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Adaptive Commutation Error Compensation
Strategy Based on a Flux Linkage Function for
Sensorless Brushless DC Motor Drives in a Wide
Speed Range

Shaohua Chen, Xiangyu Zhou, Guochang Bai, Kun Wang and Lianging Zhu

Abstract—This paper presents a novel adaptive commutation
error compensation strategy for the sensorless brushless DC
(BLDC) motor based on the flux linkage function. It addresses the
two key challenge problems on the sensorless control of the BLDC
motor. The one is presenting a novel detection method for the
BLDC motor rotor position signal to filter out the interference
and the noise by the high frequency. The other one is proposing a
commutation error compensation strategy to improve the system
efficiency. In traditional sensorless control strategy, a deep low
pass filter is usually used to obtain the BLDC motor rotor position
signal from the high frequency interference. However, the delayed
angle caused by the low pass filter may be more than 90 electrical
degrees in the high speed range. Therefore, a novel sensorless
control strategy based on the speed-independent flux linkage
function was proposed in this paper. The interference of the diode
freewheeling was filtered by the software filter, and a closed—loop
compensation algorithm based on the deviation of line-to-line
voltages was illustrated to correct the commutation error in the
high speed range. The stability and accuracy of the method was
confirmed by a series of experiments.

Index Terms—BLDC motor, sensorless control strategy, flux
linkage function, commutation error.

I. INTRODUCTION

B LDC motor, which is widely used in the scientific
instruments and the industrial equipment, has the
advantages of simple structure and high efficiency [1]-[2]. The
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rotor position is one of the most important parameters for the
BLDC motor three—phase six—state control strategy. The hall
sensor, photoelectric encoder and resolver are usually used to
provide the BLDC motor commutation information. However,
the sensor detection accuracy is easily influenced by the
external environment and the installation precision [3]-[4].
Therefore, the research of the sensorless driving of the BLDC
motor has great significance both for the industrial applications
and the scientific research [5]-[7].

The two research interests of sensorless, which are the
detection of the rotor position in the low speed range and the
high precision commutation error compensation in the high
speed range, attract the attention of many scholars [8]. For the
first interest, a novel sensorless start-up strategy for a high—
speed 100 kW BLDC motor based on the voltage comparator
was proposed in [1]. And a low pass filter was used to filter out
the interference and the noise by the high frequency in the low
speed range. It is difficult to correct the delayed angle caused
by the low pass filter. The flux linkage function can be used to
detect the BLDC rotor position information in the low speed
range [35]. However, the flux linkage function was easily to be
affected by the interference and the noise by high frequency. A
minimum current start-up strategy of a permanent-magnet
synchronous motor (PMSM) was proposed in [9]. In this
method, only one current sensor was used to estimate the rotor
position information, which reduces the motor driver loss. The
research in [10]-[12] proposed a sensorless start—up method for
the PMSM based on the flux linkage function. And the rotor
position information can be detected at the standstill status by
the proposed method. Nevertheless, there are some problems in
this method when used for the BLDC motor with the surface—
mounted rotor structure. The research in [13]-[15] proposed a
“three—step startup” control strategy based on the motor back
electromagnetic force (back-EMF). The rotor position
information cannot be detected in the low speed range, and the
high synchronization switching speed may cause other
problems. For the second interest, a sensorless commutation
error compensation strategy for a 100 kW high—speed BLDC
motor was proposed [16]. And the variations of the phase
voltage before and after the commutation can be used as the
feedback signal to compensate the commutation error. The
sensorless control strategy based on the back—EMF was very
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sensitive to the back—EMF shape [17]. The influence of the
noni—deal back—-EMF and the detection circuit was analyzed in
[18]-[19]. The proposed method based on the overcurrent and
the overvoltage in [20] can achieve an effective compensation
effect in wide speed range. However, the method did not
analyze the commutation error caused by the low pass filter in
the high speed range. An improved method for the rotor
position signal detection from zero sequence voltage was
proposed in [21]. The flat group delay error of Bessel low—pass
filters was analyzed detailed in the proposed method. And it can
be used to drive the BLDC motor with a non-ideal back-EMF
from low starting speed (3.3 % of the rated speed) to the high
speed range. The research in [22] proposed a novel
commutation error compensation strategy for a BLDC motor
based on the DC-link current. An improvement sensorless
control strategy based on the analyzing of the back—EMF was
proposed in [23]. The system efficiency can be increased by
accurate commutation. S. Yang et al. [24] proposed a novel
sensorlees method to improve the speed range of the BLDC
motor. Two control modes were described to detect the rotor
position information in the low speed range and the high speed
range separately. The research in [25]-[27] proposed an
interesting sensorless BLDC motor control strategy, and a G
function was defined to estimate the rotor position. Because the
G function is independent with the motor speed, it can be used
in the wide speed rang in theory. However, a lot of data
collection and calculation are needed to estimate the rotor
position in real time because of high frequency Pulse-Width
Modulation (PWM), and it is very difficult to extract the rotor
position signal from the interference and the noise caused by
the high frequency PWM signal.

