, and (5) SVPWM FOC drive.
In this comparison, the motor speed is controlled to maintain
at 1000rpm under 0.1Nm rated torque load.

Fig. 9 shows simulation results under different BLDC
drives. In (a), the phase EMF waveform is illustrated. This
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FIGURE 9. Phase current and torque simulation result on a PM motor
with sinusoidal EMF: (a) the corresponding EMF, (b) normal BLDC drive,
(c) BLDC drive with diode compensation, (d) BLDC with current
adjustment, (e) both diode compensation and current adjustment,

(f) SVPWM FOC drive (1000rpm and 0.1Nm rated torque).

EMF waveform contains a 20.66% 3rd-order EMF harmonic
due to the saturation. Fig. 9(b) shows both the torque output
and A-phase current without the torque ripple compensation.

20 T T T

Voltage (V)

0 w3 2#/3 w 4xl3 5x/3 2x w/3 27/3 w 4xn/3 57/3 2«
Electric angle (rad)

Legend:---- Diode compensation, --- Current adjustment and

FIGURE 10. Comparison of DC voltage control among different torque
ripple compensation method.

The peak-to-peak torque ripple is around 31.4%. In this
paper, following torque ripples are all calculated by peak-
to-peak values. The phase current is distorted from the ideal
trapezoidal waveform with periodic 6th-order harmonic.
By contrast, Fig. 9(c) shows the same torque and current
waveform when the proposed diode conduction compensa-
tion in Fig. 6 is added. The torque ripple is reduced from
31.4% to 23.1% while the trapezoidal phase current distortion
still appears.

Fig. 9(d) furthers illustrates the torque and current when the
proposed current vector adjustment in (18) is applied. In this
case, the torque ripple is improved from 31.4% to 24.2%. It is
observed that both the diode conduction and current vector
misalignment results in the similar ripple effect on BLDC
drives. Consequently, Fig 9(e) demonstrates the BLDC drive
combining both ripple compensation methods in Fig. 8. The
resulting torque ripple reduces to 13.1%. More importantly,
the phase current is close to the six-step trapezoidal current
where the magnitude is larger respectively at the beginning
and ending of each commutation sub-period. Finally, Fig. 9(f)
compares the torque ripple for the sinusoidal EMF motor with
SVPWM FOC drive using 1kHz bandwidth current control
and 10kHz switching frequency. The torque ripple is 10.3%
caused by motor EMF harmonics and PWM switching. For
the PM motor with sinusoidal EMEF, it is concluded that
the proposed BLDC drive reduces around 18% torque ripple
although the ripple is 2.8% slightly higher than FOC drive.

Fig. 10 compares the DC voltage control performance
under different torque ripple compensation methods. Consid-
ering only the diode conduction compensation, DC voltage
has a step level change during conduction period, shown as
red dash line. By contrast for the current adjustment, the
DC voltage is manipulated dependent on the current con-
troller. In this case, the DC voltage is changed with respect
to different rotor positions. By combining these two ripple

I*

fot

= (Iszl x I;;ﬂ)/l*

1

cos(ée — n/6)[cos(§e — 71/6 — @)+ R31c0s3(ée — 71/6 — )]

when 0 < 6, < /3
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TABLE 4. Simulation motor characteristics.

Motor characteristics Values
Rotor poles 12 poles
Rated power 4.08kW
Rated torque 6.5 Nm
Rated speed 6krpm (628.32 rad/s)
Motor resistance 0.013Q
Motor inductance 0.22mH

compensation methods, the resulting DC voltage is a mixed
signal of previous two voltages, as shown by the orange solid
line. It is also noted that this compensated voltage results in a
6th-order periodic harmonic. The 6th-order torque harmonic
in Fig. 9 is decreased based on this 6th-order voltage har-
monic regulation.

B. PM MOTOR WITH TRAPEZOIDAL EMF

To show the proposed method works on different motors,
a PM motor with trapezoidal EMF is also used for simula-
tion. Table 4 lists corresponding motor characteristics. The
rated torque is 6.5Nm with 6krpm rated speed. Due to the
motor availability and bench limitation, this trapezoidal EMF
motor is only verified through simulation. Nevertheless, the
ripple compensation on different motor types can still be
compared.

Fig. 11(a) illustrates the corresponding phase EMF wave-
form for this trapezoidal PM motor. Similar to the sinusoidal
motor simulation in Fig. 9, five different conditions are com-
pared. They are 1) normal BLDC drive without compen-
sation, 2) BLDC drive with proposed diode compensation,
3) BLDC with proposed current adjustment, 4) both diode
compensation and current adjustment and 5) SVPWM FOC
drive.

