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A control system for an electric machine includes a ?ux 
weakening module, Which includes a voltage magnitude 
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determined ?uX value and generates a limited feedback ?ux 
correction signal. A feedforWard stator ?ux generating cir 
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circuit sums the feedforWard stator ?ux signal and the 
limited feedback ?ux correction signal to generate a ?nal 
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FIG. 4 
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FIG. 6 
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FIELD WEAKENING MOTOR CONTROL SYSTEM 
AND METHOD 

FIELD OF THE INVENTION 

[0001] The present invention relates to the control of 
permanent magnet (PM) motors in both the constant torque 
and ?ux weakening regions, and more particularly to adjust 
ing magnetic ?ux to improve the performance of PM motors 
beyond a base speed. 

BACKGROUND OF THE INVENTION 

[0002] A vector controlled PWM voltage source inverter 
may be used to excite a PM motor, such as an interior 
permanent magnet (IPM) motor. Using this approach pro 
vides accurate torque control, improved dynamic response, 
and increased motor ef?ciency. Reducing the magnetic ?ux 
inside the motor, Which is also called ?ux or ?eld Weaken 
ing, may provide improved poWer characteristics of the PM 
motor at higher speeds. Flux Weakening in a PM motor can 
be accomplished by adjusting the stator excitation. 

[0003] During a constant torque region, closed loop cur 
rent regulators control the applied PWM voltage excitation 
so that the instantaneous phase currents folloW their com 
manded values. HoWever, saturation of the current regula 
tors may occur at higher speeds When the motor terminal 
voltage approaches a maximum voltage of the PWM 
inverter. Beyond this point, the ?ux should be Weakened to 
maintain proper current regulation up to maximum motor 
speed. 
[0004] Conventional ?eld Weakening approaches rely on 
voltage control loops or current angle control loops. Inher 
ently, the voltage control loop approach has poor dynamic 
performance. Additionally, for IPM machines With reluc 
tance and magnet ?ux, using the voltage control loop for 
?eld Weakening does not guarantee optimum torque per 
ampere in the ?eld-Weakening region. 

[0005] The current angle control loop approach does not 
Work With high back EMF PM machines since it cannot 
inject any ?eld Weakening current When torque is not 
applied at higher speeds. In addition, for a given constant 
torque command, the current angle control loop approach 
Will not maintain constant developed torque (i.e. torque 
linearity) as the drive enters into ?eld Weakening and 
approaches maximum speed. 

SUMMARY OF THE INVENTION 

[0006] A ?ux Weakening module for a permanent magnet 
electric machine includes a feedforWard stator ?ux term and 
a compensating feedback ?ux correction term. The feedfor 
Ward stator ?ux term provides the dominant ?eld Weakening 
?ux value. The feedback ?ux correction term improves 
stability under dynamic conditions and compensates for 
parameter variations in steady-state. These tWo ?ux terms 
are added and limited to provide the ?nal stator ?ux com 
mand. 

[0007] A control system for a permanent magnet (PM) 
electric machine With a rotor includes a voltage command 
module that receives a desired torque command, a DC link 
voltage, an angular velocity of a rotor of the PM electric 
machine, a ?nal stator ?ux command, and an angular 
position of the rotor. The voltage command module gener 
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ates d-axis and q-axis command voltages. The command 
module vector rotates the d-axis and q-axis command volt 
ages using the angular position of the rotor to generate ?rst 
and second stationary voltage commands. A pulse Width 
modulated (PWM) inverter receives the ?rst and second 
stationary voltage commands and generates phase voltage 
signals for the PM electric machine. A ?eld Weakening 
module generates the ?nal stator ?ux command using the 
feedforWard stator ?ux command and the feedback ?ux 
correction command. 

[0008] In other features, the voltage command module 
includes a torque limiter that limits the desired torque 
command betWeen upper and loWer limits and that generates 
a modi?ed desired torque command. A d-axis current mod 
ule generates a d-axis current command signal based on the 
calculated ?nal stator ?ux command and the modi?ed 
desired torque command. Aq-axis current module generates 
a q-axis current command signal based on the calculated 
?nal stator ?ux command and the modi?ed desired torque 
command. 

[0009] In other features, a synchronous current regulator 
receives the d-axis and q-axis current command signals and 
generates the d-axis and q-axis voltage command signals. 
The voltage command module includes a synchronous to 
stationary module that receives the d-axis and q-axis com 
mand voltages and the rotor position and generates the ?rst 
and second stationary voltage commands. 

[0010] In still other features, a rotor position transducer 
measures the rotor position and generates a rotor position 
signal. Alternately, a rotor position estimator estimates the 
rotor position and generates a rotor position signal. 

