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A FLUX-WEAKENING STRATEGY FOR CURRENT-REGULATED
SURFACE-MOUNTED PERMANENT-MAGNET MACHINE DRIVES

SD. Sudhoff, Member K A. Corzing, Student Member
School of Electrical Engineering
University of Missouri - Rolla

Rolla, Missouri 65401

Abstract - Permanentanagnet synchronous machines fed from
current-regulated converters feature nearly ideal performance at low-to-
moderate speeds. However, as rotor speed increases the back emf rises
which results in loss of current regulation and decreased torque. In
buried-magnet machine drives, flux weakening is often used to extend
the speed range. This paper sets forth a flux-weakening control
specifically designed for surface-mounted permanent-nagnet machines
which is simple and does not require knowledge of the machine or
system parameters. The proposed method is demonstrated both
experimentally and through the use of computer simulation.

1. INTRODUCTION

Permanent-magpet synchronous machine drives possess many
attractive characteristics. In particular, this drive can be made to
operate very efficiently, since a permanent magnet supplies the field
flux, and at low-to-moderate speeds nearly ideal torque control may
be obtained using cumrent-regulated pulse-width-modulated (PWM)
converters. There are two varieties of permanent-magnet
synchronous machines, buried-magnet machines in which there is
pronounced saliency; and surface-mounted-magnet machines in
which saliency is not present. The surface-mounted permanent-
magnet machine is commonly used and is currently being considered
for very high power applications such as ship-propulsion systems.

In either the buried- or surface-mounted permanent-magpet
machine drives, if the actual machine currents track the commanded
currents the electromagnetic torque tracks the commanded torque,
resulting in nearly ideal performance. However, at high speeds the
back emf rises which eventually renders the current control
ineffective and results in degraded performance.

One method to extend the speed range of a permanent-magnet
drive system is to incorporate a PI cumrent control loop in the
synchronous reference frame, also called a synchronous cument
regulator [1]. Such a control will, within the limit set by the
maximum possible fundamental component of the output voltage of
the converter, guarantee that the fundamental component of the
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machine current is equal to the commanded current. However, in so
doing low-frequency harmonics are introduced which results in
low-frequency torque harmonics that may be objectionable in some
applications.

Another effective technique to extend the speed range of this class
of drives is flux weakening. A variety of flux-weakening controls
have been set forth for buried-magnet machines {2-5]. Although
these controls cannot be directly used with surface-mounted-magnet
machines, at least one author has discussed a feedforward
flux-weakening control which can be used [6]. In this paper, a
feedback based flux-weakening strategy which does not require
knowledge of the machine parameters or dc supply voltage and
which is specifically designed for surface-mounted-magnet machines
is set forth.

The effectiveness of the proposed control algorithm (referred to as
d-axis control) is demonstrated both experimentally and through
computer simulation. The performance of an experimental drive
system using the proposed d-axis comtrol is compared to the
performance of the same system using g-axis control, in which the
cument command is completely in the g-axis, and to system
emphasis is placed on the time-domain characterization of the
controls in order to complement the existing literature, which focuses
primarily on torque-speed characteristics.

II. SYSTEM DESCRIPTION

A 2pole, 3-phase permanent-magnet synchronous machine is
shown in Fig. 1. Therein, each lumped winding actually represents a
sinnisodally distributed winding. Mechanical rotor position and
speed are denoted O and @ , respectively. The electrical rotor
position and speed, ©, and ®, , are P/2 times the comresponding
mechanical quantities where P is the number of poles. The
electromagnetic and load torques are denoted 7. and T, . Assuming
the machine to be of the surface-mounted-magnet type, to have a
sinusoidal back emf, and that the effects of magnetic saturation of the
stator iron and eddy currents are negligible, the - and d- axis voltage
equations and torque equation of the permanent-magnet synchronous
machine may be expressed in the rotor reference frame as [7]

di,
Vie = Feilye + 0rLasiy + Ma) + Los ;‘; M
d o7
Vo, = rsig ~©pLssigs + La—= dt 2)
T

