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Abstract:  The flux-weakening performance of a permanent magnet brushless AC drive was investigated using both float-
ing-point and fixed-point DSP controllers. A significant current oscillation was observed when the drive was operated at
high-speed in the flux-weakening mode with the fixed-point DSP. The investigation showed that this was due to the on-line
compensation of the winding resistance voltage drop and quantisation errors associated with the fixed-point architecture of the
DSP. A simple look-up table scheme is proposed to eliminate the oscillation and to achieve extended flux-weakening capability.
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INTRODUCTION

For applications such as traction and spindle
drives (Morimoto et al., 1996; Kim and Sul, 1997;
Sudhoff et al., 1995) permanent magnet brushless AC
(BLAC) motors are required to operate in both con-
stant torque and flux-weakening modes. The per-
formance of a BLAC drive with a floating-point
(TMS320C31) (Shi et al., 2002), and a fixed-point
(TMS320F240 — having 16-bit word-length) DSP-
based controller was investigated. Significant current
oscillation was observed with the fixed-point
DSP-based controller when the drive was operated in
the flux-weakening mode and incorporated on-line
compensation of the winding resistance voltage drop.
By way of example, Fig.1a shows commanded d- and

g-axis currents /, and 1; (asterisks designating
commanded values) which result with the fixed-point
DSP-based control system, for the BLAC motor

whose parameters are given in Table 1 and whose
back-emf waveforms are shown in Fig.2 (see the next

page). It can be seen that I, and I, vary between

upper and lower values about every 2 ms. Conse-

quently, the commanded phase current i, derived
from 7, and I; via a dg-to-abc transformation, de-

parts from a sinusoid, whilst the amplitude of the
actual phase current i, also varies. In contrast, with

the floating-point DSP-based control system 7, and

I; are constant and, thus, i, is sinusoidally

time-varying and has a constant amplitude, as shown
in Fig.1b, the control algorithms for both systems
being identical. The authors investigated the origin of
the observed current oscillation and proposed a sim-
ple and effective solution for the problem.

INFLUENCE OF WINDING RESISTANCE ON
FLUX-WEAKENING PERFORMANCE

The steady-state d-q axis voltage equations for a
BLAC motor are:

{Ud =RI,-oL], "

U,=RI, +oy, +L,1,)
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Fig.1 Current waveforms for BLAC drive in flux-weaken-

ing mode (2900 rpm)
(a) Fixed-point DSP; (b) Floating-point DSP

Table 1 Parameters of BLAC motor

R Phase winding resistance (Q2) 0.15
L~L, d, g-axis inductance (mH) 0.40
p Number of pole-pairs 6
Open-circuit flux-linkage
- 0.0179
Y (peak) (Wb)
Uge dc-link voltage (V) 21
Tinax Maximum armature current (A) 35
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Fig.2 Open-circuit back-emfs of BLAC motor (1000 rpm)

where Uy, U,, 14, 1;, Ly, Ly are the d- and g-axis volt-
ages, currents, and inductances, respectively; R is the
phase winding resistance; @ is the synchronous elec-
trical angular velocity; and ¥, is the maximum
flux-linkage per phase due to the permanent magnets.
The peak phase voltage and current, U, and /,, which
are limited by the inverter, are:

U, = U +U? <U,,,

L-JET <, ¥
The torque and the power are given by:
T=% plw,l, + (L, L)1, | 3)
and
P=(aw/p)T 4

where p is the number of pole-pairs; I« is the
maximum phase current; and Up,y is the maximum
inverter voltage, which can be estimated from the
dc-link voltage Uy, Viz. Unax=2Uy/Tt (Sudhoff et al.,
1995).