Fig. 11(b) shows the torque and A-phase current with-
out the torque ripple compensation. Torque ripple is around
27.0%. Comparing to the sinusoidal EMF motor in Fig. 9(b),
the torque ripple is slightly lower through BLDC six-step
commutation. By contrast, Fig. 11 (c) shows the same torque
and current when the diode compensation is implemented.
The ripple is improved from 27.0% to 20.2%. Similar to
diode compensation, the comparable ripple compensation
with 21.5% is achieved using the proposed current adjustment
as seen in Fig, 11(d).

Once both compensation methods are applied, the torque
ripple is minimized to 13.6% in (e). Comparing the sinusoidal
motor in Fig. 9 and trapezoidal motor in Fig. 11, the similar
torque ripple performance is concluded after the proposed
compensation. However, for sinusoidal EMF motor, almost
18% of torque ripple is reduced. This improvement is better
than the use on trapezoidal motor with only 13% reduction
performance. Finally, Fig. 11(f) simulates the torque ripple
for the trapezoidal EMF motor using SVPWM FOC drive
under the same control bandwidth and switching frequency.
It is concluded that for the proposed PAM BLDC drive, the
torque ripple can be lower than SVPWM drive for trapezoidal
EMF motors.
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FIGURE 11. Phase current and torque simulation result using a
trapezoidal wave back EMF motor: (a) the corresponding EMF, (b) normal
BLDC drive, (c) BLDC drive with diode compensation, (d) BLDC with

current adjustment, (e) both diode compensation and current adjustment,
(f) SVPWM FOC drive (1000rpm and 0.1Nm rated torque).

VI. EXPERIMENTAL RESULTS

The same sinusoidal PM motor in Table 2 is used for the
experimental evaluation of proposed BLDC torque ripple
compensation. Motor and inverter parameters are the same
as simulation in section IV. For the front-end DC converter
in Fig. 1, the PWM frequency is at 500kHz for the LC filter
volume minimization. Experiment platform uses a DC volt-
age supply as power source; however, battery is also suitable
for the proposed method since the maximum supply current
ripple does no increase much. The voltage and current sample
frequency is 100kHz synchronous to interrupt service routine.

VOLUME 10, 2022



C.-L. Huang et al.: Torque Ripple Reduction for BLDC Permanent Magnet Motor Drive

IEEE Access

FIGURE 12. Experimental setup of PAM drive system.

Fig. 12 illustrates the proposed BLDC drive test setup. A hys-
teresis load is coupled with the motor for the load operation.
It is noted that the couple between hysteresis load and drive
system might induce additional torque ripples. Consequently,
experiment torque ripple is larger than simulation. All torque
ripple compensation methods are implemented in a 200MHz
microcontroller, TI-TMS320F28379D.

A. DC BUS VOLTAGE AND CURRENT CONTROL
VERIFICATION

This part verifies the proposed voltage and current control
for the PAM voltage modulation in section III. Considering
the diode conduction current compensation in Fig. 6, the pro-
posed torque ripple compensation relies on the high dynamic
DC voltage modulation.

In order to verify the dynamic DC voltage modulation,
the test motor is locked at zero speed to clearly evaluate the
proposed controller in section III. Fig. 13(a) shows the volt-
age regulation using the proposed voltage control in (3). For
the voltage command Vpcs*, a 2V DC voltage with 1V AC
harmonic at 1kH is directly manipulated to show the voltage
controller capability. It is shown that the proposed voltage
control with the filter resonant compensation can achieve
1kHz voltage tracking with negligible magnitude drop and
phase delay. The proposed voltage controller demonstrates
1kHz DC voltage harmonic modulation to be compatible with
the diode reflected torque ripple compensation.

Fig. 13(b) further illustrates the current control perfor-
mance. As seen in Fig. 7, the torque ripple compensation
based on the current vector adjustment requires a high band-
width DC current manipulation. In this test, a 0.4A DC cur-
rent ok with 0.2A AC harmonic at 5S00Hz is given. It is
shown that the proposed current control can also achieve
around 500Hz bandwidth for the implementation of current
vector adjustment.

B. TORQUE RIPPLE REDUCTION AT LOW SPEED

This part verifies the proposed torque ripple reduction in
section IV. It is noteworthy that the DC current controller
bandwidth is designed at 500Hz. Considering the voltage
modulation of 6th-order harmonic with respect to rotor fre-
quency in Fig. 10, the maximum operating frequency is
around 500/6=83.3Hz. Nevertheless at high speed, the torque
ripple decreases dramatically. It will be verified at part D
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FIGURE 13. Proposed DC-link voltage and current control performance:
(a) 2V DC voltage with 1V AC harmonic at 1kH and (b) 0.4A DC current
with 0.2A AC harmonic at 500Hz (100 kHz controller sampling frequency).

in this section. More importantly, the current control band-
width can be increased by increasing the converter PWM
frequency.

