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INTRODUCTION

Current industry trends suggest the Permanent Magnet
Synchronous Motor (PMSM) as the first preference for
motor control application designers. Its strengths, such
as high power density, fast dynamic response and high
efficiency in comparison with other motors in its
category, coupled with decreased manufacturing costs
and improved magnetic properties, make the PMSM a
good recommendation for large-scale product
implementation.

Microchip Technology produces a wide range of Digital
Signal Controllers (DSCs) for enabling efficient, robust
and versatile control of all types of motors, along with
reference designs of the necessary tool sets, resulting
in a fast learning curve and a shortened development
cycle for new products.

FIELD ORIENTED CONTROL (FOC)

In case of the PMSM, the rotor field speed must be
equal to the stator (armature) field speed (i.e.,
synchronous). The loss of synchronization between the
rotor and stator fields causes the motor to halt.

Field Oriented Control (FOC) represents the method by
which one of the fluxes (rotor, stator or air gap) is
considered as a basis for creating a reference frame for
one of the other fluxes with the purpose of decoupling

the torque and flux-producing components of the stator
current. The decoupling assures the ease of control for
complex three-phase motors in the same manner as
DC motors with separate excitation. This means the
armature current is responsible for the torque
generation, and the excitation current is responsible for
the flux generation. In this application note, the rotor
flux is considered as a reference frame for the stator
and air gap flux.

Several application notes from Microchip explain the
principles behind FOC. Two such examples are:
AN1078 “Sensorless Field Oriented Control of PMSM
Motors using dsPIC30F or dsPIC33F Digital Signal
Controllers” and AN908 “Using the dsPIC30F for
Vector Control of an ACIM” (see “References”). It is
beyond the scope of this application note to explain the
FOC details; however, the particulars of the new
implementation will be covered with respect to the
previously indicated application notes.

The control scheme for FOC is presented in Figure 1.
This scheme was implemented and tested using the
dsPICDEM™ MCLV Development Board (DM330021),
which can drive a PMSM motor using different control
techniques without requiring any additional hardware.

The control scheme is similar to the one presented in
application note AN1162 “Sensorless Field Oriented
Control (FOC) of an AC Induction Motor (ACIM)” (see
“References”), except for the estimator particulars
and obviously the motor used — a PMSM instead of an
ACIM.
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FIGURE 1: SENSORLESS FOC FOR PMSM BLOCK DIAGRAM

Hardware blocks

1. Permanent Magnet Synchronous Motor.

2. 3-Phase Bridge - rectifier, inverter and acquisition and protection circuitry.
software blocks (run by the dsPIC® DSC device).

Clarke forward transform block.

Park forward and inverse transform block.

Angle and speed estimator block.

Proportional integral controller block.

Field weakening block.

Space vector modulation block.
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The particularity of the FOC in the case of PMSM is that
the stator's d-axis current reference 1,
(corresponding to the armature reaction flux on d-axis)
is set to zero. The rotor’'s magnets produce the rotor
flux linkage, ¥'p), unlike ACIM, which needs a constant
reference value, Idreﬁ for the magnetizing current,

thereby producing the rotor flux linkage.

The air gap flux is equal to the sum of the rotor’s flux
linkage, which is generated by the permanent magnets
plus the armature reaction flux linkage generated by
the stator current. For the constant torque mode in
FOC, the d-axis air gap flux is solely equal to ¥p,,, and
the d-axis armature reaction flux is zero.

On the contrary, in constant power operation, the flux
generating component of the stator current, 7, is used
for air gap field weakening to achieve higher speed.

In sensorless control, where no position or speed
sensors are needed, the challenge is to implement a
robust speed estimator that is able to reject
perturbations such as temperature, electromagnetic
noise and so on. Sensorless control is usually required
when applications are very cost sensitive, where
moving parts are not allowed such as position sensors
or when the motor is operated in an electrically hostile
environment. However, requests for precision control,
especially at low speeds, should not be considered a
critical matter for the given application.

FIGURE 2:

The position and speed estimation is based on the
mathematical model of the motor. Therefore, the closer
the model is to the real hardware, the better the
estimator will perform. The PMSM mathematical
modeling depends on its topology, differentiating
mainly two types: surface-mounted and interior
permanent magnet. Each type has its own advantages
and disadvantages with respect to the application
needs. The proposed control scheme has been
developed around a surface-mounted permanent
magnet synchronous motor (Figure 2), which has the
advantage of low torque ripple and lower price in
comparison with other types of PMSMs. The air gap
flux for the motor type considered is smooth so that the
stator’s inductance value, L; = L, (non salient PMSM),
and the Back Electromagnetic Force (BEMF) is
sinusoidal.