In order to simplify the control algorithm, the
winding resistance R is first neglected in deriving the
relationship between d-g axis currents (However, the
resistance voltage drop will subsequently be com-
pensated for). Therefore,

{Ud ~-oL 1, )

U,~oL1, +oy,

Thus, in the constant torque mode (i.e. below the base
speed), when maximum torque per ampere control is
used (Morimoto et al., 1996):

2
Wm '/IM
I,= - R +Iq2
2(L,-L,) 4L, -L,)

1~0 for L=L, (6)

for L,<L,

In the flux-weakening mode, the optimal d- and
g-axis current profiles are derived from the voltage
and current constraints of the inverter:
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2
U
Ly, -L, y/;+(LfI—L§,) Ij—(m“]

, oL,
¢ L-L
for L,<L,
U 2
[w] ~ly, +(L,1,)']
1, = for L~L, @)

2Ld l//m

Since /] =1I;+1;, and assuming a BLAC motor

with a surface-mounted magnet rotor, for which
L~L,, the optimal d-axis current can be expressed as
a function of the g-axis current /, from Eq.(7):

U 2 L 2
I, = Yy || L | -1, )
L, oL, L,

It should be noted that if the winding resistance
is accounted for, the expression for the optimal cur-
rent profiles is much more complicated due to mutual
coupling between the d- and g-axis currents. There-
fore, in many studies the winding resistance is simply

neglected (Morimoto et al., 1996; Kim and Sul, 1997).

However, this compromises the performance, and is
only appropriate for relatively high power machines
which have relatively low winding resistance. For
small motors, however, the influence of the winding
resistance can be very significant. For example, for
the motor whose parameters are given in Table 1, the
maximum resistive voltage drop is ~40% of the
maximum terminal voltage, i.e.

35%x0.15

x100% ~40%  (9)
(2/mx21)

I__R
2 —x100% =
U

max

It is desirable, therefore, to compensate for the
effect of the winding resistance voltage drop so as to
improve the performance, particularly in the
flux-weakening mode.

In (Sudhoff et al., 1995), a simple ‘fixed R
compensation’ technique was employed which sim-
ply subtracted the estimated maximum voltage drop
across the winding resistance from the supply voltage,
Le.

(10)

However, whilst this technique is easy to
implement and improves the performance, most
notably around the base-speed, it over-compensates
for the effect of the winding resistance in the
flux-weakening range, when the power factor
decreases with increasing speed (Shi et al., 2002), and,
thereby, compromises the achievable performance, as
can be seen from Fig.3, which shows the measured
flux-weakening performance of the BLAC motor
whose parameters are given in Table 1.
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Fig.3 Flux-weakening performance using floating-point
DSP based controller

In order to improve the performance over the
entire speed range, a feed-forward ‘on-line R com-
pensation’ technique is proposed to compensate for
the effect of the winding resistance voltage drop.
Thus, from Egs.(1) and (2), the effective terminal
voltage U/, excluding the winding resistance voltage

drop, can be derived as:

U, =U,~RI, =L, .
U, =U,-RI,=oL,1, +oy, (1
Hence,
Ul = U +UP <UL, (12)
U,=JUz+Ur
= U, —RIL,) +(U, - RI,)’
= JUZ=2RWU,I, +U,1)+(RI,}  (13)
Thus, the maximum terminal voltage U/ can be

determined from the predicted d- and g-axis currents
on the previous control cycle in order to compensate
for the influence of the winding resistance voltage
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drop, i.e.:

Upe =\JUL —2RWU, 1, +U, 1)+ (1, R (14)

By way of example, Fig.3 also includes the
measured flux-weakening performance when on-line
feed-forward resistance voltage drop compensation is
employed. As can be seen, the high-speed perform-
ance is improved significantly. It is also worth men-
tioning that, for this particular motor, when the re-
sistance voltage drop is neglected altogether the per-
formance is essentially the same as that which results
without flux-weakening control.

