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This application note presents a sensorless brushlessDC motor control for White Goods industry
sector. For development pourposes, a three phases, three poles brushless DC motor, driven by
Infineon starter kit ASM750 (265 V AC maximal voltage supply), based on C164CI
microcontroller (16-bit, 100ns minimum instruction cycle time).
The DC brushless motor employs a DC power supply switched to the stator phase windings of the
motor by power devices, the switching sequence being determined from the rotor position.
Thus, in order to control the torque and the speed of a brushless DC one needs to know the rotor
position, the current in each phase, and the speed.
With sensorless approach the position is determined through the evaluation of zero crossing of back
emf, which permits to use motors without Hall position sensors.
By using a single shunt placed in the DC line along with the position information, it is possible to
determine the instant phase current, while the speed is evaluated using the zero crossing frequency.
This means that no encoder is necessary.
The general control structure implemented whith 16 bit C164CI controller is shown below.

) LJ X U H � � � 6 H Q VR U OH VV� F R Q WU R O� R I � E U X VK OH VV� G F � P R WR U
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The building characteristics of brushless DC motor give the opportunity to control it by supplying
only two phases per period. At each time the current sum in the three phases is zero as it is shown in
Figure 2.

) LJ X U H � � � & X U U H Q W� VH T X H Q F H � D Q G � P D J Q H WLF � I OX [ �

The magnetic flux is held constant in a 120 electrical degree window. If the current in the windings
is constant in this period the produced torque is constant too.
Figure 2 reports current and voltage signal waveforms, and the active phase sequence required to
have maximum torque with (i.e) right rotation.
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The current in the windings is controlled by using a modulation technique. An example is given in
Figure 3, where it is reported the three-phase half-bridge inverter with switch Q1 and Q4 on. The
low-side switch Q4 is held “on” , while the high-side switch Q1 is modulated by a duty cycle that
gives the required current.
The different parts of the model in Figure 1 (speed and current PI, PWM generator and speed
computation) are based on timer T12.Figure 4 represents the control algorithm timing.

) LJ X U H � � � 0 R WR U � & R Q WU R O� $ OJ R U LWK P

The PWM is generated using CAPCOM6 peripheral with 10kHz frequency. Timer T12 is
programmed in F H Q WUH � D OLJ Q H G � P R G H � and the relative interrupts (7 LP H U UH OR D G  and 7 LP H U� S H ULR G

P D WF K ) are enabled.
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This application uses only a single shunt for cost reason. This solution consists in measuring the
voltage on a shunt placed in the DC link without using any current Hall sensors. Some aspects have
to be taken into account for an accurate current measurement

·  The current in the shunt is visible only during the “on”  period of the high-side switch, while
during the “off”  period the current flows through the protection diode (see paragraph 3.2).

·  Current sampling instant must be very accurate (within few microseconds accuracy), and the
sample time as fast as possible (see 3.3).

·  Electrical noise could be relevant, so a hardware filter is required (see 3.4).

Figure 5 shows the current path when Q1 and Q4 are active. The current in the motor phases is
controlled by modulating the ON time on the high-side IGBT switch (Q1) while the low-side (Q4)
is kept active. When Q1 and Q4 are both active the current flows through the shunt (figure 5.a)
while when Q1 is off the current flows through the protection diode D2 and switch Q4 (figure 5.b).
It’s clear that in the last situation the current doesn’ t flow through the shunt and for this reason it
has to be sampled in the middle of the PWM period, exactly at midpoint of the ON time of the high-
side switch.

a)
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b)

) LJ X U H � � � & X U U H Q W� LQ � WK H � E U LG J H

Figure 6 shows the current waveform and the PWM (here low level means active switch).

) LJ X U H � � � & X U U H Q W� LQ � WK H � VK X Q W

� � � � & X U U H Q W� D F T X LVLWLR Q � WLP LQ J

The voltage on the shunt (thus the current) is sampled at 100ms interval with ADC converter.
In order to have an accurate sample in the middle of the current waveform, it is necessary to take in
to account that between the start conversion command and the sample acquisition there are 800ns,
due to inherent C164CI microcontroller sampling time.

