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Abstract- A novel approach is proposed which can drive an interior permanent magnet (IPM) brushless DC
motor (BLDCM) smoothly from standstill to high speeds without position or speed sensors. At standstill, initial
rotor position is estimated by using the inductance variation due to the magnet position. In rotating condition,
indirect inductance method was implemented for BLDCM with H_PWM-L_PWM modulation scheme at
very low speeds; When the motor speed is beyond a certain speed where the back EMF is enough, the
sensorless algorithm for rotor position detection is switched to the back EMF method to drive the IPM BLDCM
with  H_PWM-L_ON modulation scheme. The validity of the proposed method is verified through
Experimental results.
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1. Introduction freewheeling diode in the unexcited pHise

A BLDCM is used in various applications of back-EMF integration methdd®; Stator third
electromechanical systems because of its higtharmonic voltage componefs These methods
efficiency and good controllability over a wide range havwe been shown to be successful only at medium
of speeds. The drive for the brushless DC motorand high rotor speeds.
requires a position sensor for providing proper2) Flux Linkage-Based Technigi/é&’
commutation sequence to turn on the power device$n these methods, the flux linkage is calculated using
in the inverter bridge. Position sensor not only measured voltages and currents. The fundamental
increases the cost and encumbrance of the overaiflea is to take the voltage equation of the machine
drive system but also reduces its control robustnesand by integrating the applied voltage and current,
and reliability. Furthermore, it might be difficult to flux can be estimated. From the initial position,
install and maintain a position sensor due to themachine parameters, and the flux linkages’
limited assembly space and rigid working relationship to rotor position, the rotor position can
environment with severe vibration and/or high be estimated. This method also has significant
temperature.ThereforeSeveral main techniques of estimation error in low speeds.
sensorless control of BLDCM have been extensively 3)Estimators based on inductance variation due to
studied, which can be categorized into the following: geometrical and saturation effdtts"
1)Back-EMF Sensing Techniques The rotor position can be estimated by using
These methods include terminal voltage sensing ofnductance variations due to magnetic saturation
the motot™®: detection of the conducting state of and/or geometrical effects of BLDCM. An
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“INFORM” method was proposed by Schroedl, intelligence-based estimators have been presented
which was based on real-time inductance for the sensorless contrBt?”. These methods use
measurements using saliency and saturation effectsartificial neural network (ANN), diagonally
During a short time interval, the “complex recurrent neural network or fuzzy-neural network
INFORM reactance” was calculated for estimating combined with adaptive technique. They are
flux anglé”. Corley and Lored?’ investigated a  completely different from traditional model-based
high frequency signal injection method in such a estimation methods as discussed above.
way that carrier-frequency voltages were applied to This paper presents a new drive method which
the stator windings of PMSM, producing can drive IPM BLDCM smoothly from standstill to
high-frequency currents of which the magnitude high speeds. In full speed range, two sensorless
varies with rotor position. However, all these methods were used alternatively. In low speed, we
methods require high-precision and high-bandwidth use indirect inductance method; when speed is above
(fast) measurement and fast signal processinga certain speed, sensorless control method will be
capability, which inevitably increase the complexity transferred to the back EMF method.
and cost of control system.
4)methods using state observété: 2. Modeél of Inductanceof |PM

Lim et al proposed a pair of cascaded BLDCM
Luenberger observers, of which the faster one was BLDCM can be categorized into IPM motors and
for the estimation of rotor position using current suface mounted permanent magnet (SPM) motors.
measurements and the slower one for estimatingCompared with SPM motors, IPM motors have a
angular velocity®. Kim et al also proposed a mechanically robust and solid structure since the
Luenberger observer which provided a simple magnets are physically contained and protected. So
estimation process as a kind of reduced-order statelPM motors are more practical than SMP motors in
observer to obtain back-EMF informatibh various industrial and other applications. In a

However, the poles and zeros of system BLDCM, the back EMF induced by the rotary PM
transfer function could vary due to parameter €xcitation field is approximately trapezoidal, as
variations, and model uncertainties may degrade theshown in Fig.1.
performances of these observers.
5)Extended Kalman filters: [ I I I | [ N I I

