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Online Optimal Flux-Weakening Control of
Permanent-Magnet Brushless AC Drives

Z. Q. Zhy Member, IEEEY. S. Chen, and David Howe

Abstract—An enhanced online optimal control strategy, which
maximizes the flux-weakening performance of a brushless ac
motor, is described, and applied to motors having different
rotor topologies: interior (radial or circumferential), inset, and
surface-mounted magnet. It enablesthe maximum inherent power
capability of a brushless ac motor to be achieved independent
of any variation in its parameters, and facilitates maximum effi-
ciency over the entire speed range. It also resultsin good transient
dynamic performance, sinceit is coupled with feedforward vector
control based on optimal current profiles. 1
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I. INTRODUCTION Speed (rpm)

ECTOR-CONTROLLED permanent-magnet brushless ac
motors are used extensively for variable-speed applica-
tions, such as traction drives and machine tool spindle drive
for which both constant torque and constant power (flux weak
ening) modes of operation are required. In the constant torqt
mode, the phase currents can be controlled to optimize alte
native performance criteria, such as the torque per ampere
the power factor [1]. In the flux-weakening mode, when the in-
verter voltage is limited, various control algorithms have beel
proposed to achieve the desired torque—speed performance |
The most common control schemes are feedforward, in whic
optimal profiles for thei- andg-axes currentsl; and7, (as- ‘ . ‘ E-20% M E
terisks designating demanded values) over the constant torq % 1000 2000 3000 4000 5000 6000 7000
and flux-weakening operating ranges are derived from mathi
matical models, for which an accurate knowledge of the motc Speed (rpm)
parameters is required [2]—[6].
The influence of the machine parameters on the performance (B)
of brushless ac motors has been InYeStlgated extensively [’—7@)’ 1. Dependence of performance, achieved with feedforward control, on
[8]. By way of example, however, Fig. 1(a) shows how thgack-EMF constant. (a) Effect of actual motor EMF. (b) Effect of EMF
torque—speed characteristic of a brushless ac motor, havingaegymed in controller.
interior radial magnet rotor (see the Appendix), varies with
its back EMF, in each case the optimigl and I; profiles for the motor which assumes the correct parameters. As expected,

maximum torque capability being derived from a model o#hen the EMF constant is increased, the torque capability
increases in the constant torque operating range, the base speed

reduces, and the flux-weakening performance deteriorates.
Paper IPCSD 00-027, presented at the 1999 IEEE International Electric MB- general, however, the motor parameters which are used

chines and Drives Conference, Seattle, WA, May 9-12, and approved for pup- feedforward control algorithms will differ from the actual
cation in the IEEE RANSACTIONS ONINDUSTRY APPLICATIONS by the Electric

Machines Committee of the IEEE Industry Applications Society. Manuscri;gpot':)r parameter_s, dueto temperature a_nd saturatl_on variations,
submitted for review July 2, 1999 and released for publication June 21, 20060r example, which affect the stator winding resistance and
Z. Q. Zhu and D. Howe are with the Department of Electronic and Ele¢ghe flux Iinkage and. in turn. thd- and g-axes inductances.

trical Engineering, University of Sheffield, Sheffield S1 3JD, U.K. (e-mail L . . .
Z.Q.Zhu%)shemegfd.ac.uk. d%owe@shefﬁeld.ac.uk). ( Hence, the motor performance which is achieved with optimal

Y. S. Chen was with the Department of Electronic and Electrical Eng; and I current profiles derived from such a model will
neering, University of Sheffield, Sheffield S1 3JD, U.K. He is now with thgya inferior, to a greater or lesser degree, to that which the
TRW Automotive Technical Center, Birmingham B90 4GW, U.K. (e-mail: . - .
Yang.Chen@TRW.com). motor is inherently capable of producing. Again, by way of

Publisher Item Identifier S 0093-9994(00)10425-6. example, Fig. 1(b) shows the sensitivity of the achievable

@)

Torque (Nm)

0093-9994/00$10.00 © 2000 IEEE



1662 IEEE TRANSACTIONS ON INDUSTRY APPLICATIONS, VOL. 36, NO. 6, NOVEMBER/DECEMBER 2000

‘ . HEN | Sa | la_,
- On-line & b
optimal Ib* | Hysteresis._Sb ,, > _p| Position
PID control Iq° aéc PWM 3:@ Sensor
strategy le* ) Sc_, C >
0 [ ]‘ 1 Brushless AC
motor
do/dt |L‘

Fig. 2. Online optimal vector control of brushless ac drive.

