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Abstract: The capability of new 9-slot 8-pole permanent magnet BLDC motor to start without
position sensor is investigated in this paper. The permanent magnet rotor influences the stator
windings inductance as the rotor position changes. It leads to variation of motor current.
Sensorless control of BLDC motor usually uses back EMF method, but this method cannot
be used from standstill, since there is no back EMF. To start this motor smoothly from
standstill, the rotor position can be estimated using inductance variation method by injecting
high frequency low current to the stator windings. The new 9-slot 8-pole PM BLDC motor
has the advantage of its asymmetrical windings. It generates unique current responses when
injected by sinusoidal high frequency current on different rotor positions. The current
responses then can be separated by fuzzy logic algorithm to determine the rotor position. The
experimental results of the estimated rotor position sector with the experimental system are
shown in this paper. From these results, the sensorless starting using inductance variation
method is applicable to the 9-slot 8-pole motor.
Keywords: BLDC motor, 9-slot 8-pole, permanent magnet, asymmetrical winding, sensorless
starting, inductance variation
1. Introduction
To maintain the optimal torque angle of permanent magnet (PM) brushless DC (BLDC)
motor, the driving voltage must be applied to the appropriate phases at any instant. This process
is called commutation. It is decided by the rotor position using additional position sensors.
However, in some applications these sensors, connectors, and wiring increase motor costs and
decrease the motor reliability, so the elimination of this sensors is very desirable [1]. There have
been numerous published methods to eliminate the position sensors. Most of the methods are
based on tracking BEMF [2] [3] [4]. But this BEMF sensing method cannot be used at zero or
low speed because there is no BEMF or it’s very small to detect. To overcome this problem, the
open-loop start-up algorithm is applied [5], high current is flown to force the rotor to move to
the known rotor position, and the voltage is increased smoothly by maintaining V/f comparison.
The disadvantages of this algorithm are slow starting and possibility of initial backward rotation.
Another algorithm used in PM BLDC motor application is inductive sense start-up algorithm
[6]. This algorithm utilizes the inductance variation due to rotor position changes. The stator
winding flux linkage will be increased by the flux of permanent magnet when it is aligned with
a rotor pole or will be decreased when it is aligned with another pole. The flux variation will lead
to decreasing or increasing stator winding inductance due to the saturation [7].
The numerous published research on sensorless control using inductance variance method
use motor models with even stator slot-number like 6, 12, or 18 slots; or three phases/slots with
symmetrical winding [8] [9]. The variation of stator windings inductance in these types of motor
appear twice at a time so the second algorithm must be conducted to determine the exact rotor
position [10].
An interesting type of PM BLDC motor is one with fractional ratio of slot to pole number.
The advantages of this type of motor are high power density, high efficiency, and low cogging
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torque, and also short end-windings [11]. The motor with slot and pole numbers differ by one,
i.e., 2p = Ns ± 1, has high torque density as well as flux-linkage per coil because the coil pitch is
approximately equal to the pole pitch. The fractional ratio of slot number to pole number
contributes to low cogging torque and also because it has the large number of the least common
multiple between the number of slots and poles [12]. This type of motor also has unbalanced
distribution of magnetic flux linkage on stator windings due to permanent magnet on the rotor,
so the inductance extreme value appears once at a time. This unique inductance variation value
could be used to estimate position of the rotor by means of inductance method easier than other
motor type.
One type of the fractional BLDC motor that will be investigated in this paper is a PM BLDC
motor with 9-slot and 8-pole number. The motor, that is shown in Figure 1, is developed by ITB
and funded by LPDP for national electric car project. This paper will show the capability of the
motor to be controlled without any position sensor especially at the start from standstill, using
the variation of stator windings inductance due to the rotor position.