Fig. 14 compares the BLDC drive before and after the
proposed torque ripple compensation. In this experiment, the
motor is speed controlled to maintain at 66.6Hz (1000 rpm)
under load. The torque output is measured from the torque
meter illustrated in Fig. 12. The overall BLDC control pro-
cess is shown in Fig. 2. As seen for normal BLDC drive in
Fig. 14(a), the trapezoidal phase current is distorted during
each BLDC commutation. The peak-to-peak torque ripple is
81.3% containing a visible 6th-order harmonic. Comparing to
simulation in Fig. 10, the experiment result shows the higher
torque ripple. The mechanical strength of test bench, rotating
shaft misalignment and torque harmonics from hysteresis
brake all cause additional torque ripples.

Fig. 14(b) shows the BLDC drive after the proposed diode
conduction compensation in Fig. 6. The test condition is the
same as Fig. 14(a). Similar to simulation in Fig. 9, DC voltage
contains the similar step level change. Although phase current
is still not a normal trapezoidal wave, torque ripple can be
reduced to 52.5% after compensating diode reflected ripple
component.

Fig. 14(c) shows the BLDC drive after another proposed
current vector adjustment in (19). By manipulating DC cur-
rent dependent on the rotor position, phase current can be
similar to trapezoidal current simulated in Fig. 9(c). Con-
sequently, torque ripple is reduced to 62.5% where the DC
voltage contains 6th-order periodic harmonic.

Finally, Fig. 14(d) shows the BLDC drive after both rip-
ple compensation methods. Modulated DC voltage is the
combination of step change in (b) and 6th-order harmonic
in (c). In addition, phase current is close to ideal trapezoidal
current with peak magnitude respectively at the beginning
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and ending of each commutation. In this case, the torque
ripple is improved from normal 81.3% to 41.3% with around
40% ripple improvement. The experiment results in Fig. 14 is
consistent with the simulation in Fig. 9. The commutation
issues caused by diode conduction and current vector mis-
alignment lead to a similar ripple effect on BLDC drives. The
proposed compensation combined with front-end DC voltage
modulation can effectively reduce these two BLDC torque
ripple components.

C. TORQUE RIPPLE AT HIGH SPEED

It is noted that the proposed ripple compensation is based on
the high bandwidth DC voltage modulation. It results in the
limitation at high speed with high rotor operating frequency.
Nevertheless, the BLDC torque ripple is reduced as speed
increases.

Considering the diode conduction ripple, the conduction
time tys in (9) is decreased as the increase of EMF voltage
EA. Under this effect, the diode conduction ripple is inversely
proportional to the motor speed, as also reported in [20].
Fig. 15 demonstrates the corresponding torque ripple as speed
increases for normal BLDC drive, speed over 8000rpm can
cause the mechanical system unstable. It is shown that the
torque ripple starts to decrease when the conduction time ty
is smaller than a certain value over 1500rpm motor speed.
The torque ripple is slightly increased at 4500rpm due to
the mechanical resonance. Based on this experiment, it is
concluded that the BLDC reflected torque ripple is relatively
high at low speed which can be compensated by the proposed
ripple compensation.

D. PAM BLDC EFFICIENCY

This part evaluates the BLDC drive efficiency using the
proposed torque ripple compensation. Fig. 16 compares the
motor efficiency among the proposed PAM BLDC drive,
conventional BLDC and SVPWM FOC. Similar to Fig. 14,
the motor speed is controlled to maintain at 1000rpm. In this
experiment, the proposed BLDC drive shows the best effi-
ciency while the conventional BLDC results in the worst
efficiency. Because of PAM voltage control, the motor iron
loss can be minimized. Instead of torque ripple reduction,
it is important that the efficiency improvement is another
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FIGURE 16. Motor efficiency comparison among proposed PAM BLDC
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benefit for the proposed BLDC with DC voltage regulation.
The same efficiency improvement comparing to SVPWM is
also reported in [10].

VII. CONCLUSION

This paper proposes a torque ripple compensation for BLDC
drives with six-step commutation. A front-end DC converter
is developed to achieve the high-bandwidth DC-link voltage
and current modulation. The torque ripple caused by the diode
freewheeling current and current vector misalignment are
compensated with the DC voltage and current control. Both
the simulation and experiment verify the torque ripple com-
pensation performance. According to experimental results,
around 40% torque ripple is improved using the proposed
PAM BLDC drive. The proposed method is applicable for low
speed operation including start-up.
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