[
4
The Extended Kalman Filter (EKF) is able to < P11 ch' BC:BA:BA:CA:CA:CB:

|
provide optimum filtering of the noises in E4 @, ot =
. . LI/l
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applications of EKF-based sensorless PMSM oy Voo
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control has been reported due to the technical 6 6, 6, 6, 6, 6,

difficulties. Fig. 1 Ideal back EMF waveforms

§)Fu?zy-log|c, neura.l network and - artificial The IPM BLDCM is characterized by the fact
intelligence-based estimators: tha its phase inductance varies appreciably as a

fuzzy-logic, neural network and artificial function of the rotor position. The variation of
phase inductance of an IPM motor is similar to that
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of a conventional salient pole synchronous motor
with one important difference. The conventional
wound rotor salient pole synchronous motor has |
>lq. In contrast, In the IPM  BLDCM, the air gap
in the d axis is small while there is a large air-gap in
the g axis. The d axis inductance will in this case be
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L, Additional component due to the armature

leakage flux
Component of the self inductance due to rotor
position dependent flux

Tablel Relationship amongrotor position, back EMF, self
inductance, mutual inductance

L

g2

larger than the inductance in the g axis.

Fig.2 shows an idealized IPM motor. It is| " | back EMF Ml
clear from the Fig.2 that the A-phase self| PS"n | inductance inductance
inductance is minimum when the rotor field

. . N . =60 |I,=I E,=- E.=0 I =l
axis(known as the direct axis) is aligned with the m =l | E=7E K be e
magnetic axis of A-phase and is maximum when the
rotor is rotated 90 degree from this position.

g P 6=120 | I =I_| E,=-E | E, =01, =I_
rotor quaderature "°t°a"x‘i‘;"e°t
9:1800 Icc:lbb Eb:_Ec Ea:O labzlac
axis of phase
° 6:24(:0 laazlbb Eaz_Eb Eb=0 Ibczlac
. . = [ =1 E.=-E | E.=0] 1, =I
Fig.2 Idealized 3-phase ,2-pole permanent magnet 6=300" | laa =lec a ¢ ¢ ab - The
motor(salient pole)

As a salient pole permanent magnet niétr’, the 6=360 | lo=ly | B =~E | ;=01 Iy =1,

winding inductance varies significantly with the

rotor position. The stator self inductances of IPM
BLDCM can be approximately expressed as

|l = Laso + Ly Ly, cOS(D )

Iy = Lo + Ly + Ly cos(26+%”) )
l.= Lo+l + ngcos(m—%)

The stator-to-stator mutual inductances are
lap =l ==0.5L 0 + Ly, cos(?S’—%7 )
lpe =1g =—0.5L,,0 + Ly, COS(Z ) 2
|, =l =-0.5L0+L,, cos(z’+%” )

Where

6@ Electrical rotor angle

It is well known that the zero-cross point(ZCP) of
the back EMF of a particular phase occurs 30
electrical degrees before that phase is energized. But
the ZCP of a phase winding also coincides with
alignment of the magnetic axis of that winding with
the d-axis of the rotor. Clearly at that position, the
self inductance of that phase is a maximum,
whereas the inductances of the two other phases will,
because of geometric symmetry, be equal to each
other. In other words, wherever the rotor d axis
aligns with the magnetic axis of the A-phase winding,

Ea is equal to zero ant}, =1 .Similar statements

can be made about the B-phase winding and the
C-phase winding. Therefore the positions of equal
inductance of the energized phases, just like the ZCP
of the back EMF of the floating phase occur 30
electrical degrees before the next commutation
position. Table.1 gives exact relationships among
rotor positions and self-inductances or mutual

L., Component of the self inductance due to theinductances or back EMF. It is shown that the rotor

spae fundamental air-gap flux
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with the ZCP of back EMF of the unenergized
phag according to Table.1. Therefore, some
methods which can detect the equal inductance of
energized phases in real time can be used for the
commutation of BLDCM.