Figure 1. PM BLDC Motor with 9-slot/8-pole number (courtesy of ITB and LPDP)
2. Motor Characteristics
The cross-section of the investigated PM BLDC motor is shown in Figure 2. The motor has
9 stator slots and 8 pole of permanent magnet buried on the rotor core. Therefore this motor has
saliency with Ld < Lq where Ld is stator inductance when a stator tooth aligned with a rotor pole
and Lq is the stator inductance when a rotor pole is 90o from the stator tooth. Each phase
comprises three windings that connected in series, e.g. phase R consists of R1, R2, and R3
windings. R2 winding turns have opposite direction compare to R1 and R3.

Figure 2. Cross-section of the investigated PM BLDCM
The stator and rotor magnetic material used in the motor is 35PN250 steel, the magnet
material is NdFeB, and the stator windings made of 14AWG copper wire. Table 1 shows other
motor parameters.

422

Experimental Investigation on Sensorless Starting Capability of New

Table 1. Motor parameters
Parameter
Number of turns per stator tooth
Air gap length, mm
Magnet thickness, mm
Magnet performance, MGOe
Torque, Nm
Voltage, VDC
Current, A
Speed, rpm
Power, kW

Value
12
1,5
11
30
37
240
100
6,250
25

Because the windings are concentrated and their positions are asymmetrical, the analysis
cannot be simplified using one pair rotor poles. In this paper, all rotor poles should be taken into
account.
3. The Control Principle of 9-Slot/8-Pole PM BLDC Motor
Although the PM BLDC motor is a synchronous electric motor, it has a linear relationship
between current and torque, voltage and rpm, just looks like a DC motor [13]. While the brushed
motors have a mechanical commutation, this brushless motor is electronically controlled.
For one electrical cycle the motor only need the knowledge of six phase-commutation
instants. Only two of the three phase windings are conducting at a time in the excitation of a
three-phase BLDC motor. While the two conducting phases carry excitation voltage and backEMF, the no conducting phase only carries the back-EMF. Figure 3 shows the order of PM
BLDC motor commutation to rotate in one direction i.e. counterclockwise (CCW) direction.

Figure 3. BLDC motor six step trapezoidal commutation
When two of three phases are excited e.g. phase R⊕ and S⊝ (step VI of six-step BLDC
commutation), the rotor will rotate to a dead zone and then it will be locked in that position as
shown in Figure 4(a). To maintain the rotation, next step excitation must be applied, that is step
I (R⊕ and T⊝ on Figure 4(b)) and then step II (S⊕ and T⊝ on Figure 4(c)), etc.
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(a) R⊕ and S⊝ (VI)

(b) R⊕ and T⊝ (I)

(c) S⊕ and T⊝ (II)

Figure 4. Rotor of 9/8 PM BLDC motor is locked in a position when
two out of three phases are excited
The relationship between magnetomotive forces (MMF) generated by winding current (e.g.
winding R1 generates MMF FR1 and winding S1 generates MMF FS1) and by permanent magnet
(Fm) is illustrated in Figure 5.
The electromagnetic torque of adjacent stator winding and a rotor pole can be expressed as
[14]
1
2
(1)
𝑇𝑒𝑃ℎ𝑥 = 𝑘 [𝜆𝑎𝑓 𝐼𝑚 sin 𝛿𝑥 + (𝐿𝑑 − 𝐿𝑞 )𝐼𝑚
sin 2𝛿𝑥 ]
2
Where TePhx is electromagnetic torque caused by winding x of phase Ph i.e. phase R, S, or T;
λaf is permanent magnet flux, Im is winding current, δx is the angle between these two MMFs, δx
∈(–π, π), respectively, and x is phase winding number. The first segment is alignment torque
caused by interaction between permanent magnet and winding current, and the second segment
is reluctant torque caused by rotor saliency. Total electromagnetic torque is the sum of all torque
generated by all windings:
3

𝑇𝑒 = ∑ (𝑇𝑒𝑅𝑥 + 𝑇𝑒𝑆𝑥 + 𝑇𝑒𝑇𝑥 )

(2)

𝑥=1

TeR

TeR+ TeT
TeR= -TeS

TeS
(a)
Rotor is locked when electromagnetic
torque generated by two excited phases
(R⊕ and S⊝) are equal but in opposite
direction