where r; , Ly , and A denote the stator resistance, stator self
inductance (the leakage inductance plus 3/2 times the magnetizing
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cs axis

ds axis
Figure 1. Permanent - magnet synchronous machine.
inductance), and flux linkage due to the permanent magnet,

respectively.
In (1-3), the q- and d- axis variables are related to the abc variables

by
f«;d()s = Ksrf abes (3)
where
r roor oo |7
frs = fox S S | @
T
fases =[ fus fos fos ] ®)
cos0, cos(®,— ) cos(®,+2)
Ki=1% sinler sin®,- %) sin@®,+%) | . (6
1 1
2 2 2

In (3-5), f may be a voltage, current, or flux-linkage. Henceforth, it
will be assumed that the machine is wye-connected whereupon all
zero sequence quantities are zero. Although this model cannot be
applied to every permanent-magnet synchronous machine it is
sufficient to explain the control characteristics which are explored
herein. In the event that more detailed analysis techniques are
required, the reader is referred to [8-9].

Fig. 2 illustrates a cument-regulated permanent-magnet
synchronous-machine drive system. In addition to the machine, this
system consists of a converter, a supervisory current control, and a
hysteresis current control. The inverter consists of six valves, whose
gate signals are denoted S, where 'x' denotes phase and may be 'a,
b, or 'c, and y denotes the position and is either ‘v’ if the valve is in
the upper half of the bridge or 1 if the valve is in the lower half. The
inverter dc supply voltage is denoted V4, .

The supervisory control determines the current command, i, ,
required in order to achieve the commanded torque, 77 , based upon
the actual stator currents, i ;. , and the electrical rotor position, O, .
A detailed discussion of various supervisory control strategies is
presented in forthcoming sections.

+
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Figure 2. Current regulated brushless dc machine.

Based on the current command i, and the actual currents
iabes the hysteresis current control depicted in Fig. 3 determines the
gate signals to each of the six valves. As can be seen, there are two
switching states for each leg, either S, is on and Sy is off (the
positive state) , or Sy, is off and Sy is on (the negative state), where x
may be 'ab’, or 'c’. The parameter /denotes the hysteresis level. If
ixs < izg—h and the state of the x'th leg is negative, then a state
transition is made to the positive state. Conversely, ifics > iy +
and the state of the x'th leg is positive, a transition is made to the
negative state. Using this type of control with a sufficiently large
V4 guarantees that each actual phase current will always be within /
of the corresponding commanded phase current. If V. is not large
enough, the phase cuments will periodically deviate from the
commanded phase currents by an amount greater than /, a condition
which is referred to as loss of current tracking.

M1 Q-Axis CONTROL

From (3), the g-axis curent command corresponding to a torque

command 7, is given by
22T
s =3P - @)

Lok
lX.'>l X&+h

"+" n_mn

. "
L <i* -h

Figure 3. State transition diagram for one leg
of hysteresis controlled inverter.



Using this control strategy, the d-axis current command is zero, thus
in=0. ®
Setting the d-axis current to zero results in maximum torque-per-amp
and maximum efficiency. Once the commanded q- and d-axis
current commands have been formulated, the abc current command
is given by
iapes = [KE] i ©
System performance using g-axis control with a 3A cumrent
command at rotor speeds of 1000, 2400, and 2665 pm is illustrated
in Fig. 4a, Fig. 4b, and Fig. 4c, respectively, for an experimental drive
whose parameters are listed in the appendix. In each of these figures,
the upper trace illustrates the a-phase current measured
experimentally, the center trace illustrates the current predicted by a
computer simulation, and the thid trace illustrates the
electromagnetic torque as predicted by the computer simulation. The
good correlation between the measured and simulated current
waveforms validates the computer simulation, which was used to
determine the torque waveform since the equipment necessary for
direct measurement was not available.
In the study depicted in Fig. 4a, it can be seen the a-phase current
is essentially sinusoidal except for the high frequency switching

harmonics. As a result, the electromagnetic torque is nearly constant,
and is equal to the commanded torque of 1.40 N'm. However, as

speedisincmsed,ﬂ:ea—pbaseamentpeﬁodimllydeviat&sﬁomﬂle
sinusoidal reference current as illustrated in Fig. 4b. As a result,
relatively low frequency harmonics appear in the torque waveform,
and the average torque is reduced to 1.13 Nem. As the rotor speed is
further increased, the current waveform becomes heavily distorted, as
depicted in Fig. 4c. At this speed, the average torque is reduced to
0.51 Nem and torque ripple is even more pronounced.