3 TheAnalyse of New Drive Method
For IPM BLDCM

3.1 Theprinciple of theindirect inductance
method

It is well known that the back EMF sensing
techniques fail at very low speeds, so a new method,
indirect inductance method for sensorless control, is
proposed to solve the problem. The method is also
based on the fact that the phase inductance of IPM
machine varies with the rotor position. But it does
not measure phase inductance directly, but detects
whether the self inductance of energized phases is
equal or not, which is different from the conventional
sensorless methods based inductance variations.

As three phase inverter is concerned, PWM
control schenmt®! is widely applied to control the
speed and current of BLDCM. The PWM scheme
that is used in this paper is H_PWM-L_PWM. Fig.3
illustrates the gating sequence of the electronic
switches waveforms in this typical PWM strategy in
which both the active switches in the lower half
bridge and upper half bridge are modulated
simultaneously.

The selected interval for subsequent analysis
shown in Fig.4 corresponds to instant when the
current is beginning to switch from A-phase into
B-phase whereas the current of C-phase is assumed
to have already decayed to zero. During the interval
switches T, and T, are only two active switches.
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Fig.3 Timing diagram of H_PWM-L_PWM
control signals

Fig.4 equivalent circuit during the switch-on
WhenC-phase is open

Fig.5: equivalent circuit during the switch-off
WhenC-phase is open

When the switchesT, and T, are switched off The circuit equations of Fig.4 are

shown in Fig.5, the phase current is circulating

di, . d, . diy . dl,

through freewheeling diod&s and D;. The dashed  |Va=la g *la gt g iy HiaR*E,
line in Fig.4 and Fig.5 illustrates the real loop current |y =i Jayj Doy G 3 A 5 o) ©)
direction. t " oot dt
_od o dy o dy
=l =2l =2 i, =2+, —E+E_+V,
O %dt Fdt 7ot dt
A BA CA CB Iy =1,,1. =0
| | |
| U, =V, v, + 2V (4)
>
‘ Vn = _Vb +VS (5)
-
|
|
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|
|
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WhereV;is the inverter switch on-state voltage drop.
| HHH Subdituting (4) and (5) into (3) gives
> :$+(| -1 )d|a+|_d(l 'aa)_(Ed+Eb)

il ' [oomon, N N S
I AT S N ) i, Sl v
30°  90° 150°  210°  270° 330° 360° If back EMF is assumed constant in the PWM

ISSN: 1109-2777 1272

Issue 11, Volume 7, November 2008



WSEAS TRANSACTIONS on SYSTEMS Wang Hua-Bin, Liu He-Ping

cycle. From Table.1, it is found_,is equal Fig.6 equivalent circuit during the switch-off
- When B-phase is open

tol,, ,E, is equal to-E,,l,. is equal tol_

whee & is at 60°or 240 . So the potential
of C phase is

V—U7+E 6=60° or 240 (7

The circuit equations of Fig.5 are
v;:Iaa%+i;(jl—aa+ ab%H dI—"’b+|a'1R+Ea
o d
. | . | '
V=l =24 =2 ] B+ 4 R+
PTGt dr P d?t bRHE, (8)

di, di, .. d, : . S T . .
— >+ +'bd—';°+ E.+V, Fig.7 equivalent circuit during the switch-off

V.c :|ac dt Ibc dt a dt

i =i, |' =0 When B-phase is open

-V 9 - . . . .
D © Similarly, According to Fig.6 and Fig.7, whe#l is

="V, = Vo (10)  at 186 or 360, the potential of A-phasey, and

a

U, -V
A

Where V, is the inverter diode on-state voltage V; , can be represented as

drop. Substituting (9) and (10) into (8) gives v, :U_d+ E.,V, :ﬁ+ E, (14)
=i leta)de G dlol) EAE) ) 2 2
2 2 d 2 2 Av,=v,-v,=0 6=180 or 360 (15)
V, =V, + (I, - )—""+I 90 b“) +E T
c n be dt dt

When & is at 60° or 240, with Table.1 , the
potential of C-phase/;, can be represented as