The fact that the air gap is large (it includes the surface
mounted magnets, being placed between the stator
teeth and the rotor core), implies a smaller inductance
for this kind of PMSM with respect to the other types of
motors with the same dimension and nominal power
values. These motor characteristics enable some
simplification of the mathematical model used in the
speed and position estimator, while at the same time
enabling the efficient use of FOC.

The FOC maximum torque per ampere is obtained by
uninterruptedly keeping the motor’s rotor flux linkage
situated at 90 degrees behind the armature generated
flux linkage (see Figure 3).

SURFACE MOUNTED PM PMSM TRANSVERSAL SECTION

Motor’s Transversal Section

1. Rotor shaft

2. Rotor core

3. Armature (stator)

4. Armature slots with armature windings
5. Rotor’s permanent magnets

6. Air gap
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FIGURE 3: FOC PHASOR DIAGRAM

CAUTION: During field weakening of a Surface
(BASE SPEED) Permanent Magnet (SPM) type of
PMSM, mechanical damage of the rotor
and the demagnetization of the
permanent magnets is possible if
careful measures are not taken or the
motor manufacturer’s specifications are
not followed. The permanent magnets
are usually bonded with an epoxy
adhesive or affixed with stainless steel
or carbon fiber rings. Beyond the
- maximum speed indicated by the
d manufacturer, the magnets could
unbind or break, leading to destruction
of the rotor, along with other
mechanical parts attached to the
motor’s shaft. Demagnetization can be
caused by exceeding the knee of flux
density, Bp, for the air gap flux density,
as indicated in Figure 5.

FIGURE 5: HYSTERESIS GRAPH OF

Considering the FOC constant power mode, the field PERMANENT MAGNET
weakening for the motor considered cannot be done (THEORETICAL)

effectively because of the large air gap space, which
implies weak armature reaction flux disturbing the B[T]
rotor’s permanent magnets flux linkage. Due to this, the
maximum speed achieved cannot be more than double
the base speed for the motor considered for testing.
Figure 4 depicts the phasors orientation in constant
power — Field Weakening mode. @\

Bg

FIGURE 4: FOC PHASOR DIAGRAM
(HIGH SPEED - FW)

H[A/m] HeHe

\ Hysteresis Graph

} > 1. Intrinsic characteristic of permanent magnet.
| Id / d 2. Normal characteristic of permanent magnet.

\ Where:
\ / H = Field intensity
J/ B = Field induction
Bp = Permanent induction value
Hc = Coercivity

H¢; = Intrinsic coercivity
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PLL TYPE ESTIMATOR

The estimator used in this application note is an
adaptation of the one presented in AN1162
“Sensorless Field Oriented Control (FOC) of an AC
Induction Motor (ACIM)” (see “References”), but
applied to PMSM motor particularities.

The estimator has PLL structure. Its operating principle
is based on the fact that the d-component of the Back
Electromotive Force (BEMF) must be equal to zero at
a steady state functioning mode. The block diagram of
the estimator is presented in Figure 6.

Starting from the closed loop shown in Figure 6, the
estimated speed (® g, ;i) Of the rotor is integrated in
order to obtain the estimated angle, as shown in
Equation 1:

EQUATION 1:

Pestim = ImRestimdt

The estimated speed, ® p..in: IS Obtained by dividing
the g-component of the BEMF value with the voltage
constant, Ky, as shown in Equation 2.

EQUATION 2:

1
Opestim = K_CD(qu_ Sgn(qu) . Edf)

Considering the initial estimation premise (the d-axis
value of BEMF is zero at steady state) shown in
Equation 2, the BEMF g-axis value, E,; is corrected
using the d-axis BEMF value, E;; depending on its

sign. The BEMF d-q component’s values are filtered
with a first order filter, after their calculation with the
Park transform, as indicated in Equation 3.

EQUATION 3:

Ed Eacos(pestim)+EBSin(pestim)

Eq = EocSin(pestim)+E[3cos(pestim)

With the fixed stator frame, Equation 4 represents the
stators circuit equations.

EQUATION 4:
di,
Eoc = VafRS]afLSE
dl
=y, _ 7 B
EB VB RSIB LSdt

In Equation 4, the terms containing o. — 3 were obtained
from the three-phase system’s corresponding
measurements through Clarke transform. Lg and Rg
represent the per phase stator inductance and
resistance, respectively, considering Y (star)
connected stator phases. If the motor is A (delta)
connected, the equivalent Y connection phase
resistance and inductance should be calculated and
used in the equations above.