[0011] Further areas of applicability of the present inven 
tion Will become apparent from the detailed description 
provided hereinafter. It should be understood that the 
detailed description and speci?c examples, While indicating 
the preferred embodiment of the invention, are intended for 
purposes of illustration only and are not intended to limit the 
scope of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The present invention Will become more fully 
understood from the detailed description and the accompa 
nying draWings, Wherein: 

[0013] FIG. 1A is a functional block diagram of a motor 
control system for a permanent magnet motor according to 
the present invention; 

[0014] FIG. 1B is a functional block diagram of the motor 
control system of FIG. 1 in further detail; 

[0015] FIG. 2 illustrates an exemplary look-up table relat 
ing direct axis (d-axis) current (Id), desired torque and 
calculated ?nal stator ?ux command; 

[0016] FIG. 3 illustrates an exemplary look-up table relat 
ing quadrature axis (q-axis) current (Iq), desired torque and 
calculated ?nal stator ?ux command; 

[0017] FIG. 4 is a graph shoWing ?eld Weakening perfor 
mance during torque transient at constant motor speed for an 
exemplary implementation; 
[0018] FIG. 5 is a graph shoWing ?eld Weakening perfor 
mance during speed transients at 50% constant command 
torque for an exemplary implementation; 
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[0019] FIG. 6 is a graph showing ?eld weakening perfor 
mance during speed transients at 100% constant command 
torque for an exemplary implementation; and 

[0020] FIG. 7 is a graph illustrating operating regions in 
the ?eld weakening control system according to the present 
invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

[0021] The following description of the preferred embodi 
ment(s) is merely exemplary in nature and is in no way 
intended to limit the invention, its application, or uses. As 
used herein, the term module refers to an application speci?c 
integrated circuit (ASIC), a controller, an electronic circuit, 
a processor (shared, dedicated, or group) and memory that 
execute one or more software or ?rmware programs, a 

combinational logic circuit, or other suitable components 
that provide the described functionality. 

[0022] The voltage equation for the IPM in the synchro 
nous rotating reference frame can be represented in matrix 
form as follows: 

O (1) WW] 

Vdse and Vqse are d-axis and q-axis motor terminal voltages 
in the synchronous reference frame. id: and iqse are d-axis 
and q-axis motor terminal currents in the synchronous 
reference frame. Ld5 and Lqs are d-axis and q-axis stator 
self-inductances. R5 is stator resistance. (pf is the permanent 
magnet ?ux linkage. we is the electrical angular velocity. 

[0023] The developed torque equation of the IPM is 
expressed as follows. 

Where P is the number of poles. DC link voltage and PWM 
strategies limit the maximum voltage Vsmax. The inverter 
current rating and the machine thermal rating determine the 
maximum current ISmaX. Therefore the voltage and the 
current of the motor have following limits: 

2 2 

Vdse +Vqse évs max2 (3) 
2 2 

- e - e < 2 

‘(is 'Hqs :15 max (4) 

[0024] The ?eld-weakening algorithm according to the 
present invention operates within the limits outlined in 
equations (3) and While the present description relates 
to IPM machines, skilled artisans will appreciate that the 
?eld-weakening approach according to the present invention 
is applicable to interior permanent (or buried magnet) 
machines, surface mount magnet machines, synchronous 
reluctance type machines and other similar machines. 

[0025] The torque equation (2) represents a constant 
torque curve on the d-q current plane according to the given 
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torque. On the constant torque line, the ?ux magnitude as a 
function of the d-axis current can be presented as follows; 

2 2 2 
P LdnTe . 

z m — (p - maid”? + W‘ + WW2 

where the subscript ‘n’ denotes the normaliZed value and p 
is the saliency ratio, Lqn/Ldn. 
[0026] The ?ux magnitude in equation (5) increases with 
respect to the d-axis current magnitude due to the second 
term. In addition, it increases towards in?nity when the 
d-axis current converges to the asymptote, Idn=¢fn/(p—1)Ldn, 
since the denominator of the ?rst term converges to Zero. 
The operating point with the minimum ?ux magnitude on 
the constant torque curve is derived from the differentiation 
of equation (5) as follows, 

The ?ux magnitude is constant for any operating point that 
satis?es (6), and the variation of the voltage magnitude is 
Zero with a ?xed motor speed. The operating points with a 
constant output voltage are presented by ellipses with 
respect to the speed, and the variation of the ?ux magnitude 
is Zero on the ellipses. 

[0027] FIG. 7 shows the voltage and current limits from 
Equations 3 and 4 plotted on the DO current plane. The 
voltage limit ellipse has constant voltage magnitude and 
constant ?ux level for a given speed. Thus the minimum ?ux 
magnitude operating points on the constant torque curve 
occur at the intersection points of the constant torque curves 
and constant voltage ellipses. The points with the minimum 
?ux magnitude can be presented by a line, which is named 
as the MFPT (Minimum Flux Per Torque) line. On the 
constant torque curves, the ?ux magnitude decreases as the 
operating points approach the MFPT line and vice versa. 