DRIVE SYSTEM

Fig.4 shows a schematic of the vector-controlled
BLAC motor drive. The torque and airgap flux are
varied by controlling the commanded current com-

ponents /, and I; , which are transformed to com-

oK ok o .
manded phase currents i, , i, and i, according to the

instantaneous rotor position &, which is obtained from
an encoder. A hysteresis current-controlled inverter
provides high accuracy current control. The current

command 7, , which is determined from the Pl-type
speed regulator, is decomposed into d- and g-axis
components, /, and I;, respectively, according to
the optimal current profiles for maximum torque,
Eqgs.(7) and (8). A flow-chart of the flux-weakening

control algorithm which incorporates on-line resis-
tance voltage drop compensation is shown in Fig.5.
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Fig.4 Schematic of vector-controlled drive system
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Fig.5 Flow-chart of flux-weakening control algorithm

The foregoing control strategy has been imple-
mented on both floating-point (TMS320C31) and
fixed-point (TMS320F240) DSPs. However, as men-
tioned in the introduction, significant current oscilla-
tions were observed when the motor whose parame-
ters are given in Table 1 was operated in the
flux-weakening mode with the fixed-point
DSP-based controller. This will be investigated fur-
ther by both simulations and experiments in the sec-
tions which follow.

PERFORMANCE WITH FIXED-POINT AND
FLOATING-POINT DSP CONTROLLERS

In a fixed-point DSP all the inputs, outputs and
intermediate results are represented as fixed-point
numbers with a given word-length (Texas Instru-
ments, 1999). In order to achieve the highest possible
accuracy, a per-unit model is utilised, so that the pa-
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rameters remain within a narrow numerical range
which is suited to the fixed-point format. Therefore,
each quantity in the control algorithm is expressed
relative to a reference value. Further, considering the
dynamic range, precision and processing capability of
the TMS320C240 DSP, the numerical format Q(4,12)
is employed, in which the last 12 bits are allocated to
the fractional portion and the first 4 bits to the integer
portion of a real number. Nevertheless, the inherent
constraints of the fixed-point architecture lead to
finite numerical precision in the arithmetic computa-
tions (Wong, 1990; Proakis and Manolakis, 1996),
such as:

1. Quantisation errors in the parameters: The
relative accuracy of the (Q(4,12) format is
~27"220.0244%. Thus, each quantisation step in the
current can be ~8.5 mA for a rated current of 35 A.

2. Truncation, round-off, and overflow in op-
erations. Again, one bit of truncation in the integer for
the current is equivalent to an error in the current of
~8.5 mA.

In addition, quantisation errors due to the finite
numerical precision can accumulate in the on-going
arithmetic operations, particularly in a recursive sys-
tem (Proakis and Manolakis, 1996). As will be shown
later, quantisation errors due to the fixed-point DSP
architecture have significant influence on the
flux-weakening performance of the drive.

As can be seen from Fig.5, the flux-weakening
control algorithm which incorporates on-line resis-
tance voltage drop compensation is recursive and
inherently non-linear, the control-state of the last
cycle being used to modify the outputs of the latest
cycle, and involves one square-root function. Unfor-
tunately, as with other recursive algorithms, calcula-
tion errors arise due to quantisation, which can ac-
cumulate during the iterative process (Proakis and
Manolakis, 1996) and may result in divergence of the
algorithm. The algorithm shown in Fig.5 has been
simulated with the fixed-point DSP controller, the
input signals, i.e. rotor speed @ and the current

command / ; , being set via the program. The outputs
are the optimal d- and g-axis currents, /, and ];.

Fig.6a shows the results obtained with the Q(4,12)
format. It can be seen that at high speeds significant
oscillations occur in the commanded d- and g-axis
currents as the d-axis current approaches its maxim-
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Fig.6 Commanded d- and g-axis currents
(a) Fixed-point DSP using Q(4,12) format; (b) Fixed-point

DSP using Q(2, 14) format; (c) Floating-point DSP

um value.