The researches in [28]-[31] presented some methods to
compensate the commutation errors for the BLDC motors in
real time. In [28], a novel compensation strategy based on the
neutral voltage to estimate the rotor position was proposed. A
trapezoidal back-EMF waveform was required, and the
designing of the PI regulator parameters was relied on the load
torque in the proposed technique. The researches in [29]-[30]
proposed a control strategy to compensate commutation errors
based on the off-line compensation method. The proposed
method is simple and very practical. However, the real-time
performance is poor and cannot respond quickly to the load
torque change. With the arguments above, few control
algorithms were able to realize the real time commutation
compensation in the wide speed range. Therefore, a simple
sensorless control strategy for the BLDC motor driver should
be studied to compensate the commutation error in the whole
speed range.

This paper introduced a novel sensorless control strategy of
BLDC motor for the petroleum drilling system based on a
speed—independent flux linkage function. Two key problems
are solved: an optimized G function was proposed to detect the
rotor position information and compensate the commutation
error in real time. The commutation error can be calculated by
the integral deviation of the terminal voltage. The commutation
error compensation was based on the commutation threshold
adjustment, and the optimal commutation point can be
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estimated from the extreme point of G function in real time.
The specific content arrangement in this paper is as follows.
The analyses of rotor position estimation based on traditional G
function are described in Section Il. The influence of the rotor
position detection based on the optimized G function and the
influence of the motor commutation error on the motor terminal
voltage are present in Section I1l. A novel sensorless closed—
loop control system for the BLDC motor is shown in Section 1V.
The experimental evaluations are present in Section V. Finally,
conclusions and outlook can be found in Section VI..

II. SENSORLESS COMMUTATION ALGORITHM BASED ON THE
TRADITIONAL G FUNCTION

A. Mathematical model of the BLDC motor

Generally, a buck converter is usually used to reduce the
torque ripple in BLDC motor driver [32]-[34]. In this topology,
the Pulse Amplitude Modulation (PAM) control strategy of the
inverter for BLDC motor is used. Therefore, the inverter
topology based on the buck converter of BLDC motor can be
shown in Fig. 1.
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Fig. 1. The inverter topology based on a buck convertor.

Where Uy is the bus voltage, T; is the switch of buck converter,
D, is the freewheeling diode, Ly is the inductance of buck
converter, Uy, is the output voltage of the buck converter, U,
U, and U, are the phase voltages, i,, i,, and i. are the phase
currents, R is the phase resistance, L is the phase inductance, e,,
ey, and e; are the back EFMs, Uy, is the voltage of neutral point.

The line-to—line voltages equations of the BLDC motor are
as follows:

Uy = R0, —ip) + 1L 20 b) 4, 8Car (6)
dt do
= [T d(ib_iC) d(fbcr(e))
U, =R(, —i;)+L o +k,o i0 o)
Uy =R(, —iy)+ L20el) 00 (0)
dt deo

where f,, (6) is the flux linkage function of the rotor position,

k. is the coefficient of back—EMF. The relationship between the
back—EMF and the phase currents in one cycle is shown in Fig.
2.

The zero-crossing points of line—to—line back—EMFs can be
detected by the detection circuit, and it corresponds to the
commutation points.
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Fig. 2. The relationship between the back EMF and the phase currents
waveforms.

B. The traditional G function
The flux linkage function can be given as follows:

o d(, —iy)
d(fy(0) Yo R -L
déo k.o
o d(i, i)
LU0 B S
do k.o @)
o d(i, —i,)
d(fy (o) Ve RETWTLT
do k@
Function H;;(0) can be defined as follows:
_d(f.(9)
H,(0) =—1= ©
Substituting Eqg. (2) into Eq. (3) gives:
o d(, —iy)
Uab - R(Ia _Ib)_ L—2—=
Hab (0) — d ( fabr (0)) — dt
dée k.o
o d(, -
U, —-R(@, —i,)-L—>—==
_d(fy (9)) _ " b dt
Hbc (0) - dg - kea) (4)
o di —i,)
Uca - R(Ic _Ia) -L—"
H..(6) = d(fer (9)) _ dt
dée k.o

Function G, (6) can be defined as:
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. . d(ia_ib)
G (9): Hab(g) :Uab _R(la —|h)_LT
x H..(6) Uca_R(ic_ia)—LM
dt
i [ d(iC_ia)
6.0 = Ha(® =Uca_R(IC—Ia)—LT .
y Hbc(e) UbC—R(ib_iC)_LM
dt
i i d(ib_ic)
6 o) M@ YV R T
T HG(0) Uab—R(ia_ib)_L%

The function H;;(6), G, (), phase current and commutation
signal are shown in Fig. 3.

o
I

Commutation
signal

.