U,
v, —7+E 8=60" or 240 (12)
Comparing (7) with (12) gives
Av,=v.-v.=0 6&=60 or 240 (13)

Anayzing Table.1, it is known thate, is equal

to zero whend is equal to 6Dor 240.Therefore,
the ZCP of back EMF of C-phase can be estimat-
ed by computing the differences of terminal voltag  Fig.g equivalent circuit during the switch-on
-e of C-phase according to (13). Simultaneously, When A-phase is open

we can get the equivalent Circuit shown in Fig.6-

14
<

Fig.9 when B-phase or A-phase is open with S RL| T
H_PWM-L_PWM modulation scheme. v l
A "
| A
- — ud | B L R
Lot s S
v, \ Eb L Ly
L, v b
T A v,
— ud ' B L R > A T
| VnEa{_‘ Eb " ib ‘ DD% ‘ R Iy T
v v l- - _ _ _
Fig.9 equivalent circuit during the switch-off
When A-phase is open
According to the Fig.8 and Fig.9, Whefd is at

120° or 300° , the potential of B phase/, and
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vt'), can be represented as

U, -Vs+V,
' AV I _I + bb aa 22
vb=U7“+Eb i =Yg, gy A ={ 0ty ol Ve 2 - 22
ab
Av, =V, -V, =0 9—120’ or 300 (17) According to (1) and (2), we have
32 Analyss of the senstivity of indirect l, .. /3
inductance method () = ng 005(29"‘— )
When rotor position is at any position and under (23)
the assumption that the current of C-phase havella = \/éng COS($’+—)

decayed to zero, A-phase and B-phase are modulate o
simultaneously shown in Fig.4, Fig.5 and Fig.6 inlf the difference ofVs—V, is ignored, substituting
which T is the PWM period and t is the switch (23) into (22) gives

on-state time show the A-phase current waveform in U [@L C%(w+g)]
aH_PWM-L_PWM cycle. Av.(T) = 2™ 6 24)
A : latly
u, The direct and the quadrature axis inductance are
i 3
Ly =Ly +E(Laa0+ Lyo)
5 (25)
Lq = Lal +E(Laao _ng)
| | i L+ Lq _
72 T T+ | —2 =L, +1.5L, (26)
? |+
| —2__th > % -], =L, +1.5L,+
-U, : T
26+ cos(B+
Fig.10 the phase current waveform in a COS cos(P+—)
PWM period Ly 5 -cosd
According to Fig.4, Combining (3) and (4) or (5) can
give (27)
o+l It is assumed that the IPM BLDCM has low
Uy d( 2k ) E.-E _y _iR sdliency ratio. Therefore, comparing (25) with (27)
_ 2 ° dt 2 s (18) and neglecting the last term of (27), we obtain
di, approximately
) =D Ly+Ly I+
2 d 9 —_aa " bb _| (28)
According to Fig.5, Combining (8) and (9) or (10) 2 2 ab
Can give Substituting (28) into (24) gives
d(laaﬂbb_labj 3\/§ 577
- U7d+i; 2dt +EE;Eb+VD+i;R Uy TngcOE(ZQ"'?)
di, (19) av (M= oL (29)
dt (|aa+|bb_| ] Tq
2 @ . . i . i
According to similar triangle principle, Fig.10 can ~ Smilarly, with analyzing Fig.6 and Fig.7, we have
give approximately u, (3‘/5 L,, cos(29+3”)j
L(t/2)=i,(t+T)/2) @) am=—t 2 (30)
The voltage difference betweeny (t/2) and %
V.((t+T)/2),Av,(T), can be represented as Also, with analyzing Fig.8 and Fig.9, we have
MM =V /2 (+T)/2) @ Ud[sﬁ ngcos(zg+g)]
Substituting (3), (8), (18), (19), (20) into (21) gives Ay, (T) = (31)
L, +L,
2
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According to (29), (30), (31), we can know that Therefore, another technique has to be found for
the differences@v, , Av, , Av, )depend only on roto'r position estimation at sftandstill_so as to
guadature inductance Lq, direct inductance Ld and achieve a stable start. The only information that one
dc link bus voltage, which are constant in the circuit. can useis based on thg !nductance of'pha.se that is a
Therefore theindirect inductance method is robust function of the rotor position due to saliencies of the
to the speed of BLDCM. Theoretically, it can IPM BLDCM. Th|_s_ approach d_oc_as not (;Iepend on
operate at any low speeds even zero speed. any motor specific gharacterls_ncs. '_Fhls method
33  Transfer to or from the back EMF method rehes on thg faqt that if voltage is applied across an