The software uses the following microcontroller resources:
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·  Timer T12 interrupt: “T12 match 0000H“  interrupt is  enabled. T12 is programmed in F H Q WH U

D OLJ Q H G � P R G H

·  CAPCOM2 CC27 channel: this channel is programmed in compare mode 0 with fixed compare
level and it is allocated to timer T7 (400ns resolution)

·  ADC converter: it is programmed in channel injection mode so that the conversion is triggered
by CC27 compare event (see C164CI manual, 18-7)

Figure 7 shows the sampling process timing, and the event sequence is summarised here:

·  When “ timer T12 matches 0000h” interrupt event occurs, the timer T7 is started (first
waveform, blue) in figure 7)

·  When timer T7 matches the compare threshold stored in CC27 register, a “compare_CC27”
interrupt is generated, so that the ADC conversion is triggered with the F K D Q Q H O� LQ MH F WLR Q

technique (second waveform, green). After Tc (sampling time) the sample is converted

·  At the end of ADC conversion a F K D Q Q H O� LQ MH F WLR Q � F R P S OH WH  interrupt occurs. In the relative
interrupt service routine timer T7 is stopped and current PI regulator is computed

Tc in Figure 7 (T7 waveform) is the ADC sample time. While the total 10-bit convertion time is
9.7us.

) LJ X U H � � � $ ' & � D Q G � 3 : 0 � WLP LQ J � U H OD WLR Q � D Q G � F X U U H Q W� Z D Y H I R U P
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Due to inherent sampling time, in real environment the operation makes sense only for a duty cycle
greater than 3% (obtained experimentally, for a 100us PWM period), because for smaller values the
sample could be� taken out of “TON“  window (Figure 7, last waveform, red). For this white goods
application the motor always has to sustain a load, and the motor itself requires a certain amount of
current even at no-load. Hence, the minimum duty cycle constraint is not a real drawback.

� � � � $ Q D OR J � ) LOWH U

Current measure requires measuring the voltage drop on the shunt placed in the DC line. This
voltage must be amplified so that the maximal resolution of the ADC can be used, and filtered in
order to minimize the noise interference generated by the commutation of the IGBT.
Figure 8 shows the circuit implemented.

) LJ X U H � � � & X U U H Q W� P H D V X U H P H Q W� F LU F X LW

� � � � & R G H

Interrupt ADC injection complete routine: reads converted value and  computes new duty cycle
with Proportional Integral regulator.

voi d adc_i nj ect i on_compl et e ( voi d)  i nt er r upt  ADE_I NTR usi ng r bank_11
{
st at i c i nt  I n=0;
st at i c l ong i nt  pr opor t i onal =0;
st at i c l ong i nt  i nt egr al =0;
st at i c l ong i nt  mar gi n=0;
st at i c l ong i nt  t emp =0;

T7R = 0;   / /  st op t i mer

I bus =( i nt ) ( ( wor d) ADDAT2 & 0x3f f ) ;

I bus = ( I bus) <<5; / *  nor mal i zat i on i n 1. 15 f r om 0. 10 * /
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/ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * PI D* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * /

I n= I r ef - I bus;   / *  cur r ent  er r or  * /

/ *  comput e pr opor t i onal  par t  * /
pr opor t i onal  =  KP_I  *  ( l ong) ( I n) ;

/ *  sat ur at i on of  pr opor t i onal  par t  * /
i f  (  pr opor t i onal > ONE_I )
      pr opor t i onal  = ONE_I ;
el se
 i f  ( pr opor t i onal  < - ONE_I )
      pr opor t i onal  = - ONE_I ;

/ *  i nt egr al  l i mi t  * /
i f  ( pr opor t i onal  >= 0)   
    mar gi n = ONE_I   -  pr opor t i onal ;
el se
    mar gi n = ONE_I   + pr opor t i onal ;

/ *  comput e i nt egr al  par t * /
i nt egr al  += KI _I  *   ( l ong) ( I n) ;

/ *  sat ur at i on of  i nt egr al  par t  * /
i f  ( i nt egr al  >= mar gi n)
      i nt egr al  = mar gi n;
el se
i f  ( i nt egr al  < - mar gi n)
       i nt egr al  = - mar gi n;