torque—speed characteristic of the same brushless ac motdFhe online optimal flux-weakening control system is shown
when the back-EMF constant which is assumed in the modelFig. 2, and is essentially the same as that given in [9], except
differs from the actual value [9]. As will be seen, only thehatthe optimal; and!; currents are determined online, rather
flux-weakening performance is compromised. than being predetermined, by varying the demagnetizing current
Since the predetermined optim&] andI;Ik current profiles component’; within the range) — —I,,.x, wherel,,,. is the
are relatively sensitive to variations in the motor parametersited phase current of the motor. The torque-producing current
the use of an online optimal control strategy, which is indeomponentl; is determined by the demanded torque, but its
pendent of the parameters and always ensures that optimwaximum value is limited ta/12,,,. — I;%.
performance is achieved over the entire speed range, mayhe flow chart of Fig. 3 illustrates the principle of the on-
be desirable. This paper describes a comprehensive onlip@ optimization algorithm, as implemented on a fixed-point
optimal control strategy, which incorporates enhancementsdigital signal processor (DSP) (TMS320C50) which controls
previously published strategies [1]-[5], [11], and reports on thehysteresis current-controlled insulated gate bipolar transistor
resulting steady-state and transient dynamic performance(i@BT) inverter. It is relatively simple, in that the value bf is
typical brushless ac motors. changed periodically by a variable incremext?, which is de-
termined according to its effect on the performance of the drive.
Essentially, if the motor performance improves after successive
incremental changes it} of a given magnitude and polarity, the
Online optimal control was first applied to induction motorsncrementA I is automatically increased in magnitude, other-
[10], in order to optimize the system efficiency. Subsequentlyise its polarity is changed and its magnitude reduced.
it was applied to open-loop-controlled permanent-magnet syn-Since the changes which need to be madgtand Al are
chronous motors [11] and, more recently, to permanent-magdependent on the variation in the performance of the motor, a
brushless dc motors [12], the supply voltage/frequency ratey issue is the assessment of this variation. The controller con-
[11] or the commutation angle [12] being adjusted to minimizeiders three operating scenarios, signified by(3) in Fig. 3.
the dc-link current and, again, maximize efficiency. In this Scenario (1):
paper, online optimization is applied to vector-controlled per-
manent-magnet brushless ac drives, with particular reference to I; =1y > Iy error-
enhancing their flux-weakening performance. o ) . .
The proposed control strategy is an extension to the strate] NiS i unlikely to occur in the constant torque operating
gies reported in [3] and [4], which are also independent of tﬁ@ngeforawell—qu|gned andtL_med control system. However, in
motor parameters, and used either the error indtiaais cur- the flux-weakening mode, |f,| is less than the optimal value,
rentAl, = I — I, [3] or the g-axis currentAZ, = I7 — I, Iq. will pe 'unable to attam the gommanded vallje since it .
[4] to modify I3 and I, for maximum torque per ampere [3],V\{kl|| be limited by the maX|mum_|nverter voltage. Therefore, if
[5]. In the proposed strategy, the optimal valuegpndI; are ¢ — 14 > Iy error, Wherel, cor iS S€L 10 an appropriate value,
searched online. However, when a significant change in eittgr'S OPtimized so as to maximize the output power and reduce

the demanded or the actual speed occurs, in order to improve i €rmorlg — I,. Hence, the motor speed afifl— I, are used
dynamic responsd;; andI; are determined from optimal cur- as search cr.ltena, by which to assess changes in the motor per-
rent profiles for maximum power operation, which are deducd@'mance, either an increase of speed or a decreap-6f,

as for the feedforward flux-weakening control described in [2jdicating an improvement.

When the motor reverts to steady-state operation, the values oPCeNaro (2):

I; and; as determined from the optimal current profiles are

used as initial values to accelerate the online search process. The I — I; < Iy exror @NdI; = \/15? + I3? < Ljpax.

dc-link current, they-axis current error, and the speed are then

used as optimization objectives during the online optimization, In this case, the motor operating point is within the maximum
which ensures that the power capability is maximized over tlaehievable torque/power-speed envelafjés now determined
complete operating range. by the demanded torque, whilg is minimized online so as to

[I. ONLINE OPTIMAL FLUX-WEAKENING CONTROL
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Fig. 3. Flow chart of online optimal control strategy.

reduce the motor phase currdigt= /I3 + 12 or the dc-link U. is the phase voltage anfd,.... is the maximum inverter

currentZq.. Minimum phase current results in minimum motoyoltage. Therefore, the motor performance will be automati-
copper loss, while minimum dc-link current results in minimur@lly driven toward the optimal operating point, at whigh =

input power, the output power being maintainedbyin Fig. 3, /U7 + U2 = Upax andly is a minimum.
either the phase curred, = /I3 + I2 or the dc-link cur- ~ Scenario (3):

rent,. is used as the search criteria. Below base speed, there-

fore, the control algorithm optimizes the motor performance for I =\ I + I? = Loy