Figure 7 denotes the estimator’s reference electrical
circuit model. The A, B and C terminals of the motor are
connected to the inverter’s output terminals. The
voltages, ¥V, Vg and V, represent the phase voltages
applied to the motor’s stator windings. V5, V3¢ and
Vg represent the line voltages between the inverter’s
legs, while the phase currents are 1,;, Iz and I

FIGURE 6: PLL ESTIMATOR’S BLOCK SCHEMATIC
LPF
E E
Eq op d : df
LPF e Sign
E E af
R ~ 1

Pestim

ORestim
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FIGURE 7: ELECTRICAL CIRCUIT
MODEL FOR PLL

ESTIMATOR

A

VAB Vca

VBC

Taking one step forward concerning the equations
implementation in the control system, the voltages V,
and Vg, implied in estimator'’s Equation4 are a
previous cycle calculation of the FOC, being fed to the
Space Vector Modulation (SVM) block on the previous
step of control, but also to the estimator block current
step. |, and Ig are Clarke transform results from the
phase currents, which are read every estimator cycle.

The stator’s inductance (Lg) and resistance (Rg) in
Equation 4, are normalized and adapted to ease the
computation and to satisfy the software representation
requirements, as shown in Equation 5.

EQUATION 5:
MotorEstimParm.gLsDt representing:
L U,
S NORM _ LLS_O(DO 515
dt Tg > 1

Where:
L = Motor phase inductance for Y connection

Ts = Sampling time equal to PWM period

U
Uy= —1]\5] with Uy being the DC link voltage of the
2" inverter

- Ipeak . . .
Iy= s with 1, being the maximum peak current

2" perphase
2

T
W) =

60
and,
MotorEstimParm.gRs representing:

_ 0 515
Rs yorm = Rsz -2

Where:
Rg = Motor phase resistance for Y connection

In the last term of Equation 4, the derivative of current
to time is noisy in software; therefore, a limiting value
for the current variation per estimator execution loop
was introduced, which must be less than the maximum
current variation per one estimator execution loop,
which is done every PWM interrupt.

The resulting £, and Eg values of BEMF are translated
to the rotating reference frame of the rotor flux through
the Park transform resulting in £; and Eq values, which
conform to Equation 3. The angle p,,,, used in Park
transformation is calculated on the previous execution
cycle of the estimator. The d-q values of BEMF are then
filtered using first order filters, entering the main
condition of the estimator, based on E; being equal
to‘o’.

Equation 2 reflects the calculation of wg,;,,, which is
the resulting electrical speed. The integrated electrical
speed provides the angle (p,;;,,) between the rotor flux
and the o — B fixed stator frame. In Equation 2, Kg
denotes the voltage constant as indicated in Table 1.
The normalized Kg used in the electrical speed
computation, is shown in Equation 6.

EQUATION 6:
MotorEstimParm.gInvKFi represents:
U,
1 _ oﬁhz.nlooo p oS

Ko norm @9 60 - Kq,
Where:
P = Number of pole pairs and the other inputs indicated

previously

DS01292A-page 6
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The speed feedback is filtered using a first order filter
identical with the one used in the BEMF case. The
filter’s generic form is shown in Equation 7:

EQUATION 7:

y(n) =y(n=1) * Kpyey " (x(n) = y(n = 1))

Where:

y(n) = Current cycle filter output

y(n — 1) = Previous cycle filter output
x(n) = Current cycle filter input

Kjer = Filter constant

The DC type values at the filter’s output should be free
of noise from the ADC acquisition or high-frequency
variations introduced by the software calculations. The
filter’s tuning depends on how fast the filtered values
(BEMF d-q components and electrical speed) can vary,
allowing for sufficient bandwidth, which reduces the
possibility of useful signal loss. In the case of BEMF d-q
components, two situations can be identified: (1) high
speed, in the Field Weakening mode, where their
variation is slow due to the lack of sudden torque
change or high acceleration ramp, and (2) low speed.
The speed variation depends on the mechanical
constant of the motor (and the load coupled on the
motor’'s shaft) and the slope of the ramp-up or
ramp-down limits on the speed reference, whichever is
faster.

FIELD WEAKENING (FW)

The field weakening for PMSM implies imposing a
negative value for the stator current on the rotating
frame’s d-axis, which has the role of weakening the air
gap flux linkage.