/ *  sat ur at e out put  * /
t emp = pr opor t i onal  + i nt egr al ;

/ / sat ur at i on f r om 1 t o 0
i f  ( t emp > DUTY_MAX)
      t emp = DUTY_MAX;

i f  ( t emp <  DUTY_MI N)
      t emp =DUTY_MI N;

dut y_cycl e = ( i nt ) ( t emp>>N) ;

/ * * * * * * * * * * * * * * * * * * * * * * * * * * *  end PI  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * /

/ *  f or  st op command dut y cycl e i s f or ced at  max val ue,
t hi s mean mi ni mun per i od " on"  f or  swi t ch * /
i f  ( ! st op)  dut y_cycl e = 0x7f f 0;

/ *  set  new compar e l evel :  cor r espond t o ( dut y_cycl e+1) / 2* PERI OD_VALUE * /
CC60 = CC61 = CC62 = PERI OD_VALUE-  ( i nt ) ( ( ( ( l ong) ( dut y_cycl e) ) * PERI OD_VALUE) >>15) ;

STE12 = 1;

T7=0;

ADCON &= 0xF7FF;          / /  r eset  bi t  ADCRQ f or  enabl e next  i nt er r upt

}
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� � � � 3 U LQ F LS OH � R I � 6 H Q VR U OH VV� ' U LY H

In the motor stator windings back-EMF voltage is induced due to the movement of the permanent
magnets on the rotor.
The sensorless technique exploits the principle that the back-EMF signal zero crossing and Hall
position sensors give basically the same information when motor is rotating.
Figure 9 shows the relationship between phase voltage, phase-current, phase-voltage zero crossing
detection signals and Hall position sensors signals. In this application note we refer to ideal Back-
EMF signals as the waveforms indicated in Figure 9 as “Eu” , ”Ev” , “Ew” that give the zero
crossing instant.
The difference between the Hall sensor signal and the Back-EMF signal is that the last leads the
proper current commutation instant by 30 electrical degrees. The position information is only
shifted in term of time.

) LJ X U H � � � 7 K H � U H OD WLR Q VK LS � R I � S K D VH � Y R OWD J H � � S K D VH � F X U U H Q W� D Q G � % D F N � ( 0 ) �

� � � � % D F N � ( 0 ) � ' H WH F WLR Q � 6 F K H P H

In order to derive the switching sequence from Back-EMF signals, it is necessary to provide a
circuit that detects the zero crossing.
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Figure 10 reports the three phases model. VA, VB and VC are the motor terminal voltages referred to
ground, while VN is the neutral voltage. Ea, Eb and Ec are the Back-EMF in the windings.

) LJ X U H � � � � 0 R WR U � Z LQ G LQ J V� F R Q Q H F WLR Q

When a current flows through two phases, the third phase voltage is affected only by the Back-EMF
contribution. For example, if the current flows throughphases phases B and C it is possible to
demonstrate that at zero crossing (when Ea is zero) we have:

�

�

� 9
9

9 ==
2

where VO is the total DC supply voltage.
Given VA, VB,VC and VN the solution is provided by comparing the terminal voltage with VN

(neutral voltage). Being the neutral voltage not directly accessible, a circuit arrangement is needed.
Figure 11 reports the schematic of zero-crossing detection circuit. VN is computed by noting that the
sum of VA, VB and VC is zero.

) LJ X U H � � � � = H U R � F U R VVLQ J � G H WH F WLR Q � F LU F X LW

Referring to the terminal marked Va in Figure 11, the first high pass filter (R1, C1) blocks DC
component while the second low pass filter (R2, C2) realizes a 90 electrical degree phase delay. The
result is the va signal, that is summed up to vb and vc to compute vn (virtual neutral voltage). The
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last low pass filter (R3, C3) is used to limit the noise produced by power switching. Figure 12
shows the signal waveforms related to the circuit.

