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Connecting Brushless DC Motors

to Electronic Controllers

Connecting brushless DC motors to
electronic motor controllers is
complicated by the fact that motor
phase leads and sensor leads must be
connected in a precise phase configu-
ration to the electronic motor controller
for proper operation. Many times the
information required determining the
proper motor sensor and phase lead
connection to the electronic motor
controller is inaccessible, and must be
obtained by measurement. This paper
explains the importance of the phasing
relationship between motor sensor and
phase leads, and how the relationship
can be measured. Finally it explains
how to ensure proper connection of the
motor phase and signal leads to the
electronic motor controller.

Sensor

Hall Effect sensors on brushless DC motors pro-
vide the position of the magnetic pole on the
motor rotor (rotating element) relative to the motor
phase coil windings on the motor stator (station-
ary element). The Hall Effect sensors are used to
indicate which stator phase winding to energize to
generate the maximum motor torque in the de-
sired direction of rotation.

Injecting electrical current into the motor phase
coils produces an electro-magnetic pole on the
stator periphery, attracting the magnetic pole on
the rotor, producing torque and rotation on the mo-
tor shaft. Maximum motor torque is produced by
generating an electro-magnetic pole on the stator
periphery spaced 90 degrees (in quadrature) with
respect to the rotor magnetic pole. A rotating mag-
netic field on the stator periphery is obtained by
energizing the motor phase coils in sequence, in
essence creating a rotating electromagnet on the
stator periphery. The electromagnetic pole gener-
ated on the stator periphery must rotate synchro-
nously around the stator periphery at the same
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rotational velocity as the rotor magnetic pole to
produce continuous torque. The rotating rotor
magnetic pole synchronously chases the rotating
stator magnetic pole around the stator periphery.
The relative position between the rotating stator
and rotor magnetic poles ideally remains fixed in
a quadrature angular position, producing a max-
imum constant torque when both magnetic poles
are rotating at the same velocity. A link to an ani-
mation of brushless DC motor operation is provid-
ed in the glossary as a graphical aid to understand
this concept.

The three Hall Effect sensors are spaced equal
angular distance apart to detect the location of the
rotor magnetic pole relative to the three equally
spaced motor phase windings (Fig 1). The three
hall sensor switch states are used to indicate which
motor phase coils to energize to produce maxi-
mum torque on the rotor.
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Fig I Illustration of Hall Effect Sensor placement on the
periphery of the motor stator to detect rotor magnetic pole
position relative to the motor stator poles

The relationship between Hall Effect switch states
and optimum motor phase coils excitation can be
provided in tabular form. An example is provided
below in (Fig 2):
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CW CCW
HI H2 H3| A| B|C|A | B |C
O|l1|O |+ | —-—[Xx]|]—=]+][X
O |1 |1 |+ [x|[—-—|—-|Xx ]|+
OO0 |1 |x|+]|—-|x]|—-]H+
1] 0|1 ||+ x|+ ]-1[X
1] 0|0 |- x|+ ]+ | x|-
1 |1 10| x| =]+ ]x ]|+ |-

Key: 0 Hall sensor logic state low
1 Hall sensor logic state high
+ Positive phase current injection

Negative phase current injection

Fig 2. Table of hall sensor states and motor phase excitation
to produce the maximum torque in the desired direction of
rotation.

Methods:

Many different nomenclatures exist for designat-
ing the three motor phase leads on brushless DC
motors. Typical nomenclatures for motor phase
lead designators are [A,B,C ], [R,S,T], [ U, VW],

or [W1,W2,W3]. For the purposes of this paper
the [A, B, C] labeling nomenclature will be used
for motor phase lead designations. Likewise, the
Hall Effect Sensor nomenclature referred to in this
paper is [ H1, H2, and H3], although other typical
nomenclatures are [ Hall 1, Hall 2, and Hall 3], [Hall
A, B,C] or [Sensor 1, 2, 3].

The table providing the relationship between the
Hall Effect sensor states, which indicates the rotor
position relative to the stator phase windings, may
be provided by the motor manufacturer. Section

# 1 describes typical formats for this information.
If this information is not accessible, then the table
must be generated by measurement. A method to
generate the table by measurement is provided in
Section #2. Section #3 describes how to utilize the
tables to properly connect the motor to the elec-
tronic motor controller.