.

AS A ¥ Time(0.1s/div)
Commutation point

Fig. 3. Function Hij (@) .G (6) , phase current and commutation signal.

As shown in Eq. (5), the G;(6) function is a speed—
independent flux linkage function. The zero—crossing point of
H;;(9) is corresponding to the extreme point of G,(6)
function and the commutation point from Fig. 3. Theoretically,
the G, (@) function can be used to estimate the rotor position
from near zero to high speed.

I1l. THE OPTIMIZED G FUNCTION AND THE ANALYSES OF
THE MOTOR TERMINAL VVOLTAGE

A. The influence of rotor position detection based on G
function

In practice, the detection accuracy of G;(6) function can be

influenced by many factors, such as the interference and noise
by high frequency PWM, diode freewheeling in heavy load
conditions, calculation accuracy in the high speed range. The
G, () function signal with the high frequency PWM and the

diode freewheeling interference can be shown in Fig. 4
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Fig. 4. The G(6) function signal with high frequency PWM and diode
freewheeling interference.

As the Fig. 4 shows, PWM for inverter brought the
interference and the noise to G, (€) function. It is very difficult
to extract the rotor position signal from the interference and the
noise by high frequency PWM to reduce the estimation error. In
order to solve this problem, the PAM is used to avoid the high
frequency PWM interference. The inverter topology based on
the buck converter and the PAM method for BLDC motor can
be found in Fig. 1. The output frequency of the Inverter Bridge
is equal to the rotor rotation frequency, and the buck converter
is used to control the motor speed and current. The G;(6)
function signal in PAM method can be shown in Fig. 5.
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Fig. 5. The G;() function signal in PAM method. (a) The G,(¢) function

signal in PAM method with diode freewheeling interference. (b) The detail of
diode freewheeling interference.
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As the Fig. 5 shows, PAM method for the inverter avoided
the high frequency PWM interference and noise. The influence
of diode freewheeling interference is an approximate pulse, and

the G,(0) function rose slowly from nearly zero to extreme
point. In order to filter out the diode freewheeling interference,
we analyzed the change rate of commutation threshold under
different circumstances in detail. In order to increase the
universality of the proposed method, we supposed that the
duration of the diode freewheeling interference is At, the
rotation period (t, ) should be greater than 10-At, and the speed
of the BLDC motor can be expressed as:
) 801 600 1 ©
"pt p At
As the interference value is pulse peak, the sampling of the
commutation threshold F can be set once every At; s, the
detail of diode freewheeling interference and the extreme point
of G;(#) can be shown in Fig. 6.

A Extreme point of G, (6)

Diode freewheeling interference A

G,(0)

>

Lttititsts

Fig. 6. The detail of diode freewheeling interference and the extreme
point of G;(9).

The change rate of commutation threshold can be expressed as:

G, (t)-G,(t, -
| X(tl) X(t'*l)|:|A A71| (7)

Aex(tl)_| t-t, | | At
The change rate of commutation threshold is very different
under the diode freewheeling interference and the normal
G;(6) function. The relationship between them can be
expressed as:

AG, (t,) 2 AG, (t.) = AG, (t,) ®

where AG,(t,) is the change rate of commutation threshold
under the diode freewheeling interference, AG(ty) is the
change rate of commutation threshold under the normal G; (6)
function, and AG,(t;) is the change rate of commutation
threshold to distinguish them. AG,(t:) was influenced by

three factors: sampling time At , load torque and motor speed.

As the interference value is pulse peak, we suppose that the
diode freewheeling interference is symmetrical. When the

sampling time AtGS%-At , the diode freewheeling

interference can be detected wherever the sampling points are.
The software algorithm need to judge the change rate of
commutation threshold is the diode freewheeling interference
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or the normal G;(0) function. Therefore, the commutation
error angle caused by software filter can be expressed as:
v, _ 27 Aty < 27 - Aty < 2r-At 7w ©)

t, 10-At  5x10-At 25

As the three-phase six-state control strategy is used to drive the

BLDC motor, the commutation error angle (2”—5) cannot cause

the motor lose step.

Based on the above analysis, the relationship between the
motor speed and the duration of the diode freewheeling
interference can be obtained by Eq. (6), and the software filter
can be designed by Eq. (6), (7), (8). The diode freewheeling
interference can be filtered out by software filter, and the
commutation error angle can be compensated by Eg. (29). In
this paper, Aty =0.001, the rated speed of the BLDC motor is
1000 rpm, and the rotation period is about 0.06 s, the diode
freewheeling interference ( At ) is about 0.005, and
AG,(t-)=3000 . The At and AG,(t:) are got by many
simulation and experimental results.