The voltage output by the inverter, drops on the stator’s
resistance and inductive reactance, the remainder
being used to counteract BEMF. BEMF is proportional
with the motor’s speed and the voltage constant, K¢,
of the motor. Considering the limitation of the inverter’s
maximum output voltage, an increase in speed can be
achieved by decreasing the motor’s voltage constant
K¢ , which is proportional with the air gap flux linkage.
Of course, a decrease in air gap flux linkage is
synonymous to a torque decrease.

Things get a bit complicated at this point due to the
complex relationship  between the  motors’
characteristic parameters implied in the control of the
air gap field weakening.

The effect of the armature d-axis current over the air
gap field weakening depends on the shape and
magnetic properties of the magnetic circuit starting
from the armature teeth to the rotor’s core. As stated
previously, the type of surface mounted PM do not
benefit effective field weakening; therefore, it is
possible that the motor’s magnetic circuit should be

designed only for base speed functioning and
consequently, the saturation phenomena to occur
whenever the base speed is exceeded. The saturation
effect is responsible for electrical parameters variation
—itis the case for the stator’s linkage inductivity, which
decreases in the Field Weakening mode.

The determination of such characteristics is a
time-consuming process, the characteristics being, as
expected, highly non-linear.

TUNING AND EXPERIMENTAL
RESULTS

The algorithm tuning is very straight forward for speeds
below the base speed, where the maximum torque
mode is applied. Basically, the motor’s parameters,
measured or indicated by the manufacturer, are added
to the support file, tuning params.xls, which is
provided with this application note (see Appendix A:
“Source Code”), resulting in the normalized
parameters for the estimator use. The values are then
added to the userparms.h project file and are ready
to run.

The measurement of parameters comprises the rotor’s
resistance, Ry, and inductance, Lg, and the voltage
constant, K.

The stator resistance and induction can be measured
at the motor’s terminals, the reading value being
divided by 2 to get the Lg and Rg values. For delta
connected motors, if the manufacturer provides the
phase resistance and inductance, their values should
be divided by 3 to obtain the star connected motor
equivalent phase resistance and inductance — Rg¢ and
This voltage constant, K¢, is indicated by all motor
manufacturers; however, it can be measured using a
very simple procedure as well, by rotating the rotor
shaft with a constant speed, while measuring the
output voltage at the motor’s terminals. If the reading is
done at 1000 RPM, the alternative voltage measure is
a typical RMS value. Multiplying the reading value by
the square root of 2 will return the value in V,,,,/KRPM.

For the tested motor parameters, the data in Table 1
was measured with the procedures described above.

TABLE 1:

Motor Type DMgngétzh:g:%rc)oz Units
Connection type Y —
L-L Resistance 1922 Ohms
L-L Inductance — 1 kHz 2.67 -2 mH
Voltage constant K, 7.24 Vpear!K

RPM
Ambient temperature 22.7 °C

© 2009 Microchip Technology Inc.

DS01292A-page 7



AN1292

The two necessary phase currents are read on the two
shunts available on the dsPICDEM MCLV
Development Board, and after ADC acquisition, their
value being scaled to the convenient range. The overall
current scaling factor depends on the gain of the
differential Op amp reading the shunt and the
maximum value of the current passing through the
motor. For example, having a phase current of 4.4A
peak and a gain of 75, for a 0.005 Ohms shunt resistor,
results in 3.3V present at the ADC input. Considering a
scaling factor of 1 for the current, translated in
Example 1, the resulting currents will be in Q15 format,
adapted to the software implementation necessities.

EXAMPLE 1:
#define KCURRA Q15(-0.5)
#define KCURRB Q15(-0.5)

In the support file, tuning params.xls, the current
scaling factor was determined experimentally, rather
than by using the procedure above, thereby eliminating
possible calculation errors due to electrical
components tolerances. The scaling constant, shown
in Equation 8, represents the value by which
multiplying the internal software variable results in the
real current value.

EQUATION 8:

I. = Ipeak
0 e

Conversely, to obtain the scaling constant, the division
of real current to the decimal number representing it in
software is necessary in practice. This is accomplished
using a current probe and MPLAB® IDE’s Data Monitor
and Capture Interface (DMCI) capability, measuring the
peak current on the scope and dividing the value by the
DMCI indicated counterpart, at a steady state of
functioning. Please consult the MPLAB IDE help file for
details on DMCI usage.

Equation 4 indicates that the acquisitioned current is
implied in the resistive and inductive reactance voltage
drop calculation. Due to the fact that the acquisition
may be noisy, the derivative term implied in the
inductive reactance voltage drop needs to be limited so
that valid results will be obtained. For the motor tested,
at a maximum speed of 5500 PRM and peak-to-peak
current of 5A, the maximum current variation would be
of 0.25A per 50 pus.