SECTIONS:
1. Hall Based Table Information Provided

2. Using Phase Current Injection Method to
Create Motor Hall Sensor Correlation Table

3. Connecting the Motor to the Electronic
Controller

4. Other Measurement Methods

AMETEK

PRECISION MOTION CONTROL

Section 1:
Hall Based Table Provided

This scenario is preferred since it does not re-
quire any direct motor measurement or measuring
equipment, but relies on access to the brushless
motor and electronic controller hall sensor cor-
relation tables. Many brushless DC motor vendors
provide information in the motor data sheet to help
with ascertaining the proper motor connection
sequence to the electronic controller. The brush-
less motor and electronic controller hall sensor
correlation table is usually provided in the form of
a diagram or table which may have different titles
such as “Block Commutation” or “Brushless DC
Motor Timing Diagram”. Typically these diagrams
illustrate the motor phase voltage sequence, or al-
ternatively the state of the motor controller motor
phase power switches, correlated to the hall sen-
sor states over one complete electrical rotational
cycle. The table describes which motor phase coils
to energize depending on the hall sensor switch
states to provide optimum motor torque. Examples
of each type of table are provided below:

MOTOR ROTATION: CW
(As Viewed Facing Shaft End)

@ 0° Hl |H2 H3| PHA| PHB | PHC
% 60° o[1}]o0 HI LO X
2 1200 011 HI X LO
= 180° 0[O0 1 X HI LO
2 240° 1 01 LO HI X
g 300° 1]0)]0]| LO X HI
7% 360° 1[1]0 X LO HI
MOTOR ROTATION: CCW
(AsViewed Facing Shaft End)
@ 0° Hl |H2 H3| PHA| PHB | PHC
% 60° 0O[1]0]| LO HI X
2 1200 0O (1 ][1 LO X HI
< 180° 0[O0 1 X LO HI
2 240° 101 HI LO X
‘g 300° 1]1]0]0 HI X LO
i 360° 1[1]0 X HI LO

Key: HI Turnonsource side 1 High voltage
LO Turn on sink side 0 Low voltage
X Bothoff
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If the motor and controller correlation diagrams
are identical for both rotational directions than
simply connect the motor and controller direct-

ly using the same designated nomenclature. For
example, the motor phase lead designated A is
connected to the electronic motor controller phase
output designated A, and the motor hall sensor
lead designated 1 is connected to the electronic
motor controller input designated Hall sensor 1.

If they do not match exactly than table manipula-
tion is required to determine which motor phase
leads must be re-designated to match the control-
ler table. Refer to section 3, Connecting the Motor
to the Electronic Control for more information.

Section 2:

Phase Current Injection
Measurement to Create Motor
Hall Table

This method requires the following electronic
equipment:

Adjustable voltage DC power supply (adjustable
current limit preferred)

Volt meter to measure Hall Effect sensor signal
voltage state.

This method can be used to measure the Hall
Effect sensor correlation table if this information
is not available. This method involves injecting a
fixed DC current into the motor phase windings to
create a fixed electromagnetic pole on the stator
periphery, as illustrated below. The motor is
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placed on a bench without any load coupled to
the shaft, with the motor shaft free to rotate. When
motor phase windings are energized, the rotor
magnetic pole is attracted to the stator electro-
magnetic pole, and the rotor pole rotates to align
under the motor phase winding which is injected
with current and producing the electromagnet-

ic pole on the stator periphery. The hall sensor
states are recorded for this rotor angular position.
The process is repeated by injecting current into a
different combination of stator phase coils, creat-
ing an electromagnetic pole at a different angular
position on the stator periphery. The current from
the DC power supply must be limited to the maxi-
mum motor rated continuous current to ensure no
damage to the motor occurs.

¢r~> 1.0 T
m&@;’%& -

IT - 1.o¢

Connection producing a Connection producing a
magnetic pole aligned under magnetic pole of reverse
the phase A winding. polarity aligned under the

phase C winding.

The motor phase windings are energized in a
sequence that rotates the stator electromagnetic
pole sequentially around the stator periphery, pro-
ducing sequential rotation of the rotor. Hall sensor
states and shaft direction of rotation are recorded
at each excitation sequence, creating a mapped
correlation table.