(b)
Electromagnetic torque generated by two phases
on the next step excitation (R⊕ and T⊝)

Figure 5. MMF generated by winding current and PM rotor in 9/8 BLDCM
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As an example that is illustrated on Figure 5, at the end of excitation step VI, TeR = - TeS,
electromagnetic torque generated by phase R windings is equal to one generated by phase S
windings but in opposite direction, and the rotor is locked. It is time to do the commutation.
When next step is excited (step I), electromagnetic torque is generated by R and T windings i.e.
Te = TeR + TeT. The rotor will rotate until TeR = - TeT.
Starting 9-Slot/8-Pole PM BLDC Motor
For each electrical cycle, only six rotor position that must be known. Each position displaced
by 60o and handle +30o and -30o position range. The rotor rotating direction is determined by
commutation sequence as shown in Figure 3. The left to the right commutation sequence make
the rotor rotates CCW, and the commutation sequence from the right to the left make the rotor
rotates clockwise. But, what step to conduct first depends on the rotor position. To start 9/8 PM
BLDC motor smoothly, the initial rotor position must be identified in order to generate maximum
torque.
The rotor position region is divided into six sectors (1-6) as shown in Figure 6. Each sector
corresponds to different voltage vectors that fit the six-step trapezoidal commutation sequence
as illustrated on Figure 3. When the standstill rotor position is identified in one sector, the
adjacent sector will be the initial excitation e.g. if rotor is detected in sector (1), the excitation
begins with sector (5) then (4), etc.

Figure 6. Six voltage sectors for start-up procedure
4. Inductance Variation Investigation of 9-Slot/8-Pole BLDC Motor
Winding Inductance without Magnet
The inductance of stator winding is L = N dϕ/di and
ℱ
𝑁𝑖
𝜙= =
ℛ ℛ𝑚 + ℛ𝑔 + ℛ𝐿
Then the inductance can be rewritten as
𝑁2
𝐿=
ℛ𝑚 + ℛ𝑔 + ℛ𝐿

(3)

(4)

where ℛ𝑚 = 𝑙𝑚 /𝜇𝑚 𝐴𝑤𝑖𝑛𝑑𝑖𝑛𝑔 is the magnet reluctance and RL is the leakage reluctance and
ℛ𝑔 = 𝑙𝑔 /𝜇0 𝐴𝑤𝑖𝑛𝑑𝑖𝑛𝑔 is the air gap reluctance. Because the magnet and winding restrained within
motor construction having high permeability, it is assumed that the leakage inductance have
negligible effect, then the inductance can be rewritten as Eq. (5).
𝐿=

𝜇0 𝑁 2 𝐴𝑤𝑖𝑛𝑑𝑖𝑛𝑔
𝑙𝑚 ⁄𝜇𝑟 + 𝑙𝑔

(5)

From Eq. (5) it can be seen that if the magnet is removed from the rotor, the stator inductance is
a constant – not a function of rotor position.
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Winding Inductance with Magnet Pole Variation
Each phase of 9-slot/8-pole PM BLDC motor has three windings and connected in series
wounded on three adjacent stator teeth. The winding in the middle stator tooth in one phase has
opposite polarity to the other two windings. The back EMF of phases R, S, T are symmetrical
and the phases are shifted by 120 o electric because of the axis of the phases displaced by 120o in
space, but the disposition of the phase windings about the diameter of the machine is
asymmetrical like shown in Figure 7.

Figure 7. The winding diagram of a 9-slot/8-pole BLDC motor
The total of windings flux linkage is the sum of each winding flux linkages due to the applied
current and also due to the permanent magnet. If the flux density in the stator tooth is in the
saturation region, the winding flux linkage due to the permanent magnet is not separable from
the flux linkage due to the applied current.
The stator tooth winding flux linkage is expressed by
𝜆𝑠𝑢𝑚 = 𝜆𝑠𝑢𝑚 (𝜃, 𝑖)

(6)

and can be rewritten as
[𝜆𝑠𝑢𝑚 ] = [𝜆𝑃𝑀 (𝜃)] + [𝜆𝑤 (𝑖)]