In order to analytically predict when the loss of current tracking
will occur, from (1-2) the commanded g- and d- axis voltages
cmespondmgtotheoommandedq—andd—axxscunentsaxegwenby

Vqs = rslqs +(0r(L.nld_, +?\v{n) (10)

vds = rsl rLsslqs . an

The peak line-to-neutral voltage which must be supplied by the
hlvenermaybeexprmdintexmsofﬂleq—andd-axisvohagmas

Vs ,/(Vqs)2+( 3 L (12)

Substituting (10-11) into (12) and solving fore, yields an expression
for the maximum speed for which current tracking, and hence the
desired torque, is achieved. In partia’lar,
_rsi;lm
Drmx = Asifhm)?+LAiG
J PN Vi ? (x,,,1+:,,,2 )]E(giﬂ,’..)h&i;’,’] 1)
(Lsifg+Al) +L &gy
where v represents the peak value of v, which can be supplied
by the inverter. To determine v, , from Fig. 2 the peak
line-to-line voltage the inverter can supply is V4. . Therefore,

Va
Vomy = —= (149)
B

Using (13-14) indicates that with a g-axis current command of 3 A,
the maximum speed at which current tracking, and therefore the
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Figure 4. Current and torque waveforms at various rotor
speeds using g-axis control.
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desired torque, are obtained is 2241 1pm, which is consistent with
Fig. 4.

From (14) the most straightforward way to regain current tracking
is to increase vsmx by increasing ¥, . However, penalties for
doing so include higher semiconductor and capacitor voltage
requirements, higher device stresses due to the higher voltage levels,
and higher switching frequency at low speeds leading to higher
switching losses. To avoid these penalties, a variety of control
strategies to extend the speed range without increasing the supply
voltage have been proposed.

IV. SYNCHRONOUS CURRENT REGULATOR

One method with which to increase the speed range over which
the desired torque is achieved without increasing the dc supply
voltage is to implement a PI current control loop in the synchronous
reference frame (which in this case is identical to the rotor reference
frame) as illustrated in Fig. 5. This synchronous current regulator was
originally set forth in [1] for current-regulated sine-triangle PWM
drives, but is also readily applied to the hysteresis type PWM drive
considered herein. In Fig. 5 it is necessary to differentiate between
ﬂledesiredq-andd-axiscunentsandﬂzeammnomnmandgwento
the hysteresis current control loop. Thusi’; and i}, are the desired

valuesofmeq-andd-amsament,whﬂez and i’ are the ¢

and d-axis cumrents used to formulate the abc varable current
commands, which are comprised of the summation of the desired ¢
or d-axis current, a term proportional to that axis' current error, and a
term proportional to the integral of that axis' current emror. The
integral term must be limited in order to avoid wind-up in situations
where the desired current cannot be achieved.

Due to the integral feedback, the average - and d-axis currents are
equal to their desired value provided the voltage necessary to produce
the desired cumrents does not exceed the maximum fundamental
component which can be produced by the inverter. The synchronous
cumrent regulator does not extend the range over which the
instantaneous currents are tracked; however it does extend the range
over which the average value of the commanded q- and d-axis
currents are obtained. As a result, the average desired torque is
obtained over a larger speed range although the cumrents in this
extended range are distorted resulting in torque ripple.