) LJ X U H � � � � 7 LP H � F K D U W

Ia, Ib and Ic (red) represent ideal phase currents. It is evident that the comparators output Sa, Sb, Sc

are aligned with current commutation instant in another channel, thus giving the exact rotor position
information.
The choice of the double low-pass filter cut-off frequency (figure 11) is determinant to have a good
synchronization with the expected commutation instant. The second low-pass filter pole frequency
has to be put far from the first one, so that the real phase delay is never greater than 90 degrees.
Some items must be taken into account regarding analog circuitry:
·  the low-pass filter at high frequency heavily attenuates the Back EMF signals, thus limitating

the upper speed range



14

·  since a bipolar supply for analog circuitry is not available in this application, true analog
hysteresis is not achievable for comparator circuits. This is a true limitation in analog detection
of zero crossing

·  A key point of brushless DC control is making suitable alignment between comparators output
and commutation events, so that under this condition the motor behaves as a DC motor and runs
inherently at the best working point. Otherwise many problem could appear like high torque
ripple that implies acoustic noise, vibration and high temperature at the rotor

A solution to these problems is obtained via software (see next paragraph).

� � � � 6 R I WZ D U H � 6 R OX WLR Q

The comparators output Sa, Sb, Sc are directly connected to C164CI using inputs P1H.0, P1H.1 and
P1H.2. Because of noise on back-EMF signals, they have to be sampled and filtered. At each
interrupt request from timer T12 (every 50ms), port P1H is read and its value is compared with
previous sample. A digital filter is implemented here: a change on P1H port pins is interpreted as a
commutation instant for the motor if the port state stays constant for at least three samples. It is
clear that a decision for commutation is taken with a three ticks delay (150us average). In Figure 13
there is a sampling timing example: upper diagram shows the comparator output signal (noisy), and
lower waveform is the filtered one.

) LJ X U H � � � � 6 D P S OLQ J � H [ D P S OH
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Figure 14 reports a real case relationship between the comparator output Sa and the sampled
waveform.

) LJ X U H � � � � 5 H OD WLR Q VK LS � E H WZ H H Q � F R P S D U D WR U � R X WS X W� 6 � � D Q G � VD P S OH G � Z D Y H I R U P

Compared with Back-EMF signal, the sampled waveform delay is within 100ms to 150ms range. It
is possible to use directly this commutation instant information even if it is affected by such a
sensitive delay. Figure 15 representes ideal Back-EMF signal, shifted Back-EMF signal
(comparator output in figure 11) and the relative sampled waveform relationship.

) LJ X U H � � � � , G H D O� % D F N � ( 0 ) � � VK LI WH G � % D F N � ( 0 ) � D Q G � VD P S OH G � % D F N � ( 0 ) � WLP LQ J � U H OD WLR Q VK LS
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In Figure 15 there are three time delays:

·  7 K I : is the delay between the shifted Back-EMF signal and the ideal commutation instant (90°)
given by hardware filter in zero crossing detection circuit. This delay depends on frequency
(speed), and has been found to be 250us minimum at 3500RPM

·  7 V: is the delay introduced by software sampling and filtering of the Back-EMF signal (100-
150us)

·  7 F : is the delay that has to be compensated

Tc is given by:

6KI&
777 -=

This delay is always positive and depends on speed.
When a commutation instant is recognised, the new IGBT gate command is given after Tc by using
CAPCOM2. For each zero crossing channel (P1H.0, P1H.1, P1H.2) it is associated one CAPCOM2
channel (CC16, CC17, C18), to be programmed in F R P S D UH � P R G H , as explained herefter:

·  In timer T12 interrupt routine (int_T12() in F D S F R P � � F ) a commutation instant is recognized

·  Immediately is called select_channel() that identifies the zero crossing channel where the
commutation occurred.

·  The related CAPCOM2 channel is programmed to obtain a compare event after Tc (“Tc
compensation”).

·  Finally, in the CCx interrupt routine service (i.e. int_CC16(), int_CC17(), and int_CC18() in
F D S F R P � � F ) a new command set at IGBT gates is given.