(7)

due to all phase current windings and all poles.
Table 2. Flux linkage on stator windings
Winding
current (i)
i+
0
i-

Aligned Pole
North (N)
South (S)
−𝜆𝑃𝑀 + 𝜆𝑤
𝜆𝑃𝑀 + 𝜆𝑤
−𝜆𝑃𝑀
𝜆𝑃𝑀
−𝜆𝑃𝑀 − 𝜆𝑤
𝜆𝑃𝑀 − 𝜆𝑤

There are six possibilities of the flux linkage combination when a rotor pole aligns with a
stator tooth due to the pole sign and the direction of that stator winding current as shown in
Table 2. On windings, positive current (i+) means the direction of the winding current creates
north pole or creates flux out of the stator tooth. Flux linkage that enters the stator tooth will be
marked as negative, either permanent magnet or winding current flux linkage, and marked as
positive if it is out from stator tooth.
The winding voltage for a standstill motor (back EMF = 0):
𝑣 = 𝑖𝑅 +

𝑑𝜆𝑠𝑢𝑚 𝑑𝑖
𝑑𝑖 𝑑𝑡

(8.a)
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𝑑𝑖
(8.b)
𝑑𝑡
dλsum (θ,i) / di is defined as the inductance (L) at the given rotor position and applied current.
Then the winding current can be obtained by integrating Eq. (8.b)
𝑅
𝑣
(9)
𝑖 = (1 − 𝑒 − 𝐿 𝑡 )
𝑅
When the voltage is applied to the stator winding, the response time of the winding current
is varied depending on the inductance variation caused by the relative position of a rotor.
Phase R winding voltage is determined by:
𝑣 = 𝑖𝑅 + 𝐿

𝑉𝑅 (𝑡) = 𝑉𝑅1 (𝑡) + 𝑉𝑅2 (𝑡) + 𝑉𝑅3 (𝑡)
= 𝑖𝑅 𝑅𝑡𝑜𝑡 + (

(10.a)

𝑑𝜆𝑠𝑢𝑚𝑅1 𝑑𝜆𝑠𝑢𝑚𝑅2 𝑑𝜆𝑠𝑢𝑚𝑅3 𝑑𝑖𝑅
+
+
)
𝑑𝑖𝑅
𝑑𝑖𝑅
𝑑𝑖𝑅
𝑑𝑡

(10.b)

𝑑𝑖𝑅
(10.c)
𝑑𝑡
where Ltot = LR1 + LR2 + LR3.
Because of the motor geometry, as mention above, each phase windings group will be
influenced at least by three rotor poles, and only one rotor pole that will be aligned with the stator
tooth at a time [15] .
= 𝑖𝑅 𝑅𝑡𝑜𝑡 + 𝐿𝑡𝑜𝑡

START
Sector = 0

Move the Rotor to Next Sector
(Sector = Sector +1)
Injection of High Frequency Low
Current
Save Current Response
of Phase R

I < Sector < VII ?

Fuzzification
Rotor Position
Lookup Table
END

Figure 8. Flow chart diagram to investigate the sensorless starting
capability of 9/8 BLDC motor
Inductance Variation Observation due to Rotor Position
The variation of stator windings inductance due to rotor position cannot be observed directly.
It can only be measured by observing the rate of change of the current flowing through the stator
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winding. In order to get the specific inductance characteristics for each sector of the rotor
position, the motor is injected with high frequency low current when the rotor is fixed at
standstill. High frequency voltage low current injected to the motor does not generate enough
electromagnetic torque to overcome the rotor inertia so the rotor will remain in its initial position.
Fixed rotor position on each sector is obtained by exciting the two phase of the motor as in
Figure-5. After the rotor is locked to certain sector, the motor is injected with high frequency
voltage low current. Current response due to the injected high frequency voltage is observed by
a hall effect current sensor in phase R of the motor. After the response is saved for fuzzification
[16], the rotor is rotated to the next sector. The procedure is repeated for each sector. The flow
chart of this procedure is shown in Figure 8.
For comparison, beside the injection of the proposed sinusoidal high frequency voltage, the
investigation is carried out by injecting trapezoidal high frequency voltage low current in BLDC
trapezoidal commutation sequential order.
5. Experimental Verification, Results and Discussion
Experimental Setup
Figure 9 illustrates the configuration for investigating the motor inductance variation due to
rotor position. The parameters of the 9/8 BLDC motor are listed in Table 1. Voltage source
inverter is used to supply the power to the motor. The DC-link voltage of the inverter is 24V
supplied by a DC regulated power supply.
Side view