MOTOR:

Q

Direction
CW
Cw
Cw
Cw
CW
CW

+ indicates motor phase connection to the

positive lead of the DC power supply

- indicates motor phase connection to the
negative lead of the DC power supply
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The derived table must be manipulated for motor
controllers using six step (block) commutation.
The phase excitation sequence in the table pro-
duces a magnetic pole on the stator periphery
which is aligned with the rotor magnetic pole. The
hall sensors indicate the position of the rotor mag-
netic pole aligned under the energized phase. The
actual phase excitation sequence must produce a
magnetic pole on the stator periphery spaced in
quadrature to the rotor magnetic pole to produce
torque. The six step (block) commutation method
only energizes two phases at a time. The off phase
is the phase that the rotor is aligned under, and

the remaining phases produce the electromagnet
pole on the stator periphery in quadrature with the
rotor magnetic pole position. Mark an x indicating
the off phase for each row of the table which has
single polarity.

MOTOR: MOTOR:

Clockwise Clockwise

Rotation Rotation
A|B|C|H1/H2| H3 A|B|C|H1/H2| H3
+[+[—-|0[1]0 +[(+|x{0[1]0
—|+|-]0]1]1 —|X[=[0]1]1
—|+[+/ o]0 1 X[{+[+/ 0[O0 1
—|—]+] 10| 1 ——|x] 10| 1
+|—|+| 1|00 +|X|+| 1|00
+|—-|—-[1]1]0 X[—=|=l'1[1]0

The magnetic pole generated on the stator periph-
ery, which is in quadrature to the rotor pole, can be
placed either +/-90 degree from the rotor magnet-
ic pole by controlling the polarity of the injected
phase currents on the two phases. The location of
the magnetic pole generated on the stator periph-
ery relative to the rotor magnetic pole determines
the direction of rotation which torque is applied on
the rotor. Therefore flipping the polarity of the two
energized phases will apply torque in the opposite
rotation of direction.
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Magnetic pole gen-
erated on the stator A
periphery positioned in
alignment with the rotor
magnetic pole when

= three stator coils are

A B+ energized according to

the diagram

B- A+

P Magnetic pole on the
stator periphery posi-
tioned in quadrature

10/?__

with the rotor magnetic @] 6’6’6’6’6’@ (
C- pole to produce counter

|\J+

clockwise rotation when
two stator coils are

B+ energized according to
the diagram

1. o\*ﬁ

Magnetic pole on B

stator periphery

positioned in quadra- 1. 0/ v
C
L

B- A+

%

S
/2R
N/ +

Y,

ture with the rotor
magnetic pole to
produce clockwise

C+

8

A~ B+ rotation when two -1. 0\‘-@
4 stator coils are ener- o—
gized according to A

the diagram below:

The motor phase sequence to energize to produce
counter clockwise rotation at a given rotor
position provided by the hall sensor states is
provided below:

MOTOR:
. Clockwise
MOTOR: Rotation
A|B|C|H1/H2 H3 A(B|(C|H1/H2|H3
+[(+|X] 0|10 —|+|X[{0[1]0
—Ix]=[o|1]1 xl+«lol1]1| &
x|-|[+[o]o]1 x|[=[+[ o]0 1]man
—|=Ix 101 +[=[X][ 1[0 1] sequence
+|x[+[1]0] 0 +|x|=[1]0]0]frcw
S v i I I S S U e I e

The sequence is flipped for counter clock wise
rotation:

MOTOR:

MOTOR: Coun;f:tgtlioocrl:wme
A|B|C[H1[H2[H3 A[B[C[H1[H2[H3| M
+|+[x][o]1] o0 +|-[x]o]1]o0
—Ix]-lo]1]1 +|x[-|o]1]1
x|+[+[ o]0 1 x|+[-[ o]0 1]Han
“=Ix[1]0]1 —[FIX[ 1 0] 1] soomance
+|X|+[1]0] 0 v|X|+[1|0| O |forCCW
3 W N R Y S A e
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The resulting table correlating motor phase excitation to hall sensor state is illustrated below:

CW CCWwW
A detailed step by Hl H2 H3 K| B|C|A|B|C
step procedure of this o|l1]O0]|—-|+|x |+ ]|—=-1]X
method illustrating 0|1 |1 | —-|x ]|+ |+ ]|x]|~-
pictorial diagrams of each 010 1 X| = |+ |[x |+ |-
step is available on the 1[0 |1 |+ |- |X|[—=][+]X
www.pittman-motors.com 1{of[O0 |+ | x| —-|—-|x]|+
website. 1|1 |0 | x|+ |—-|x]|—-1]+