It may be advantageous in applications that inductor which is n the presence of_a permanent
the sensorless algorithm is transferred to the backMagnet, the resulting current will ‘either add or
EMF method with H_PWM-L_ON modulation subtract to the external field created by the
scheme above a certain rotor speed becauS(-.germanent magnet, which leads to a further

o ' ) ecrease or increase in the inductance. In the case of

there are more switching losses in 5 g|pcwMm, the inductor is the stator while the
H_PWM-L_PWM modulation scheme_. permanent magnet is the rotor.

The back EMF method of commutation control The implementation Of th|s method requires

relies on detection of the ZCP of the back EMF that a voltage is applied for a fixed time such that it
signal from the unenergized phase. It has beencreates a magnetic field in the direction of only one
shown that the instant at which the rotor reaches theW|nd|ng Two magnetic fields of Opposite directions
equal self inductance position coincides with the should be created for each winding. In order to do
ZCP of the back EMF of the unenergized phase. this, two phases are held to ground and one is
There is, therefore, a close parallel between the gwitched to high, creating the forward magnetic
indirect inductance method and the back EMF fie|d. Then two are switched to high and one is held
method. The close parallel between the two to ground, creating the opposing magnetic field.

methods makes it easy to implement changeoverThis procedure is shown in Fig.12 where phase A is
strategies from one to the other as the motor speedenergized in the forward direction.

crosses the chosen boundary between low speed and
high speed operation.

A transfer scheme is suggested in Fig.11. The
transfer scheme includes hysteresis to avoid
instability near the transition speed. At speeds lower E
than H (Fig.11), the indirect inductance method is Vector sum of fields Bs and Be / —
used. At speeds higher than*Hthe back EMF Be Ba
method is used. Usually, the back EMF is high
enough when the rotor speed is above 25% rated
speed, so it can be reference value of thairt H. Fig .12 Vector sum of fields BBg, Bc

Phase B Voe

Phase A

Phase C

A

back EMF method
¥

Sensorless method

current

indirect inductance method ¥

» Motor speed

Il|-----
Tl-———-

Fig.11 The switch of two sensorless methods

\j

time

4 |Initial Rotor Position Estimation Fig.13 Current pulses
M ethod

At standstill, the motor currents and voltages are .The two pe.ak .currents created from the two
zero, so the system of rotor position estimation Opposng magnetic fields are then measured and

gives no information for the initial position. compared. The larger peak will indicate the current
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that is in the same direction as the magnetic fieldwithin 60 degrees, which is sufficient enough for
caused by the permanent magnet (rotor). Thereforeproper commutation (Fig.15).

the polarity of the permanent magnet can be obtained, To get general regulation, we can list the Table.2.
Figurel 3 shows the current peaks produced wheBy comparing the pairs of peaks, and assigning a 1
the procedure was done with A-phase, given that théone) if the first peak is greater, and a 0 (zero) if the
rotor is in the position shown in Figure 14. The first second peak is greater will result in a 3 bit binary
current peak which is generated from the forwardcode. Therefore, we can uniquely determine the
magnetic field is higher than the one generated froninitial rotor position with the Table.2.

the reverse direction. This means that the magnetic

field in the forward direction is in the same direction 5 Experimental Results

as that of the magnetic field of the rotor. Thus, the In order to validate the claims made in the

north pole of the rotor is known within 180 degrees. ProPo®d apprach, the targeted experimental setup
was used to implement the proposed method.