With respect to the initial calibration, the startup may be
done with load, in which case the open loop ramp
parameters need to be tuned.

The open loop tuning parameters include the lock time,
the end acceleration speed, and the current reference
value. The lock time represents the time necessary for
rotor alignment, which depends on the load initial
torque and moment of inertia (the larger they are, the
larger the lock time value). The end speed of the initial
ramp in RPM should be set sufficiently high for the
estimator’s calculated BEMF to have enough precision,
while the time to reach that speed depends on the
resistant load attached on the motor’s shaft; the larger
the load, the longer the time needed for reaching the
end reference speed.

The open loop is implemented as a simplification of the
closed loop control, where the estimated angle
between the rotor flux and the fixed reference frame is
replaced by the forced angle used in open loop
speed-up. The forced angle does not care about the
rotor's position, but rather imposing its position, being
calculated as a continuous increment fraction. An
additional simplification from the control loop presented
in Figure 1, is the lack of the speed controller and the
current reference for the g-axis being hard-coded.

The g-axis current reference is responsible for the
current forced through the motor in the open loop
ramp-up; the higher the initial load, the higher the
current needed, which acts as a torque reference
overall.

The macro definition for current references setup,
as shown in Example 2, normalizes the real current
value input parameter to the software required
range, with its computation depending on the
current scaling constant, initially determined through
calculations (NORM_CURRENT CONST). The real
current value accepted as input should be in Amps
and within the margins of [t Lyear]-

EXAMPLE 2:

#define NORM CURRENT (current real)
(Q15 (current real/NORM CURRENT CONST/32768))

To keep the algorithm functioning in open loop, thus
disabling the closed loop transition for initial tuning
purposes, enable the specific code macro definition, as
shown in Example 3.

EXAMPLE 3:

#define OPEN LOOP FUNCTIONING

This is particularly useful for the potential Pl controller’s
recalibration or even some initial transition conditions
verifications (such as angle error between the imposed
angle and the estimated one, current scaling constant
experimental determination), and initial open loop ramp
up parameters fine tuning, previous to the closed loop
activation.

DS01292A-page 8
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For the speeds above the nominal speed, where field
weakening is implied, the tuning is more sophisticated
as the system parameter’s non-linearity is involved.

The purpose of tuning starting from this point is to
achieve a nominal speed doubling for the tested motor,
in no load conditions.

Caution: Usually, the motor manufacturer indicates
the maximum speed achievable by the
motor without it being damaged (which
could be higher than the brake point speed
at rated current), but if not, it is possible to
run it at higher speeds but only for small
functioning periods (intermittent)
assuming the risks of demagnetization or
mechanical damage enunciated in the
previous section.

In Field Weakening mode, if the FOC is
lost at high speed above the nominal
value, the possibility of damaging the
inverter is imminent. The reason is that the
BEMF will have a greater value than the
one that would be obtained for the nominal
speed, thereby exceeding the DC bus
voltage value, which the inverter's power
semiconductors and DC link capacitors
would have to support. Since the tuning
proposed implies iterative coefficient
corrections until the optimum functioning
is achieved, the protection of the inverter
with corresponding circuitry should be

assured in case of stalling at high speeds.

The Tuning principle explanation starts from the vector
diagram in Figure 4. Considering the current required
for maximum torque per amp generation at the
maximum voltage that can be provided by the inverter,
below nominal speed it represents only the q
component, which is necessary for torque generation.
For now, I, equals I5 however, starting the field
weakening strategy, the stator current I will be equal to
the vectorial summation of the d and q components.
Assuming a constant stator current Ig and input voltage
Ug (in absolute value), the voltage drop on the stator
resistance will be constant, while the inductive
reactance drop will increase proportional with the
speed. However, since the inductance value is very low
for a surface mounted PM, the inductive reactance rise
can be neglected when comparing to the other implied
indicated measures. Taking into account this premise,
when accelerating the motor, in field weakening the
BEMF can be considered constant, a small decrease
being accepted due to the increase of inductive
reactance voltage drop.

With these in mind and considering Equation 6, a
proportional relationship exists between the speed o,
and 1/Kgy, when keeping the BEMF constant, as
shown in Equation 9.