The speed range has been divided into eight frequency sectors, each of them related to different
values of  Tc. This discretization has been tuned experimentally to compensate for filter behaviour
at different frequencies, and allows to have a limited error on generated commutation instant
(rougly 50us uncompensated delay).
Figure 16 reports the Hall signal, that represents the ideal commutation instant, and the
synchronization signal obtained by software .
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) LJ X U H � � � � + D OO� S R VLWLR Q � VLJ Q D O� D Q G � % D F N � ( 0 ) � VLJ Q D O� D Q G � WK H � U H D O�

� � � � & R G H

This part provides the sampling and the commutation instant evaluation. It is contained in int_T12()
interrupt routine (F D S F R P � � F ):

…
…
act ual _st at e = P1H & 0x0007;     / *  r ead P1Ĥ 0, P1Ĥ 1, P1Ĥ 2 * /

swi t ch ( act ual _st at e)                  / *  t o ever y por t  st at e cor r espond
                                                         a new pat t er n * /
{
 def aul t :
 case 1:

i f  ( act ual _st at e == ol d_st at e)
     {
      i f  (  ( ++sampl e)  >= 2)         / *  i ncr ement  count er  and check i f
                                      t hr ee sampl es ar e equal  * /
      {
       sampl e = 2;
       FLAG1 = P1H & 0x0004;
       i f  ( commut at i on)     / *  set  t he pat t er n * /
       {
         commut at i on = 0;
         FLAG2 = ! FLAG2;

         speed = st op_t i mer  -  speed_ol d;   / *  speed comput at i on * /
         speed_ol d = st op_t i mer ;

         gat e_command. sensor l ess = 0x15;  / *  r eset  val ue * /
         gat e_command. bi t s. cc61 = 0;   / *  next  act i ve swi t ch * /
         gat e_command. bi t s. cout 62 = 1;

         / / sel ect  act i ve out put
         i f  ( ! gat e_command. bi t s. cc60)

     r eg_cc6msel  = 0x0001;               / /  CC60 act i ve
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         el se i f  ( ! gat e_command. bi t s. cc61)
         r eg_cc6msel  = 0x0010;           / /  CC61 act i ve

              el se i f  ( ! gat e_command. bi t s. cc62)
               r eg_cc6msel  = 0x0100;  / /  CC62 act i ve

        / *  sel ect  wi t ch channel  have caused t he commut at i on * /     
        sel ect _channel ( gat e_command. sensor l ess) ;
       
       }
      }
     }
     el se
     {
       commut at i on = ! commut at i on;           / *  t her e i s a commut at i on on P1H * /

      / *  sel ect  t he channel  t hat  have commut aet ed * /
      i f  ( ( act ual _st at e & 0x0001)  ! = ( ol d_st at e & 0x0001) )
          channel _0 = 1;
      el se
        i f  ( ( act ual _st at e & 0x0002)  ! = ( ol d_st at e & 0x0002) )
           channel _1 = 1;
       el se
          i f  ( ( act ual _st at e & 0x0004)  ! = ( ol d_st at e & 0x0004) )
             channel _2 = 1;

      sampl e = 0;                     / *  i f  act ual  sampl e i s di f f er ent
                                        f r om t he pr ecedent  r est ar t  count  * /
  }
…
…

This part selects the channel for capcom2 ( select_channel() in F D S F R P � � F ) :

voi d sel ect _channel  ( char  por t )
{

 i f  ( channel _0)
{

    out por t _0 = por t ;
    r eg_cc6msel _0 = r eg_cc6msel ;
   
        / *  set  del ay f or  next  commut at i on* /
        CC16 = st op_t i mer  + DELAY -  FI LTER_DELAY;

 CC16I R = 0;
 CC16I E = 1;
 channel _0 = 0;
}

……
……
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� � 6 S H H G � � 0 H D V X UH P H Q W

� � � � 6 S H H G � F R P S X WD WLR Q � D Q G � VS H H G � OR R S

Speed is measured without using sensors like encoder, but instead observing the zero crossing
signals.
Since in this application the motor has three pole pairs, this means that one mechanical revolution
corresponds to three electrical revolutions with six current commutations. In conclusion in one
mechanical revolution there are 18 Back-EMF zero crossing events.
Speed is measured as the inverse of the time elapsed between two zero crossings, that correspond to
30 electrical degrees.
Timer T8, programmed in timer mode with 400ns resolution, is used to measure the speed that is
viewed as a T8 count. The reference speed has to be converted into timer units as follow:

������
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=

where SPEED_REF is the speed reference in term of timer count, TCLK is timer resolution (400ns)
and wREF is the reference speed in revolution per period (rpm).
Speed is computed at each Back-EMF signal commutation.
Timer T8 value is stored in VWR S B WLP H U variable and then is executed the operation below:

VS H H G �  � VWR S B WLP H U� ± � VS H H G B R OG

VS H H G B R OG  VS H H G

where VS H H G B R OG  is the previous timer T8 value. The calculated difference value is representes the
time value Ts.
Figure 17 shows the timing sequence of speed sampling and speed loop execution.