maximum torque-per-ampere phase current or maximum drive

system efficiency. Above base speed, if the demagnetizing curin this case, the demanded motor operating point is along
rent|;| was smaller than the optimal valu, — Iy < Iy error the maximum torque/power-speed characteristic. Due to the in-
would not be possible. Hencf,y| would be increased until it verter voltage limit, however, an incorrect ratio gf/1; will

is equal to or larger than the optimal value. In other words, tause the actual values ff and/ori, to be lower than the de-

the flux-weakening range, whelij — I < Iy civor the demag- manded values. Thereforg, = /12 + 12 < Lyax. The op-

netizing currently| is u_su_ally greater thgn the optlmal valueyinal ratio of I;/I* is that which maximizes the motor output
Thus, the copper loss is increased, while the terminal VOItaESwer for the maqximum rated phase currégt,.. Hence, the

. oy . ! X 1

is not fully utilized, i.e..Us = (/U7 +UZ < Unax, Where qc-link current may again be used as the optimization criteria,
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Fig. 4. Measured maximum torque—speed curve of brushless ac motors with alternative rotor topologies. (a) Surface-mounted magnet. (b) Inset magnet. (c)
Interior radial magnet. (d) Interior circumferential magnet.

but with I; now being varied to maximize thé-link current that of which the motor is inherently capable. The proposed
and, therefore, the motor input power. However, sificés de- online optimal control always ensures that the maximum
termined by,/12__ — I;?, and may be less than the value whictinherent power capability of the motor is achieved, and then
is required by the demanded torque, the speed efferw may seeks to maximize the efficiency.
increase. Hence, as shown in Fig. 3, the optitffals online
searched and the speedis used as the optimization criteria,
since an increase in signifies an increase of output power.
Existing control strategies essentially correspond to the
various operating regimes which are signified @9—6) The online optimal control algorithm has been applied to four
in Fig. 3. For example, the maximum efficiency controbrushless ac motors, having interior (radial or circumferential),
strategies, which are described in [2], [11], and [12], coinset, and surface-mounted magnet rotors, for which design de-
respond to operating regim&) in Fig. 3, in which the tails are given in the Appendix. Fig. 4 compares the measured
dc-link current is minimized; the flux-weakening contromaximum torque—speed curve which is achieved with the online
strategies, which are based on current feedback, as describgtimal control strategy with that which is obtained with con-
in [3] and [4], correspond to operating regini®) in Fig. 3, ventional feedforward control, based on measured motor param-
while the flux-weakening control strategies, which are basedters [9]. As will be seen, the online control strategy results in
on feed-forward control of the optimal current profiles aslightly better performance over the high-speed operating range.
described in [1], [2], and [9], correspond to operating regimdowever, in order to highlight that the performance of feedfor-
(6) in Fig. 3. However, none of the existing control strategiesard control is sensitive to the assumed motor parameters, Fig. 4
use the motor speed as one of the optimization objectivedso includes measured maximum torque—speed curves which
as in operating regimé) in Fig. 3. As mentioned earlier, in result when the assumed back-EMF constant differs from the
order to fully utilize the voltampere rating of the inverter, ameasured value. As can be seen, with online optimal control all
in scenario(3) in Fig. 3, the dc-link current is maximized,the motors achieve their maximum inherent performance capa-
which is the opposite of scenar(@). In addition, the max- bility, and eliminate the influence of errors in the motor parame-
imum power capability, which is achieved with a maximunters, i.e., the steady-state performance is always better than that
efficiency control strategy, is always somewhat inferior tahich is obtained with feedforward control.

I1l. EXPERIMENTAL RESULTS OF STEADY-STATE AND
TRANSIENT DYNAMIC PERFORMANCE



ZHU et al: FLUX-WEAKENING CONTROL OF PERMANENT-MAGNET BRUSHLESS AC DRIVES 1665

Id.,[d 1.0 A/d.iV Id*, Id 1.0 A/div
Time 0.5 s/div ~|-— Time 0.5 s/div foo

: o ;
/0 - o,0 1000 rpm/div | I /n ) o 1000 povdiv | |

W i :“ : : okl Eru.LWb»x“. Tk ",‘WWWMM
L | .I;\J ;
Ty ‘

o
" R ;

‘ IV, 10 Adiv [ \ VT Iy 10 adiv [T
I T | Time 05 s/div Ly | Time 0.5 s/div
!
i
[

oo 1000 rpm/div
L 1.0 A/div
Time 0.5 s/div

eerpirrerreel] o'» 1000 pm/div P
0 WA I 1.0 Aldiv 0 My
‘ Time 05 s/div

€Y (b)

Fig. 5. Variation of demanded and actdal;-axis phase currents during commanded speed change. (a) Online optimal control (time8tems) with optimal
current profile control regime (time step 50 ms). (b) Feedforward control.