The commutation signal can be got from the commutation
threshold F, when the value of G;(6) function is greater than
the commutation threshold F; (the best commutation threshold,
it can be obtained by many experimental results), the motor
start to commutation. The maximum commutation error angle
caused by the software filter can reach to 1.2 degrees in this
paper. The estimation of G,(¢) function signal is influenced by
the motor parameters. And the off-line motor parameters will
be changed after long-time operation. In order to solve the
problem of the calculation accuracy in the high speed range, the
Eg. (5) can be simplified as follow:

U, ~R(, -i,) L 4 b)

H, (o) Ya u
G,(0)= Hab(e) _ d(idii SE o )
ca( ) Uca_R(ic_ia)_L cdt 2 @

From Eq. (5) and Eq. (10), the simplified error can be
shown as follow:
Uab_R(ia_ib)_Lw U
AG(0) =G, (0)-G,(9) = e
Uca_R(ic_ia)_Ld(IC7la) Uca

dt
R0, i)~ RU, G, -+ LU, 36y 96 i)
- ddt . dt ~0
(11)

As shown in Eq. (11), the resistance and the inductance
are very small and the commutation time is very short. The

simplified G| (0) has little influence in the amplitude and

the phase angle. Therefore, the simplified G;(6) can be
used to estimate the commutation point.

Owing to the three—phase six—state control strategy of the
BLDC motor, the commutation signal was obtained from the
zero—crossing points of back—EMF. For the method based on
G, () function, the commutation signal got from the extreme
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point of G;(#) function. Based on analysis mentioned above,
the e, =e.,—€, =0 corresponded to the extreme point of

G, () function. The line—to—line back—EMFs can be expressed

as:

d(i, —i,)
dt
Because the PAM technique is used in this paper, the zero—

crossing points of line—to—line back—EMFs can be replaced by

the zero—crossing points of line-to—line voltages. At this time,

U,=U,-U, =0. In the motor start-up stage, for a balanced

wye—connected BLDC motor, the three—phase currents can be
expressed as:

e.=¢.€,=(U,-U,)-R(, —i,)-L (12)

i, +i, +i, =0 (13)
Suppose the current flow from T; to T,, i,=—I;, i,=0, the
electromagnetic torque can be expressed as:
eyl + €1,
Q

In order to achieve the minimum torque ripple, the bus
voltage U, =4E, where E is the amplitude of phase back—
EMF. When the impedance voltage drop is neglected, the phase
voltage, phase current and commutation error can be shown in
Fig. 7.

T, = (14)

A Commutation process
—

e

€ At |- €a

Fig. 7. The waveforms of the phase voltage, phase current and
commutation error.

As shown in Fig. 7, the commutation error is At; . The At; is
relate to the motor speed. The commutation process time can be
expressed as:

6LI
U, +2E
where | is the amplitude of the phase current, and in this
paper the commutation error At; . ~0.05 (In the low speed

range, L=0.075 mH, U, >100 , 1<12 , E=10 ). The
commutation error angle Ag; ., <18 (when the motor speed is

lower than 30 rpm). Therefore, the maximum commutation
error is in the “three—step startup stage”. And the commutation
error reduced with the increase of the motor speed. However,
the temperature drift of the detection circuit parameter and the
cumulative error in the calculation caused the commutation
error. It is very necessary to analyze the change of the motor
terminal voltage in the commutation process.

t = 2At, =

(15)

B. The influence of motor commutation error on the motor
terminal voltage

The motor phase back—EMFs in one cycle can be
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approximately expressed as:

i K0t O<at<Z
V4 6
K, Tt
6 6
e, = —EKea)zt+6Kea) 5 o< Z (16)
T 6 6
Ko 7 cp<tm
6 6
EKea)zt—12Kea) ﬁﬁa)t <2n
Vil 6
where K, is the coefficient of the phase back-EMF, @ is the

motor angular velocity. Taking the phase B as an example, the
voltage of neutral point from Eq. (1) can be given as:

Ud2

U, = (17)

When the commutation is accurate, the B phase voltage can be
given as follow:

Uy, =Uy +8, (18)
When ot = % , the phase back—EMF can be given as:
6, 2
g, =— Kot (19)
T
Substituting Eg. (19) into Eq. (18) gives:
U,, =U, +E Kot (20)
T
When ot = %ﬂ , the phase back—EMF can be given as:
g, = Ko (21)
Substituting Eq. (21) into Eq. (18) gives:
Uy, =U, +K.o (22)

Because the commutation time interval is very short in a
commutation period, it can be regarded as constant for the
BLDC motor. When the commutation is accurate, the integral
area of phase voltage can be expressed as:

6 6 6
8= [Uy =] (UN -8 Kea)ztjdt (23)
0 0
5= [ U J UntK.w)d (24)
6

When AS =S, —S, =0, the commutation is accurate, the
integral area of the phase voltage is equal as the Fig. 8 shows.