System performance using the synchronous current regulator is
illustrated in Fig. 6. Therein, the same speeds are considered as in
Fig. 4, and igs and i7; are3 A and 0 A, respectively. At low
speeds (Fig. 6a), operation is essentially identical to the gaxis
control, and the electromagnetic torque is essentially constant and
equal to its commanded value of 140 Nem. As speed is increased
(Fig. 6b), current tracking is lost, as in the case of the g-axis control.
However, closer examination of Fig. 6b reveals that the peak current
is slightly larger than in Fig. 4b due to the integral feedback. Asa
result, the average q- and d-axis curmrents are equal to their
commanded values, although the instantaneous currents are not. Asa
result, the average electromagpetic torque using the synchronous
current regulator is 1.39 Nem, whereas only 1.13 Nem was obtained
using the g-axis control. As the rotor speed is further increased to
2665 rpm (Fig. 6¢), the current waveform becomes highly distorted.
In this final case the available inverter voltage is insufficient to track

¥
1" abes

Figure 5. Synchronous current regulator.

even the average value of the commanded current, thus the average
torque drops to 0.47 Nem.

The synchronous current regulator is effective as long as the
required voltage does not exceed the maximum value of the
fundamental component which can be produced by the three-phase
bridge in six step mode, i.e.

Vs‘mx = Tt'Vdc. (]5)
Using (15) to predict the maximum Vv ., and then substituting this
value into (13) indicates that with a 3 A g-axis current command the
synchronous current regulator is effective to a maximum rotor speed
of 2498 rpm, which agrees with Fig. 6.
V. D-Axis CONTROL

Another method to extend the speed range over which nearly ideal
performance is obtained is to inject negative current into the d-axis,
effectively reducing the back emf of the machine. An expression for
the amount of d-axis current which must be injected is found by
subsﬁmﬁng(l4)into(l3),replacingmmu with @, , and solving for
i% , which yields

2
1 4
A Lo oF + (r}m}Lf,)[ L J (r,l...mﬁ(nmrlm)lg:)
o B
1 ds =

ri+w?Ll

(16)
D-axis current is injected only when (14) is not satisfied - otherwise
the d-axis current command is zero. This type of flux-weakening is
similar in effect to flux-weakening in vector controlled induction
motor drives except that the magpitude of the d-axis cumrent is
increased rather than decreased and that torque production is not
affected by the d-axis current injection.

To implement the d-axis current control, (16) could be used
directly by a microprocessor. However, this method has a
disadvantage in that the parameters of the machine as well as the dc
supply voltage must be known. An altemate implementation of this
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Figure 6. Current and torque waveforms at various rotor
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equation is to use the controller structure shown in Fig. 7, which
closely approximates (16) without knowledge of the machine or
System parameters.

The control depicted in Fig. 7 consists of several components. The
principal part of the control formulates the d-axis cumrent command to
the hysteresis cument control, i 7;; , which is proportional to the
q-axis current emor ig,,,, . If the g-axis cuarent error is zero, then no
d-axis current is injected. If there is a large g-axis current error, then
negative d-axis current is injected which lowers the back emf thus
improving current tracking, which results in additional g-axis cutrent.
Because the feedback is proportional, there will always be some
error, but by suitable selection of K, the emor can be made
negligible. The g-axis integral feedback loop (with gain X; ) trims
out the small error between the actual g-axis current and commanded
g-axis cument at low-to-moderate speeds, which prevents d-axis
current from being injected unnecessarily. The amount of g-axis
current injected due to the integral feedback is limited to i 5, which
should be selected to be less than #, the maximum acceptable
deviation of the instantaneous current from the commanded phase
current. As can be seen in Fig. 7, the d-axis cumrent is limited
between 0 and —i g , Where ig, is a constant, and the g-axis
current is limited to values between —i g and igym where igm is
determined based on the stator zero-to-peak cument limit iy, and
the d-axis current command i 7; .

The advantage of this control rather than programming (16)
directly is that knowledge of the machine parameters, dc supply
voltage, and rotor speed is not required, and that miscellaneous
voltage drops such as semiconductors voltage drops, deadtime in the
switching strategy, and current sensor voltage drops are automatically
included into the calculation of the d-axis current.