EQUATION 9:

BEMF = opKg

Therefore, for speed doubling, consider an increase of
more than half (125%) of one per voltage constant
1/Kg, to cover the inductive reactance voltage drop.
The variation of 1/Kq, noras With the speed will be filled
in a lookup table with the index depending on the
speed. For the beginning, the table will represent the
linear variation of 1/Kg, yorys With the speed wp, but
the linear variation can be finely tuned to obtain the
best efficiency later on, depending on the load profile.
The index in the lookup is obtained by subtracting the
speed starting from which the field weakening strategy
is applied from the actual speed of the rotor and
dividing with a scaling factor. The indexing scaling
factor gives a measure of the granularity of the lookup
table, so that, for the same speed range, having a
greater scaling factor results in fewer points in the
lookup table, representing the considered speed
domain. For the motor considered, the maximum
speed is 27500 units, where 5000 units represent 1000
RPM. Considering a scaling factor equal to 1024, while
the field weakening start speed is 13000 units, results
in (27500 - 13000) + 1024 = 14.1. Approximately 15
entries in the table are sufficient for covering the
desired speed range. Reverse engineering, for 17
entries in the lookup table, the maximum speed
possible would be 17 - 1024 + 13000 = 30408 units,
approximately 6000 RPM. Due to the fact that the
current estimated speed is somehow noisy and the
index calculation can become unstable from one speed
value to the other, in software, instead of the current
speed (estimated), the reference speed is used for the
index calculation. This is possible considering the
reference speed variation ramp is sufficiently slow to
allow the estimated speed to follow it closely.

Considering a linear variation between the base and
the maximum speed, the lookup table values will look
like Example 4 and the values will be updated with the
experimental obtained results. The first value in this
table represent the 1/Kg value at the motor's base
speed, as calculated using the support file
(tuning parameters.xls).

© 2009 Microchip Technology Inc.
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EXAMPLE 4: VOLTAGE CONSTANT
INVERSE INITIALIZATION
LOOKUP TABLE
#define INVKFI_SPEEDO 7900
#define INVKFI_SPEED1 8600
#define INVKFI_SPEED2 9300
#define INVKFI_SPEED3 10000
#define INVKFI_SPEED4 10700
#define INVKFI_SPEED5 11400
#define INVKFI_SPEED6 12100
#define INVKFI_SPEED7 12800
#define INVKFI_SPEED8 13500
#define INVKFI_SPEED9 14200
#define INVKFI_SPEED10 14900
#define INVKFI_SPEED11 15600
#define INVKFI_SPEED12 16300
#define INVKFI_SPEED13 17000
#define INVKFI_SPEED14 17700
#define INVKFI_SPEED15 18500
#define INVKFI_SPEED16 19200
#define INVKFI_SPEED17 19750

Running the motor at nominal current will not result in
permanent demagnetization of the magnets.
Therefore, imposing nominal current to the
d-component responsible with the air gap’s net flux
density decrease will not have a destructive effect. The
g-component required for no load operation will be very
small at steady state due to slow acceleration ramp and
no resistant toque (except frictions in the bearings and
fan). In practice, the d-axis current component is set via
a lookup table with the same indexing used for the
voltage constants lookup. Initially, the table will be filled
with a linear variation of current 7, with speed o ; (the
first entry in the table represents the base speed value
of I;.rand the last represents the nominal current
value), as shown in Example 5.

EXAMPLE 5: REFERENCE D-AXIS

CURRENT INITIALIZATION
LOOKUP TABLE

#define IDREF SPEEDO NORM CURRENT (0)
#define IDREF SPEED1 NORM CURRENT
#define IDREF SPEED2 NORM CURRENT
#define IDREF SPEED3 NORM CURRENT
#define IDREF SPEED4 NORM CURRENT
#define IDREF SPEED5 NORM CURRENT
#define IDREF SPEED6 NORM CURRENT
#define IDREF SPEED7 NORM CURRENT
#define IDREF SPEED8 NORM CURRENT
#define IDREF SPEED9 NORM CURRENT
#define IDREF SPEED10 NORM CURRENT
#define IDREF SPEED11 NORM CURRENT
#define IDREF SPEED12 NORM CURRENT
#define IDREF SPEED13 NORM CURRENT
#define IDREF SPEED14 NORM CURRENT
#define IDREF SPEED15 NORM CURRENT
#define IDREF SPEED16 NORM CURRENT
#define IDREF SPEED17 NORM CURRENT

(
(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0
(-0.81
(-0
(-0
(-1
(-1
(-1
(-1
(-1
(-1

The negative d-component of the current will have the
effect of decreasing the voltage constant Kg,
proportionally in the ideal case, leaving more space for
speed increase as previously described.