6
Up
/\
S S,
- A
ot
€p
N
b
ot
v

Fig. 8. When commutation is accurate, the waveform of phase voltage, phase
Back-EMF and phase current.

If the commutation is not accurate, the integral area of phase
voltage will appear deviation. When the commutation is

advanced, cotz%—A@, A@ is the advanced angle. At this

time, the B phase voltage can be given as:

U, <U, —%Kea)zt (25)

When B phase turn off, et = %—A@ , at this time, the B phase

voltage can be given as:

U, >U, +K.o (26)
Similarly, from Eq. (23), (24), (25) and (26), the integral area of
phase voltage can be given as:

4

6 V4

AS =5, -5, <j(uN —%Kewztjdt— [ (UK @)dt =0 (27)
0 5n
6

Similarly, when the commutation is lagged, the integral area of
phase voltage can be given as:

T

6 b4

AS=S,-S, > I[UN —%Kewztjdt— [ (Uy+K @)dt =0 (28)
0 3
6

Whenever the commutation is advanced or lagged, the
integral area of the phase voltage is not equal. The
waveforms of the phase voltage, the phase back-EMF and
the phase current can be shown in Fig. 9.

As the Fig. 9 shows, when the commutation is not accurate,
the phase voltage appeared deviation, the integral area of phase
voltage is not equal and the current peak value is increased.
With the increase of commutation error, the efficiency of the
system is reduced, the motor may lose step or be locked.
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IV. A NOVEL SENSORLESS CLOSED—LOOP CONTROL As the Fig. 10 shows, the control system block diagram
SYSTEM FOR BLDC MOTOR contains the speed closed-loop and the current closed-loop.

Based on the analysis mentioned above, a novel sensorless The speed controller is used to respond the external disturbance.

closed—loop commutation error adaptive correction strategy has The torque can be rapidly compensated by adjusting the current
been present, as shown in Fig. 10. controller. The motor speed can be calculated by the phase

voltage zero—crossing point, and the G| (6) can be calculated
by Eq. (7) from line-to-line voltages detection. The integral
TN area of the phase voltage can be calculated by Eq. (23) and (24).
[ s N In actual operation, the integral area of the line—to—line voltages
| can also express the commutation error. Therefore, AS is got
ot from the line-to—line voltages, the commutation threshold F

\q can be expressed as follow:

Fioo =10 £[K,8]2[K, [ Asc (29)

Up

€

A The sign is determined by the integral area deviation ( AS )
of the phase voltage, it can be described as:
+1 AS<O

sign(AS) = {_1 AS 50

L ot
— B \q In fact, it is not a negative proportional gain in the PI

regulator, but an opposite in sign with AS . The best
0 5 5T O commutation point can be decided by the commutation
@ threshold F, which is calculated by G:(e) . The minor
adjustment is achieved by the correction quantity

t L
//j (|KpAS|i‘K,J'O ASdt‘)_ When the commutation is advanced,

S S,
E AS <0, Fis increased by Eq. (29).

ot When the commutation is lagged, AS >0, F is reduced by
\q Eq. (29), until AS=0. The “Threshold F and commutation
logic” block has two functions of the commutation and the
. commutation error compensation. The commutation signal was
got from the zero crossing of phase voltage, which completes
/* the three—phase six—state control strategy for the BLDC motor.
S The commutation error compensation was got from Eq. (11)
o (G.(0) z%), Eq. (29) (Fuo =G}y i|KpAS|i‘KI .[;ASdt‘)
and the motor speed. F increased with the increase of the motor

(30)

q

57 b3 o,

0 % 7 s speed. The relationship between F and the motor speed can be

6
®) shown in Fig. 11.
Fig. 9. When commutation is not accurate, the waveform of phase voltage,
phase back—EMF and phase current. (a) When the commutation is advanced. (b)
When the commutation is lagged.
Current

detection

Current PWM Logic
controller modulation control

The G(6) Threshold F and

calculation by (6) commutation logic
Pl controller AS| Line-to-line yoltages
detection

?
Fs = K,AS +K, [ ASdt

Speed Zero crossing Phase voltage
calculation pulse zero

Fig. 10. The novel sensorless closed—loop commutation error adaptive correction block diagram.

BLDC Motor
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Fig. 11. The relationship between commutation threshold F and the
motor speed.

The relationship between F and the motor speed can be got
from many experimental data. The different trapped objects
have different F values. For the researched BLDC motor in this
paper, many calculation and experiments have proved that

K, =7.25 and K,=0.25 are the best parameters of the control

system. The commutation error can be corrected rapidly and
stability.