The performance of the d-axis control algorithm is depicted in Fig.
8. At low speed (Fig. 8a), operation is essentially identical to the

" —"aim
zq"
T =P 1
'iqlm — A
r
4 bgs.err
—
'illm
i
qlm
> L
Tds lds
i gy —
ya . 2 ~.2 ‘ ‘
\ J (lslm) - (‘atrt

- ,
i (not used) <—— K, [ labes

Figure 7. D-Axis control.
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other methods considered and the commanded torque of 1.40 Nem is
obtained. As the speed is increased to 2400 1pm, the electromagnetic
torque decreases very slightly to 1.36 Nem. Comparing Fig. 8b to 6b
reveals that although the d-axis control maintains the average torque
nearly as well as the synchronous cuvent regulator, the currents are
essentially sinusoidal and thus the torque ripple is much less than in
the case of the synchronous current regulator. At a speed of 2665
pm, at which the synchronous current regulator becomes ineffective,
the d-axis control produces an average torque of 1.33 Nem, with only
a slight distortion in the currents and relatively low torque ripple.

A comparison of the amount of d-axis cument actually
commanded by the control system illustrated in Fig. 7 to that
specified by (16) appears in Fig. 9, for a 3 A g-axis current
command. As can be seen, the negative d-axis cumrent injection
actually starts prior to the speed at which it would be injected
according to (16).  This is because the semiconductor drops and the
switching deadtime necessary to avoid shoot-through tend to have the
net effect of decreasing the maximum speed at which current
tracking is obtained. As the speed increases, the amount of d-axis
current injected becomes lower in magnitude than the ideal amount
due to the steady-state error in the d-axis control loop.

The torque-speed curves obtained using the three control strategies
described herein are illustrated in Fig. 10. Therein, the solid, dotted,
and dashed lines illustrate the electromagnetic torque produced by the
qraxis control, synchronous current regulator control (SCR control),
and d-axis control, respectively, as calculated by a computer
simulation. The box, diamond, and 'x' denote the electromagnetic
torque of the three controls as measured experimentally, There is
generally good agreement between the average torque predicted by
the computer simulation and the measured torque. The discrepancy
which does exist is at least in part due to inaccuracy in the torque
table used which was operated well below rated torque (56 Nom). As
can be seen, the electromagnetic torque begins to fall off at a speed
of 2200 1pm in the case of the g-axis control, and at 2400 rpm in the
case of the synchronous current regulator. The speeds at which the
torque falls off are somewhat less than the predicted values due to the
effect of the semiconductor voltage drops. In the case of the d-axis
measurements indicate that the electromagnetic torque is essentially
constant over the speed range investigated.

VI SUMMARY

A method for extending the speed range over which nearly ideal
performance of cument-regulated surface-mounted permanent-
magnet machine drives has been set forth, This method injects the
proper amount of d-axis cumrent to insure current tracking without
knowledge of the machine parameters or dc supply voltage. The
effectiveness of the control was verified both experimentally and
using computer simulation.  Areas of future research include the
modification of the control for both buried-magnet machines and

VIL APPENDIX - SYSTEM PARAMETERS

The parameters of the exterior permanent magnet synchronous
machine are P=4, r;=298Q, Li,=114 mH and

Ah =0.156 Vs. The three-phase bridge converter was operated at
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Vi =145 V,and h = 0.1 A. The IGBT and diode voltage drops
are approximately 1.7 V and 1.0 V, respectively. The IGBT tum on
and tum off times are 400 ns and 600 ns, respectively. A switching
deadtime of 1.5 ps is used to prevent shoot through. The parameters
of the synchronous current regulator are K; =20 s and X, =0.
The parameters of the d-axis control are K; = 50 5' , iy, = 0.05 A,
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Figure 10. Torque versus speed with various control strategies.

437

Kd=20.0,‘td=50ms,id,,,,=2.5 A.,andi,,,,,=5 A. Boththe
synchronous cument regulator and the d-axis control were
implemented digitally with a sampling time of 200 ps.
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