) LJ X U H � � � � 6 S H H G � D F T X LVLWLR Q � G LD J U D P

Fixed the minimum required system speed at 1000rpm, the maximum TS will be:
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The speed loop period (TL) thus is chosen at 3.4ms, because it has to be greater than TS. This
guarantees a reasonable speed loop dynamic without using an encoder, even if it gives limitation to
the minimum speed.

� � � � 6 S H H G � & R P S X WD WLR Q

Speed value that is expressed in term of timer count, must be transformed (inverted) into frequency
(rad/s) to preserve linearity of the control system.
Error speed, normalised in 1.151 notation, is given by:

where f_SPEED_MAX (maximum motor speed), f_speed (current speed) are expressed in rad/s.

In timer term counts the expression is:

The speed error signal may be noisy because of the discretization of the computed zero crossing
instant respect to the real one. Speed represented by using a DAC is shown in Figure 18. It’s
possible to observe that there is a variation from average nominal value with an error less than 5%.

                                                          
1  Q � P � Q R WD WLR Q : with 16 bit fixed point arithmetic, fractional numbers are expressed conventionally with n bits integer
part, and m bits decimal part. I.e. +3.141 can be expressed in 3.13 notation.
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) LJ X U H � � � � 6 S H H G � Y D U LD WLR Q

In order to limit the noise, speed is filtered using the average of last four samples as shown in
paragraph 5.3.

� � � � & R G H

This fragment of code in CAPCOM2 realizes speed loop:

voi d i nt _CC26( voi d)  i nt er r upt  CC26_I NTR
{

 / *  var i abl e f or  squar e I r ef  * /
 st at i c l oop = LOOP_I NI ;
 st at i c i nt  squar e = 0;
 / *  var i abl e f or  speed f i l t er  * /
 unsi gned i nt  speed_f i l t er ed;
 st at i c unsi gned i nt  speed_1 = 0;
 st at i c unsi gned i nt  speed_2 = 0;
 st at i c unsi gned i nt  speed_3 = 0;

speed_f i l t er ed = ( ( speed_1 + speed_2 + speed_3 + speed) >>2) ;
speed_3 = speed_2;
speed_2 = speed_1;
speed_1 = speed;

chs = 0;
i f  ( st op)
 I r ef  = PI _cont r ol l er ( ( ( ( l ong) ( SPEED_MAX) <<15) / SPEED_REF)  -
( ( ( l ong) ( SPEED_MAX) <<15) / speed_f i l t er ed) ) ;
chs = 1;

/ / wr i t eAD7568( ( speed>>4) , 1) ;
/ / wr i t eAD7568( I r ef >>3, 3) ;
/ / wr i t eAD7568( ( ( ( speed- 5000) >>4)  + 0x800) , 3) ;
/ / wr i t eAD7568( ( ( ( speed- SPEED_REF) >>4)  + 0x800) , 3) ;

}
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This part  in CAPCOM6 makes speed calculation:

voi d  i nt _T12( voi d)  i nt er r upt   T12_I NTR usi ng r bank_12
{
st op_t i mer  = T8;
……
……
……
speed = st op_t i mer  -  speed_ol d;   / *  speed comput at i on * /
speed_ol d = st op_t i mer ;
……
……
……



23

� � 6 WD UW� 8 S � 3 UR F H G X UH

In sensorless control a fundamental problem is the starting and acceleration of the motor up to a
speed which allows the zero crossing signals being readable. There are two phases to reach the
critical speed, that are illustrated thereafter: positioning and acceleration.