When the electromagnetic torque is greater than the load
torque, the motor began to rotate. In order to ensure the success
of the starting under unknown rotor information, two steps
location strategy, which are the synthetic electromagnetic
torque and the rotor position by two steps location strategy,
were used as shown in Fig. 12.

vaw 7

(a) First step

(b) Second step

Fig. 12. The synthetic electromagnetic torque and rotor position by two
steps location strategy.
The angle between the rotor position and the applied

torque can be expressed as:

.4 T
S=sin? ‘;( (31)

S T
where K; is the torque coefficient, & is the angle
between the rotor position and the applied torque, T, is the
load torque. As shown in Fig. 12 (a), if & is very small, a
very large starting current is needed to rotate the rotor.
When & ~ 0, the starting current |, —+o0. Therefore, the

two steps location method was proposed as shown in Fig.
12 (b). The constraint condition of the motor start—up stage
is obtained as:

IS S max
U (32)
T, 2T,

8

where P is the motor maximum power, U . is the motor

maximum voltage, T, is the electromagnetic torque in the

start—up stage. The maximum starting current is given as:
T

| = o
* K,sing, (33)

where J;,, is the minimum angle between the rotor
position and the applied torque. The starting current can be
limited by PWM method as Eq. (32) illustrated. The starting
current determines whether the rotor can be dragged and
whether the rotor can rotate to the certain location by
location time. In a commutation period, the average
electromagnetic torque can be given as:
1 P
Tavg = 5 _[ KT Isda (34)
-P
where £ is the rotor rotation angle, the time of the rotor
from stationary position to the certain position can be given

as:
2
T = f_/’ (35)
(04
where o =22 is the rotor average angular acceleration,

J is the rotor inertia. The Eqg. (35) can be simplified as:
inJ _ 0 4p°]

T |-
V Ten \/j K,1.d6o

-p

T =
(36)

The location time can be calculated by Eq. (36) according to the
motor parameters. The terminal voltage and the rotational
frequency are needed to increase in the external
synchronization stage.

V. EXPERIMENTAL RESULTS

A. Experiment Platform Setup
The proposed novel sensorless closed—loop commutation
error adaptive correction strategy has been implemented on a
BLDC motor for petroleum drilling system. The experimental
platform is shown in Fig. 13, and the detailed parameters of the
system device controller are listed in Table I. The experimental
parameters of the BLDC motor are listed in Table II.

| Ty - I —," i
| Sealed chamber [ | e
Ay: !

Torque measuring |
£ instrument |

" BLDC Motor controller

Fig. 13. The experimental platform is consisted of control system and
experimental motors.
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In order to simulate the underground working environment
of the petroleum drilling system, the experimental platform has
been built as Fig. 13 shows. Put the BLDC motor in a sealed
chamber. The sealed chamber was fully filled with oil. The
pressure of the sealed chamber can reach to about 1.10x<10" Pa,
and the temperature can reach to about 90°C. The magnetic
damper was used to simulate the load torque, and it can be
detected by the torque measuring instrument.

TABLE | SYSTEM DEVICE DETAILS

Parameter Value
Digital controller DSP (TMS320F28335)
Clock frequency 40 MHz

Inverter Bridge SKM 50GB123D
Inverter Bridge driver Concept 2SD315A

Power Supply MIWE S - 500 - 24

Table Il PARAMETERS OF THE MOTOR USED IN THE EXPERIMENT
Surface Mounted BLDC Motor

Rated DC voltage 1000 V
Rated current 12 A
Rated speed, n 1000 rpm
Rated Power 12 kW

Number of pole pairs, P 4

Rated torque, T 200 N.m
Back—EMF constant, K. 0.385 V/ rpm
Phase resistance, R 12Q
Phase inductance, L 75 mH

The corresponding relation between G| (6) function and the

commutation table is shown in Table IlI.
Table 111 THE CORRESPONDING RELATION OF G, () FUNCTION AND
COMMUTATION TABLE

9

G,(0) (10/div)

P(2.5V/div)
o

rotor posmon STHB' ’/ ’/

phase current

ia(10A/div)

Line to line voltages . fyif

Uea(10V/div)
o

Tlme (35/d|v)
External synchronization stage ‘ G'(9) function self synchronization stage

Fig. 14. The waveforms of G;(#) Function, rotor position signal, phase current
and line to line voltages in start-up stage.

As the Fig. 14 shows, the G| (0) function can be detected

until the speed reached to 30 rpm, and then the control strategy
began to switch from the external-synchronization stage to the
self-synchronization stage. The commutation point can be

estimated by G:(e) function and the commutation error can be

ignored in the low speed range. The duration time of the start—
up stage was about 7 s. Fig. 15 shows the line—to—line voltages,
phase current and the rotor position signal when the sensorless
control strategy was based on the back—EMF.