Another aspect is the variation of the stator’s linkage
inductance in the Field Weakening mode, which is also
non-linear. To counteract this effect, another lookup is
implied with the same indexing as previously indicated.
The value in the lookup represents the inductance
LSiNORM(w)/dt at the speed w denoted by its index
divided by the double of Ls Norm/dt at the base speed
®0. The first value in the table should always be
one-half since the base speed inductance is divided by
its own doubled value. At this point, the rest of the table
will be filled in with values as if the inductance is half
that of the base speed (Example 6).

EXAMPLE 6: INDUCTANCE VARIATION
INIT LOOKUP TABLE

#define  LS_OVER2LSO0_SPEEDO Q15(0.5);
#define LS OVER2LS0 SPEED1 Q15(0.25);
#define  LS_OVER2LSO0_SPEED2 Q15(0.25);
#define  LS_OVER2LSO0_SPEED3 Q15(0.25);
#define LS OVER2LSO0 SPEED4 Q15(0.25);
#define  LS_OVER2LSO0_SPEED5 Q15(0.25);
#define  LS_OVER2LSO0_SPEED6 Q15(0.25);
#define LS _OVER2LSO0 SPEED7 Q15(0.25);
#define  LS_OVER2LSO0_SPEED8 Q15(0.25);
#define  LS_OVER2LSO_SPEED9 Q15(0.25);
#define LS OVER2LS0_ SPEED10 Q15(0.25);
#define  LS_OVER2LSO0_SPEED11 Q15(0.25);
#define  LS_OVER2LSO0_SPEED12 Q15(0.25);
#define LS OVER2LSO0 SPEED13 Q15(0.25);
#define  LS_OVER2LSO0_SPEED14 Q15(0.25);
#define  LS_OVER2LSO0_SPEED15 Q15(0.25);
#define LS _OVER2LSO0 SPEED16 Q15(0.25);
#define  LS_OVER2LSO0_SPEED17 Q15(0.25);

For testing purpose, a slow software ramp is
implemented as a speed reference, being activated
using the following definition, as shown in Example 7.

EXAMPLE 7:

#define TUNING

DS01292A-page 10
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If the results of running the software in these conditions
will stall the motor at a speed higher than nominal, it is
due to the fact that the lookup tables were filled with
estimative values, which at some point do not match the
real non-linearities. Immediately, once the motor stalls,
halt the program execution, capturing the value of the
index (FdweakParm.gIndex) in the debugger watch
window. The index indicates the point where the values
of 4.5 in ascending order, were not effective and should
be updated. In order to further improve the performance,
the value indicated by the current index in the lookup
table should be replaced by the value indicated by the
next index (FdWeakParm.gIndex + 1) and the
motor's behavior should be checked again. The
achievable speed should increase and repeating this
process for several times the maximum speed for the
nominal current reference imposed on d-axis will be
reached. If the maximum speed obtained for the nominal
current is not the targeted one (meaning double the
nominal speed in this case) the absolute value of the
d-axis current reference should be increased above the
nominal value. The d-current reference increase should
be started from the value denoted by the index where
the motor stalled. The index value should correspond to
the actual speed of the motor, measured at the shaft
using a tachometer, keeping in mind that the lookup
index is calculated using the reference speed not the
actual estimated speed. In the case of the motor tested,
it was possible to impose a d-axis current of one and a
half times the nominal current, which almost doubles the
base speed. The results of these operations leads to the
data presented in Figure 8. Once the d-current increase
will not have an effect in increasing the speed
(increasing the current too much will generally stall the
motor), the index corresponding to the stall will indicate
where the value for inductance should be operated
(increasing or decreasing its value). The inductance
variation lookup table is the last to be updated.

For loaded tests, the initial condition, mainly the current
on d-axis reference, which in field weakening equals
the nominal current value, is no longer valid since the
g-axis current is needed for torque generation. The
ratio between the power to be used for field weakening
and for torque generation depends on the load
torque-speed characteristic.

© 2009 Microchip Technology Inc.
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FIGURE 8:

D-AXIS CURRENT, 1/Ks, FUNCTION OF SPEED
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Another concern during the Field Weakening mode is
voltage limitation of the inverter. This voltage limitation
is translated to the maximum achievable values for d-q
current components. If both components would have
followed their reference values, their resulting scalar
summation value would overlap the maximum value of
‘1’. Therefore, the maximum current permitted for
g-component of the current (the torque component of
the current) will result from prioritizing the d-component
of the current responsible field weakening, which is
more important due to air gap field weakening
purposes. Figure 9 presents this dynamic adjustment
translated to the d-q component of the voltages
(d-component of voltage prioritizing).