Front view

Figure 9. Experimental setup for investigating BLDCM inductance variation due
to rotor position
A dSPACE DS1104 R&D Controller Board is utilized to implement the algorithm used in
this experiment. The dSPACE board is fully programmable from Simulink block diagram
environment. The output signals from the controller board is amplified by a signal converter
before being fed to the inverter. The inverter is of SemiTeach type, a Semikron IGBT voltage
source inverter.
The winding current is measured by phase R Hall effect current sensor and fed to the
controller through 12-bit analog-to-digital (A/D) converter. The controller board is attached to a
PC through PCI extension slot. This current is fed to fuzzification block in the dSPACE
algorithm to built the lookup table due to rotor position.
The simulation diagram that implemented to dSPACE controller board is illustrated in
Figure 10. It only shows the diagram for sinusoidal high frequency signal generator. For
trapezoidal signal diagram, the sinusoidal high frequency generator is replaced by six-step
trapezoidal high frequency signal block. The other block remains the same.
The excitation voltage frequency used in this experiment is 1kHz and the current is limited
to 2A by the DC regulated voltage source. This amount of current cannot rotate the rotor when
it is injected by high frequency excitation voltage, so the rotor still remains in its initial state.
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Figure 10. Simulink diagram that implemented to dSPACE controller board for detecting rotor
position using PWM high frequency signal injection
Results and Discussion
The current responses of phase R for six rotor positions are shown in Figure 11 and 12. The
phase R current response yielded from sinusoidal high frequency signal shows more separable
distance for each rotor position (Figure 11) than the one from trapezoidal signal (Figure 12). One
of the possibility is when injected by trapezoidal signal there is a slight rotor movement.

Figure 11. Phase R current response on each sector of rotor position using sinusoidal excitation
The maximum value of phase R current in Figure 11 and Figure 12 is presented in Figure 13.
It can be seen that using high frequency PWM sinusoidal signal injection, the maximum value
of the current responses for each rotor position sector can be distinguished clearer than using
trapezoidal signal injection. So, in this experiment the PWM sinusoidal signal injection is chosen
to create fuzzy sets in fuzzification process.
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Figure 12. Phase R current response on each sector of rotor position using trapezoidal
excitation

Maximum R phase current [mA]

Maximum phase R current for
each rotor position sector [mA]
500
450

400
350
300
250
200
1

2

3

4

5

6

Rotor position sector
PWM Excitation

Trapezoidal Excitation

Figure 13. Maximum phase R current for each rotor position sector using PWM and trapezoidal
signal injections
After the fuzzification processed is completed, the verification is conducted to determine the
rotor position sector at certain rotor position. The rotor is set to some certain positions and the
high frequency PWM signal is injected to stator winding. The result shows that the rotor position
can be estimated and located to the appropriate sector which is presented in Figure 14.

Figure 14. Sector identification using PWM sinusoidal high frequency signal response
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6. Conclusions
The paper shows the capability of a 9-slot 8-pole interior PM BLDC motor to be started
sensorless from standstill by means of high frequency signal injection. The motor has significant
inductance variation due to the rotor position when injected with high frequency PWM sinusoidal
signal. The current responses variation caused by the variation of stator windings inductance
then can be mapped into certain sector using fuzzy logic algorithm. The experimental results
shows that the appropriate sector can be identified using this sensorless method for the motor. If
the rotor position sector is already identified, then the motor can be started smoothly by exciting
the next sector according to BLDC six-step commutation sequence.
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