T T T
i phase current :

Mode G;(#) Function Commutation device

Mode 1 and Mode 4 G,(0)= T3+, T2 - or T3+, T4 -
ca

Mode 2 and Mode 5 G (9) = T5+ T4~ or T5+, T6 -
be

Mode 3 and Mode 6 G,(0) =" T1+ T6 - or T1+ T2 -

C

ab

B. Experiment 1-start-up

The “three step” start—up control strategy was used both in
the traditional sensorless start-up and the proposed sensorless
control strategy for the BLDC motor [35]. If the sensorless
control strategy is based on the back—EMF, the speed of motor
will be needed to rise until the rotor position can be detected by
the detection circuit according to the back—EMF signal. The

G, (0) function can detect the rotor position by the speed—

independent flux linkage function, and the rotor position signal
can be detected in the low speed range, as shown in Fig. 14.

=
=}
< OF
wn
o
s
i i i I
! ! switching fime
- \
S . Line to line voltages
K=
fs)
=}

P(5V/div)

Time (3s/div)
External synchronization stage ‘ G'(9)

Fig. 15. The waveforms of phase current, line—to—line voltages and rotor

position signal based on back—EMF sensorless control strategy in start—up
stage.

As shown in Fig. 15, when the sensorless control strategy
was based on the back—EMF, the rotor position signal cannot be
detected until the speed reached to 100 rpm, the duration time
of the start-up stage is about 25 s. The design of the start-up
curve based on the back—EMF sensorless control strategy was
very complex. Fig. 16 shows the line—to—line voltages, phase
current and the hall sensor signal when the start-up control
strategy was based on hall sensor.
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2(10A/div)

Uea(10V/div)
o

rotor position signal :

0 LT

Time (1s/div)
Fig. 16. The waveforms of phase current, line—to—line voltages and rotor
position signal based on hall sensor in start - up stage.

P(5VIdiv)

As shown in Fig. 16, the start-up process is very smooth
based on hall sensor. The rotor position can be detected at about
20 rpm. From Fig. 14, Fig. 15 and Fig. 16, it can be seen that the

effect based on G, (6) function control strategy is better than
the back—EMF sensorless control strategy.

10

C. Experiment 2 — high speed

In the high speed range, the commutation accuracy is based
on the installation accuracy of hall sensor when the
commutation signals were collected by the hall sensor. The
phase current, line—to—line voltages and the rotor position are
shown in Fig. 17 at the speed of 500 rpm and 1000 rpm.

Fig. 17 (a) shows the waveforms of the phase current, the
line—to—line voltages and the rotor position signal at the speed
of 500 rpm when the installation of hall sensor is advanced. The
phase current and the line—to—line voltages became distorted,
and the integral area of the line—to—line voltages was not equal.
When the commutation is advanced, AS <0, this is consistent
with the theoretical analysis. Fig. 17 (b) shows the waveforms
of phase current, the line—to—line voltages and the rotor position
signal at the speed of 500 rpm when the installation of hall
sensor is lagged. The integral area of the line—to—line voltages
was not equal and AS >0, this is consistent with the
theoretical analysis too. So the similar conclusions at the speed
of 1000 rpm can be concluded as Fig. 17 (c) and Fig. 17 (d)
show.

o

o

o

P

W
L i i ; I i i
: : : T : "

P(2.5V/div) Uca(200V/div)  ia(10AV)

o

“Time (20ms/div)

P(2.5V/div) Uca(200V/div)  ia(10AIV)

(=}
T

HiENEE

Time (20ms/div)
(b)

@

o

o

R LWV
. &

S s,

EETATETEY

P(2.5V/div) Uea(500V/civ) ~ ia(10A/div)

o

" Time (15ms/div)
©

P(2.5V/div) Us(500V/div) ix(10AVdiv)

o

Time (15ms/div)
(d)

Fig. 17. The waveforms of phase current, line—to—line voltages and rotor position signal based on hall sensor. (a) The installation advanced at the speed of 500 rpm.
(b) The installation lagged at the speed of 500 rpm. (c) The installation advanced at the speed of 1000 rpm. (d) The installation lagged at the speed of 1000 rpm.

When using the sensorless control strategy based on the
back—EMF, the detection of the commutation point would be

delayed by the low pass filter circuit and the software algorithm.

The commutation error is accumulated with the increase of the
motor speed. The waveforms of phase current, line-to-line
voltages and rotor position signal based on back—EMF are
shown in Fig. 18.

As shown in Fig. 18 (a), the commutation was lagged by the
low pass filter of the detection circuit. And the lagged angle

increased with the motor speed increase. When the lagged
angle was more than 30 electric degrees, he motor will need to
switch the commutation mode or it will be locked. The similar
conclusions are shown in Fig. 18 (b). The commutation point
can be estimated by G| (6) function. The integral area of the
line—to—line voltages was used to correct the commutation error.
The waveforms of the phase current, the line-to—line voltages
and G, () function signal at the speed of 1000 rpm are shown
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in Fig. 19.