Due to the fact that estimator performance depends
drastically on the parameters of the motor, the
experimental results keep this premise for the
conditions of the measurements. The first dependence
of rotor resistance and flux constant of the motor is the
temperature. A high torque is obtained using the
maximum current input, resulting in high Joule losses,
resulting in an increased motor temperature. This has
a negative effect on the validity of the estimator’s
output. Please note that it is not the intention of this
application note to correct or compensate for the effect
of temperature on the estimation. The compensation of
parameters with temperature is possible, but it varies
considerably from one motor type to another, the

FIGURE 9:

working conditions and functional mode. As a
consequence, the test results indicated below have a
premise that limits the temperature effect on the
estimator’s output — the time for the achieved torque is
limited to one minute of continuous functioning at room
temperature (see Table 2).

TABLE 2: EXPERIMENTAL RESULTS
TESTS WITH LOAD
Reference | Achieved Torque Phase
Speed Speed (Nm) Current
(RPM) (RPM) (A RMS)
500 500 0.148 1.697
1000 1000 0.111 1.556
1500 1425 0.083 1.513
2000 1900 0.062 1.117
2500 2375 0.031 0.608
3000 2850 0.020 0.636
3500 3325 0.019 1.174
4000 3800 0.015 1.556

It may be observed that the phase current measured
for the last two entries in Table 2, corresponding to the
field weakening operation, are higher than the ones
immediately preceding them, in normal operation
speed.

DYNAMIC VOLTAGE ADJUSTMENT BLOCK SCHEMATIC
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The sensorless FOC algorithm uses the following
resources in the software developed for a
dsPIC33FJ32MC204, using the compiler’s -O3 level
optimization, in Release mode:
* Program memory (Flash): 5682 bytes (total)

- 612 bytes (field weakening code)

- 645 bytes (main user interface code)

- 4425 bytes (sensorless FOC without field
weakening code)

» Data memory (RAM):
- 444 bytes (total without debug data dump
arrays)

The time necessary measurement for the algorithm
execution, running at 40 MHz core clock, using -O3
level compiler optimization have the following results:

» ADC Interrupt comprising the sensorless FOC
algorithm with field weakening code execution:
- Minimum: 14.975 ps
- Average: 23.325 ps
- Maximum: 23.65 us

* ADC Interrupt comprising the sensorless FOC
algorithm without field weakening code execution:

- Minimum: 14.725 us
- Average: 20.8 ps
- Maximum: 21.4 ys
The ADC Interrupt is executed every 50 ps, being

triggered every PWM period (PWM frequency is
20 kHz).

DS01292A-page 14
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CONCLUSION

This application note describes a method of flux angle
and speed estimation for Permanent Magnet
Synchronous Motors (PMSM). This method is applied
with success in the Field Weakening mode of PMSM,
which greatly increases the types of possible
applications.

The main theoretical ideas behind the estimator and
most importantly, the tuning directions, are also
discussed. The application described in this document
uses support files for the ease of adapting it to other
motors. Additionally, using the indicated development
hardware platform offered by Microchip for your
application can significantly shorten time-to-market.
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APPENDIX A: SOURCE CODE

Software License Agreement

The software supplied herewith by Microchip Technology Incorporated (the “Company”) is intended and supplied to you, the
Company’s customer, for use solely and exclusively with products manufactured by the Company.

The software is owned by the Company and/or its supplier, and is protected under applicable copyright laws. All rights are reserved.
Any use in violation of the foregoing restrictions may subject the user to criminal sanctions under applicable laws, as well as to civil
liability for the breach of the terms and conditions of this license.

THIS SOFTWARE IS PROVIDED IN AN “AS IS” CONDITION. NO WARRANTIES, WHETHER EXPRESS, IMPLIED OR
STATUTORY, INCLUDING, BUT NOT LIMITED TO, IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A
PARTICULAR PURPOSE APPLY TO THIS SOFTWARE. THE COMPANY SHALL NOT, IN ANY CIRCUMSTANCES, BE LIABLE
FOR SPECIAL, INCIDENTAL OR CONSEQUENTIAL DAMAGES, FOR ANY REASON WHATSOEVER.

All of the software covered in this application note is
available as a single WinZip archive file. This archive
can be downloaded from the Microchip corporate Web
site at:

www.microchip.com

DS01292A-page 16 © 2009 Microchip Technology Inc.
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APPENDIX B: REVISION HISTORY

Revision A (September 2009)
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