Section 3: Connecting the Motor to the Electronic Control

Mlustrated below are example Hall Effect sensor tables for Re-designate the motor phase leads to
an electronic controller and a motor. match the controller table:
Controller: Motor: Controller: Motor:
H1 | H2 H3|A|B|C| |[H1H2H3AB|C H1|H2|H3|A|B|C| |H1H2H3A|B|C
1[0 |1 [+]|X]|- 0|1 ]|1]|-[x]+ 1[0 1 [+[x]= 101 [+[x]=
0[O0 |1|+[-|X 0|1 ]0|x[—|+ 0|0 |1]|+[—|X 0|0 |1]|+[—|X
O[1 |1 |x|[-|+ 1[{1[0[+]|—]|X O|1]|1|x[—|+ O|1]|1]|x[—|+
0O[1]0|—[x]+ 1[{0]0|[+|x]|— O[1]0]|—[x]|+ O[1]0]|—[x]|+
1] 1[0[—|+|X 1[0 1 [xX[+]|- 1[1[0[—|+]|X 1[1[0[—|+]|X
1]0]0([x|+]|- 0[O0 |1 ]|—[+]X 1[0]0([x|[+]= 1[0]0([X[+]=
The first step is to adjust table rows until the hall sensor The motor and controller correlation
portion of the tables are identical: diagrams are now identical. Simply con-
Controller: Motor: Motor: nect the motor and controller directly
H1[H1|/H3[A[B[c| [H1[H2[H3[A[B|C H1[H2H3[A[B[C using the same designated nomencla-
1|1 |1 [+[x|=|[Of1][1|—=]X|+ 101 |x|[+]|— ture. For example, the motor phase lead
olol1l+[=[xllOof1]0]|x|-|+ olo|1|=|+|x designated A is connected to the elec-
olol1lx[={+ll1[0]0O|+|-|x } ol1]1(=Ix|+ tronic motor controller phase output
ololol=[x{+|l1l0]o0O[+]|x]- ol1lo|x|-|+ designated A, and the motor hall sensor
1l1lol=l+[x|ll1]l0]1][x]|+]- 11 ]ol+]-|x lead designated 1 is connected to the
11 lolxl+l=llolo|1|-]|+]|x 1{o0|o0f+[x[- electronic motor controller input desig-
. . nated Hall sensor 1.
The second step is to swap positions of the motor
phase designator columns until the tables match:
Controller: Motor: Motor:
H1|H2|H3|A|B|C| |H1|H2 H3|A B|C H1|H2|H3|B |A|C
1[0 |1 [+[x]|=|[1[O]|]1|X]|+|— 1101 [+[X]—
0|0 |1 |+|[—|x||O0[O[]I]|—]+|X 0|0 ]|1]|+[—]X
Of1 |1 |x|=|+[[O[1][1]|—|X|+ ’011x—+
O[1]|O0|—(x|+||O|1][O|x]|—|+ O[1]0]|—[x]|+
1(1]|O0|—|+|x||1]|1[O0[+]V]|X 1]1]0]|—|+|Xx
100 [x|+]|-][1]0[O0][+]|X|— 11010([x]|+[=
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Section 4:
Other Methods

BEMF Diagram

This method requires the following equipment:
4 channel oscilloscope

A method to mechanically drive the BLDC
motor safely under the BLDC motors rated
maximum speed

This method involves mechanically driving the
BLDC motor to operate as a generator. The gen-
erated phase A to phase B voltage produced by
the motor is monitored on one channel of the
oscilloscope, and the three Hall Effect sensor volt-
age states are monitored on the remaining three
channels of the oscilloscope. The correlation of
the generated motor phase voltages and the Hall
Effect sensor states provide the motor phase rotor
position relationship.

to Electronic Controllers

A detailed step by step procedure of this method
illustrating pictorial diagrams of each step is avail-
able on the www.pittman-motors.com website.

Connection by Trial and Error

The trial and error method involves trying all
possible motor Hall Effect sensor connection com-
binations to the electronic drive until the optimal
configuration is found. Unfortunately combina-
tions exist which may operate the motor in a very
inefficient mode. For this reason it may be difficult
to ascertain the optimal hall sensor connection
combination, so therefore this method is not
recommended.

Electronic Controller Features

Many electronic controls contain features which assist in ensuring correct
motor connection to the electronic controller. An example is the PC fully
progarammable IDEA Drive from AMETEK Precision Motion Control, which
provides graphical information of motor phasing and Hall Effect sensor states.
To find more information about Pittman PC programmable IDEA Drive go to
www. pittman-motors.com/Drives/PBI4850E-Brushless-Motor-Controller.aspx.
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