In the flux-weakening speed range, the change in
the commanded values of /; and /, for maximum
power is initially relatively large, as seen in Fig.6, and
quantization errors are much less than the magnitude
of I; and I,. Hence, their influence is negligible.
However, as the maximum speed is approached, /;
levels off while 7, still varies significantly. In other
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words, a small change in /; results in a significant
change in /,, as shown in Fig.7, which shows the
calculated sensitivity, df,/dl,, i.e.

d/
el T VR (15)

dl, w/lfm —I;
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Sw >
40
20 - ! ’1[/
0
0 1000 2000 3000 4000 5000
Speed (rpm)

Fig.7 Sensitivity of I, with respect to 7, in flux-weakening
range

Hence, when quantization errors become large,
the system starts to oscillate (at ~3000 rpm in the
drive system under consideration).

Clearly, if more bits were employed to represent
the parameters in the flux-weakening control algo-
rithm, the current oscillations could be reduced. By
way of example, with a O(2,14) format, in which 14
bits are designated to the fractional part of a real
number compared to 12 bits in the Q(4,12) format, the
oscillations in the d- and g-axis currents reduce, as
shown in Fig.6b. However, if the required numerical
format to reduce the oscillations exceeds 16 bits,
multiplication and addition operations would have to
be performed as multi-byte operations in software,
which would require more processor cycles and ad-
ditional memory. However, high speed dynamic op-
eration in the flux-weakening mode demands a fast
current control cycle (<40 us) and may preclude the
use of multi-byte operations. Of course, the current
oscillations can be eliminated by using a float-
ing-point DSP, as shown in Fig.6c. However, a
fixed-point DSP may be necessary from cost consid-
erations. Therefore, it is proposed to employ optimal
current profiles that are determined in advance from
simulations and stored in a look-up table, linear in-
terpolation being effective in eliminating the current

oscillations, as shown in Fig.8.

Current (A)
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Fig.8 Commanded d- and g-axis currents with fixed-point
DSP and look-up table

EXPERIMENTAL RESULTS

The proposed look-up table scheme has been
implemented using the TMS320F240 fixed-point
DSP and the Q(4,12) format, the resultant d- and
g-axis current waveforms in the flux-weakening
mode shown in Fig.9. As will be seen, the current
oscillations are completely eliminated, and, by com-
parison with Fig.la, it can be seen that the com-

. * *
manded d- and g-axis currents, /, and / ,» are now

constant in the steady-state and that the commanded
phase current i is sinusoidal. Fig.10 shows the

measured variation of the d- and g-axis currents, I,
and /,, over the complete operating speed range. As
can be seen, the oscillations, which previously oc-
curred in /; and [, at high speed, have been eliminated.
Fig.11a shows the commanded and actual phase cur-
rent waveforms when operating at 400 rpm in the
constant torque mode, whilst Fig.11b shows the cur-
rent waveforms at the maximum speed of 4800 rpm in
the flux-weakening mode, which is about 8 times the
base-speed and was previously impossible to achieve
when a fixed-point DSP was employed due to the
current oscillations. The achievable flux-weakening
performance is shown in Fig.12. The measurements
confirmed that the proposed look-up table scheme can
result in good current tracking performance when a
fixed-point DSP-based controller is employed.
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Fig.9 Current waveforms with fixed-point DSP and
look-up table (2900 rpm)
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Fig.10 Measured d- and g-axis current profiles with
fixed-point DSP and look-up table
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Fig.11 Phase current, drive signal and line-to-line voltage
(a) 400 rpm; (b) 4800 rpm
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Fig.12 Torque-speed characteristics with fixed-point DSP
and look-up table

CONCLUSION

The cause of current oscillations in a permanent
magnet brushless AC drive when a fixed-pint
DSP-based controller is employed was investigated.
By using a simple look-up table approach, the influ-
ence of quantisation errors which result with a
fixed-point DSP and on-line resistance voltage drop
compensation is eliminated and the flux-weakening
performance is enhanced.
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