PAhase curlent

i2(10A/div)
o

o
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Rotor position signal

=
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>
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[
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i

Time (40ms/div)

(@)

T T
= Phase curren
=}
<
g

Uea(500V/div)

Rotor position signal

P(2.5V/div)

Time (l(;msldiv) ‘
(b)

Fig. 18. The waveforms of phase current, line—to—line voltages and rotor

position signal based on back—EMF sensorless control strategy. (a) The

commutation is lagged about 3 electric degrees at the speed of 500 rpm. (b) The
commutation is lagged about 5 electric degrees at the speed of 1000 rpm.

i2(L0A/div)

U (500V/div)
o

G, (#) (5idiv)

Time (20ms/div)
Fig. 19. The waveforms of phase current, line—to—line voltages and G:(a)
function signal based on the novel sensorless control strategy proposed in this
paper.

As shown in Fig. 19, the commutation error can be corrected
by the novel sensorless control strategy proposed in this paper.
The phase current was symmetrical perfectly, and the integral
area of the line—to-line voltages was equal. The diode
freewheeling interference can be filtered by a soft filter as Eq.

11

(6) illustrated. At that time, AS=0 , the commutation

threshold F remain constant.
When the motor speed increased or decreased, the

experimental results including the detected G:(G) function
waveform can be shown in Fig. 20.

720 rpm -

L 600 rpm J

Speed(rpm)

Uca(400V/div)
o

i.(10AVdiv)
°

G(0) (10/div)

Time (1s/div)
(@)

760 rpm
r l o~ 670 rpm I

Speed(rpm)

Uca(400V/div)

a(10A/div)

G(o) (10/div)

Time (1s/div)
(b)

Fig. 20. When the motor speed is increased/decreased, the waveforms of
experimental results; (a) When the motor speed is increased; (b) When the
motor speed is decreased.

As shown in Fig. 20, when the motor speed increased or
decreased, the phase current and the line—to—line voltages have
disturbance in a short time. The disturbance can be corrected by
the control strategy (Eq. (11)). Therefore, the novel sensorless
control strategy has the velocity perturbation ability, which
reflects its potential value for the industrial application. When
the load torque increased, this sensorless control strategy has a
certain ability to resist disturbance. The anti—interference
experiment results can be shown in Fig. 21.

0885-8993 (c) 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2017.2765355, IEEE

Transactions on Power Electronics

IEEE TRANSACTIONS ON POWER ELECTRONICS

L 70%+Ioad VAN —_ * ]

80% load

T T
720 rpm
r 700 rpm 650 rpm B
I

ia(10A/div) speed(rpm) Load torque (Nm)

Uca(400V/div)

ESEEEENNE

i

./
H

G,(6) (10/div)

Time (1s/div)
Fig. 21. The waveforms of phase current, line—to—line voltages and G| (6)
function signal when the load torque is increased.

As shown in Fig. 21, when the load torque increased about
10 % of the rated torque, the phase current increase with the
increase of the electromagnetic torque. In a short time, the
BLDC motor speed is reduced, and the waveforms of the line—
to-line voltages have small changes. The G,(¢) function
signal and the commutation point have little changes. Therefore,
the novel sensorless control strategy proposed in this paper has
the anti-disturbance ability, which reflects its potential
value for the industrial application. The system efficiency
was improved because of the accurate commutation. The
comparison of the system efficiency between the accurate
commutation and the error commutation is shown in Fig. 22.

accurate commutation

92 \

» COmmutation error is 3 electric degrees

commutation error is 8 electric degrees

commutation error is 12 electric degrees

EFficiency(%)

500 600 700 800 900 1000
Speed (r/min)
Fig. 22. The comparison of system efficiency between accurate commutation
and error commutation.

As Fig. 22 shows, the system efficiency reduced because of
the commutation error, and the system efficiency reduced with
the increase of the commutation error angle.

VI. CONCLUSION

This paper proposed a novel adaptive compensation strategy
of the position estimation commutation error for the sensorless
BLDC motor drives. The compensation signal can be detected
by a flux function, and the compensation error can be corrected
by the deviation of the line—to-line voltages. Two key
sensorless control strategy techniques of the BLDC motor have
been resolved.

12

(a) Solve the starting problem. The G, (@) function control

strategy can detect the rotor position at a very low speed, in this
paper it is about 30 rpm (3% of rated speed). The software filter
ensures that the rotor position signal can be detected from the
interference and the noise by high frequency.

(b) Solve the problem of the compensation error in the high
speed range. The compensation error can be corrected by the
deviation of the line—to—line voltages. The system efficiency
can be increased by the proposed commutation error correction
strategy.
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