In order to illustrate the transient dynamic performance of theol strategy is also feedforward; being maintained constant
online optimal algorithm, Fig. 5(a) compares the variation of thaitially in the constant torque range before following the op-
demanded- andg-axes currents; and/; with the actual cur- timal current profiles in the constant power range, both cor-
rents/y andl, of the brushless ac motor having an interior radiaksponding to maximum torque per ampere. However, the av-
magnet rotor, following a step change in the commanded speerhge performance, i.e., the average speed in this case, is mon-
from 500 r/min in the constant torque range to 3500 r/min in thtored continuously over fixed time steps (50 m&200 sam-
flux-weakening range, i.e., about two times base speed. By waling points), and once the steady state has been attained, online
of comparison, Fig. 5(b) shows the response with feedforwapgtimal control is implemented, and the average performance
control, in which [} is initially maintained constant for max- is monitored over longer time steps (200 rrd,000 sampling
imum torque per ampere up to base speed, after wijjicdnd points). Thus/; andZ; change automatically in magnitude, and
I follow predetermined optimal current profiles for flux-weakin variable increments, as the commanded speed is approached,
ening operation. As long as the demanded operating workiagwhich timel; and I have attained optimal values. Com-
point is within the maximum power capability which is achievparing Fig. 5(a) and (b), it can be seen that online optimal control
able with this control strategy, and!, follow the demanded has retained the good transient dynamic performance of feed-
profiles quite well. Hence, the response is good, and the moforward control, but has the advantages of enhanced maximum
quickly attains steady state. Clearly, if the demanded operatittgque/power capability and improved efficiency (lower phase
working point is beyond the maximum achievable power capetrrent), particularly in the flux-weakening operating range.
bility, but within the inherent power capability, the dynamic per- In order to further highlight the performance improvement
formance will deteriorate and the demanded working point wilvhich is achieved with the online optimal control algorithm, the
not be attained. step response which results from an online search alone, i.e.,

With the proposed online optimal control, the algorithm rewithout the feedforward control regime, and which results from
verts to feedforward control whenever the rate of speed chartge online optimal control strategy using a constant time step are
exceeds a prescribed value. Thus, since there are significetmbwn in Fig. 5(c) and (d), respectively. It will be observed that
variations in the commanded and actual speeds, the initial ctime demanded-axis current in Fig. 5(c) is initially set to zero
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Fig. 5. (Continued.)Variation of demanded and actu&lg-axis, phase currents during commanded speed change. (c) Online optimal control without optimal
current profile control regime (time step 200 ms). (d) Online optimal control (time step 200 ms) with optimal current profile control regime (time step
200 ms).

until the speed variation is within the specified band, whictent error, the time step during the transient may be reduced, as
has deliberately been set large so that the optimal search stesds the case in Fig. 5(a).

when the actual speed reaches about 2/3 of the commanded
speed. However, the online search for the optififeb not suf-

ficiently fast to follow the commanded change in speed. Con—An improved online optimal control strategy has been devel-

sequently, when the motor enters the flux-weakening range the : :
. oeoed, and applied to alternative permanent-magnet brushless ac
actualg-axis current cannot follow the demanded current du

I miotor topologies. The dc-link current, theaxis current error,
to the converter voltage limit. As a result, the step response IS4 the speed are used as optimization obiectives. accordin
very slow and much inferior to that which is obtained with feed- P P ) ’ 9

. : : o different operating scenarios. In addition, since it is coupled
forward control. One possible way of improving the dynamic . .
ith feedforward vector control, based on optimal current pro-

performance is to reduce the time step when searching for the . . ) . .
€s, it retains excellent transient dynamic performance, while

optimal!};. However, the resulting improvement has been found-> " ) . -
- . - - hieving the maximum inherent power capability of the motor
to be rather limited, while undesirable oscillations may occur |

the time-step length is too small. Fig. 5(d) again shows the i the flux—weakem_ng range _and guaranteeing maximum effi-
proved step response which results when feedforward controrfg <Y OVer the entire operating range.
integrated into the online optimal control algorith#j, and I;

being set to values deduced from optimal current profiles when
there is a significant change in either the commanded or actuaFour prototype three-phase six-pole brushless perma-
speed. However, due to the use of identical time steps duringnt-magnet ac motors were used during the investigation. As
both transient and steady-state operationgthagis current ex- shown in Fig. 6, they have the same stator design but different
hibits an error during the transient period when the feedforwardtors: surface-mounted magnet, inset magnet, and interior

optimal current profile control is employed. To reduce this cufradial or circumferential) magnet, the ratio of.4/,,x/F

IV. CONCLUSIONS

APPENDIX
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Fig. 6. Brushless ac motors with different rotor topologies. (a) Surface-mounted magnet. (b) Inset magnet. (c) Interior radial magnet. (d) Interior circumferential
magnet
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