� � � � 6 WD U W� 3 R VLWLR Q LQ J

While with Hall sensors the initial rotor position is known, with sensorless approach it is impossible
to have this information because zero speed corresponds to zero Back-EMF as well.
The strategy chosen is based on arbitrarily energizing only two windings in closed current loop and
expecting the rotor to align to a certain definite position. Energizing current must be chosen to be
suitable to the power requirements of the motor and the load.

� � � � $ F F H OH U D WLR Q � D Q G � V \ Q F K U R Q LVD WLR Q

Once fixed the motor initial position, it is possible to start supplying the stator windings with the
nominal phase sequence at increasing frequency; then the rotor starts running in open speed loop as
it is shown in Figure 19. The frequency of the phase sequence is incremented at Ta steps. Ta is
determined experimentally and is in the range of ono to few seconds.

) LJ X U H � � � � $ F F H OH U D WLR Q � S K D VH

During the acceleration acoustic noise and vibration may be present because of the motor running
by steps (somehow the motor is behaving as a stepper motor)
It is important to note that 300rpm is the lowest threshold above which Back-EMF signals become
readable. For lower speed the terminal voltages are very noisy and many commutations occur on
zero crossing signals as it is shown in Figure 20.
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) LJ X U H � � � � 0 X OWLS OH � F R P P X WD WLR Q � R Q � ] H U R � F U R VVLQ J � VLJ Q D O� � WK H � OR Z H U � Z D Y H I R U P � LV� WK H � E D F N � ( 0 ) � VLJ Q D O�

The acceleration phase makes the motor reach the minimum speed, in this case set at 1000rpm, in
closed current loop. From now on, the speed loop gets closed and than the phase sequence is
determined by using zero crossing signals.
Figure 21 reports the speed waveform during the acceleration, visualized by the DAC.

) LJ X U H � � � � 6 S H H G � Z D Y H I R U P
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� � � � & R G H

This code in start (I LUVWVWD UWV� F  module) is for initial rotor positioning:

CC6MSEL=0x0001;                 / /  CC60 act i ve
CC60 = CC61 = CC62 = 900;       / /  dut y cycl e at  10%
COUT62 = 1;                   / /  Phase V act i ve
STE12 = 1;
whi l e( t i me_open_l oop)
t i me_open_l oop- - ;

This code in int_T12() function (F D S F R P � � F  module) is for acceleration:

…. .
i f  ( accel er at i on)   / *  accel er at i on mode * /
 {
  i f  ( t _r ef r esh)
   t _r ef r esh- - ;
  el se            / /  cal l  new pat h
   {
    CC6I R = 1;
    t _r ef r esh = st ar t _accel er at i on;
  }
  up_accel er at i on- - ;
  i f  ( ( ! up_accel er at i on)  && ( st ar t _accel er at i on >= 36) )    / /  decr ease swi t ch per i od
   {
    up_accel er at i on = 1050;     / /  see def i ni t i on
    st ar t _accel er at i on - = 1;
   }
  el se
   i f  ( st ar t _accel er at i on < 36)       / /  r unni ng i n open l oop at  const ant  f r equece
    {
     accel er at i on = 0;
     KP = 0x6666; / /  0. 8     / /  PI  par amet er  f or  accel er at i on mode
     KI  = 0x0116; / /  0. 008
     CC26I R = 1;
     CC26I E = 1;
     / / CC6I R = 1;      / /  enabl e I r ef  cal cul at i on ( speed l oop)
    }
 }
 el se  / *  speed l oop * /
….
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S H U I R U P V � V S H H G � F R Q W U R O

& D S F R P � � F 6 W D U W V � $ � W R � ' � F R Q Y H U V L R Q � � K D Q G O H V � 3 : 0

V L J Q D O V
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) L U V W V W D U W V � F V W D U W V � W K H � P R W R U � L Q � D F F H O H U D W L R Q � P R G H

+ V V B V H U L D O � F L Q L W L D O L V H V � W K H � K L J K � V S H H G � V \ Q F K U R Q R X V
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� � � � 6 R I WZ D U H � 6 WU X F WX U H

Figure 22 shows the software  diagram.
For each software module (in blue) it is reported the main functions and the information exchanged.
In yellow is represented the hardware  (power supply, power bridge and control board) while green
describes the motor.
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