Fig.16 shows the prototype of the proposed drive
circuit and the adopted IPM machine (5poles, rated

Phasg B N power -3KW, and rated speed -2600RPM).The
entire drive system is controlled by a cost effective 16
bit micro-controller, Microchip dsPIC6010. The

Phase A power stage consists of a intelligent power
module(750V/60A), which can be directly interfaced
Phase C S with the micro-controller. Fig.17 is the experimental

test-bed for BLDCM drives that is built in the State
Key Laboratory of Power Transmission Equipment &
System Security and New Technology of Chongging
University.

Fig.18 shows 6 current responses when the rotor
is at standstill. With the Table.2, we can infer that
the initial rotor position is between 210and 270

In the Fig.19, experimental results show the real
A-phase current waveform and corresponding to the
PWM waveform.The experimental waveform of
A-phase  shows a good agreement with the
waveform of theoretical analysis shown in Fig.10.

Fig.20 shows the waveform of three phase
Table.2 L ook-up tablefor detection of initial rotor position terminal voltage with H_PWM-L_PWM
Rotor angle Position | State to energiz modulation and commutation signal obtained with
code indirect inductance method, in which the motor

Fig.14 Rotor position 180

Fig.15 Rotor position 60

1%

-30° 10 30 100 State 2 speeds is 58RPM, less than 3% rated speed.
30 0% (1)18 gatej Whenspeed is above 25% rated speed, sensorless
o o a e )
0 1o 150 contol method will transferred to the back EMF
150° to 210° 011 State 5 _ _
210 to 270 001 State 6 method.Fig.21 from top to bottom show the terminal

270° to 330° 101 State 1 voltage for A-phase and B-phase, C-phase with
H_PWM-L_ON modulation schemebtainedthe
commutation signal using conventional back EMF

By repeating the entire procedure for the other two
phases, the rotor position can be narrowed down to Method,in which the motor speed is 800RPM, higher
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than 25% rated speed.

A-phase current

. . . = i
- |
AP AP P \
TA TB TC \/
V, 1 :

. § A { 3 Phase PV sigrial
ua] Ve \ BLDC
et | L o +
D, Dsg Dc

Tl & Tl & T % _

curre Q1 Q2 Q3 Q4 Q5 Q6 Db i 52 r "

sensor 4 4 4444

Terminal voltage .
PWM Pattern Generator Sensing circuit Fig.19 The real A-phase current waveform and
T corresponded PWM waveform

Controllor ‘

Fig.16 Block diagram of the proposed drive method

i ikl " .
i sy ] [ TECEEE - NEN T
[ J &= I [

Fig.20 A and B, C phase terminal voltages with
H_PWM-L_PWM modulation scheme and
the commutation signal from indirect
inductance method

" —~ il e T == st Bt =S

|
— IE-H.I:\‘ 1] ¥ mov [ BENTNY i[“_ !| ; i &
- ’ ey padmet————r Fig.21 A and B, C phase terminal voltages with
‘.ll_I'__'ji_'_n'.ij.'_\:-;_'_n'}'__;'_':'_:n‘_;_.‘;:._:‘_i_-‘;:_‘h__._,-_I.- {77 Form | . AR H_PWM-L_ON modulation scheme and the

commutation signal from back EMF method

Fig.18 Measured 6 current responses for a stationary )
rotor 6 Conclusion

This paper presented a novel drive approach for
BLDCM which makes it possible to detect the rotor
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position over a wide speed range from standstill to[6] J.C.Moreira. “Indirect Sensing for Rotor Flux

high speeds. The estimation of the initial rotor
position is based on the investigation of the magnetic
saliency without requiring knowledge the motor
parameters. In rotating condition, speed and rotor
position estimation of BLDCM drive are obtained [7]
through two sensorless methods alternatively. The
proposed algorithm was implemented in a digital
controller using a dsPIC6010 and an experimental
speed control system consisting of a BLDCM and &/8]
voltage source PWM inverter. The experimental
results show that the proposed method has good
sensorless speed control performance with initial
rotor
controllability over the wide speed
confirmed, which proved the feasibility of the
proposed method.
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