[0028] FIG. 7 shows the three operation regions divided 
by the MTPA (Maximum Torque Per Ampere Line) line, the 
current limit line (i.e. AB), and the MFPT line. The ?eld 
weakening operation in the three regions can be summariZed 
as follows: In region 1, the operating points in this area (to 
the right of line O-A) require more current than those on the 
MTPA line for the given torque command. In addition, the 
operating points in this area require more ?ux magnitude 
and output voltage than those on the MTPA line. For this 
reason, the ?eld weakening operation selects the operating 
points on the MTPA line as a function of the torque 
command instead of those in this area. 

[0029] In region 2, the operating points in this area 
(between lines O-A and B-C) require more current than 
those on the MTPA line for the given toque command, but 
they require smaller ?ux magnitude and output voltage since 
they are approaching the MFPT line. In the ?eld weakening 
control, when ?eld weakening is required, the d and q-axis 
current references are adjusted from the MTPA line toward 
the MFPT line in this region. 
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[0030] In region 3, since the operating points in this area 
(to the left of line B-C) require more output current and 
voltage magnitude than those in the region 2, the proposed 
algorithm does not use this area. 

[0031] Under normal operation, the current trajectory fol 
loWs the MTPA line as the torque command is increased. If 
?eld Weakening is required due to increasing motor speed or 
decreasing dc link voltage, the d and q-aXis current refer 
ences are adjusted from the MTPA line toWard the MFPT 
line along the constant torque lines. By moving on the 
constant torque curve, the motor torque can be controlled 
according to the torque command even in the ?eld Weak 
ening region and hence maintains proper torque linearity. As 
the operating point moves to the left along the constant 
torque line, the torque per ampere Will decrease. When the 
operating points reach the MFPT line by the ?eld Weakening 
operation, further ?uX reduction is not possible While main 
taining constant torque. Instead, the proposed control adjusts 
the operating point toWards point C along the MFPT line to 
Weaken the ?uX magnitude and the output torque is reduced. 

[0032] Referring noW to FIG. 1, a motor control system 
10 for a permanent magnet (PM) machine 14 is shoWn. The 
motor control system 10 provides improved dynamic per 
formance and torque linearity for the PM machine 14 during 
high speed operation. The motor control system 10 includes 
a pulse Width modulation (PWM) voltage source inverter 18 
that supplies three phase excitation to the stator of the PM 
machine 14. A control module 22 communicates With and 
controls the PWM inverter 18. The PWM inverter 18 outputs 
phase voltage signals 26a, 26b and 26c that are used to 
control the operation of the PM machine 14. 

[0033] The control module 22 receives a desired torque 
command that indicates a desired output torque level. The 
control module 22 utiliZes a DC link voltage input, a rotor 
angular velocity input and the desired torque command to 
generate ?rst and second stationary voltage commands Va 
and VB. The ?rst and second stationary voltage commands 
Va and VI3 are input to the PWM inverter 18. 
[0034] Based on the ?rst and second stationary voltage 
commands Va and VB, the PWM inverter outputs the three 
phase voltage signals 26a, 26b and 26c. The voltage signals 
26a, 26b and 26c control the operation of the PM machine 
14. More speci?cally, the control module 22 generates the 
?rst and second stationary voltage commands Va and VI3 
such that the voltage signals 26a, 26b and 26c reduce stator 
?uX of the PM machine 14 and increase rotor speed While 
maintaining a voltage generated by the motor approximately 
at or beloW a maXimum voltage output of the PWM inverter 
18. 

[0035] Referring noW to FIG. 1B, the input to the control 
system is a torque command (Te*). The torque command 
Te* is input to a torque limiter 42, Which limits the torque 
command betWeen upper and loWer torque limits. The limits 
are based on DC link voltage Vdc (Which is the battery 
voltage or other DC voltage source of the inverter) and rotor 
angular velocity our. The limiter 42 generates a modi?ed 
torque command (Te**). The modi?ed torque command 
(Te**) and calculated stator ?uX command (1W5) (generated 
using a ?eld-Weakening module 44 described further beloW) 
are used as indices to d-aXis and q-aXis look-up tables 46 and 
48, respectively. 
[0036] The d-aXis and q-aXis look-up tables 46 and 48 
generate d-aXis and q-aXis stator current commands (Id* and 
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1:), respectively. These current commands are then fed to 
the anti-Windup synchronous current regulator module 60 to 
generate command voltages Vd* and Vq*. Command volt 
ages Vd* and Vq* are vector rotated, using rotor angular 
position (0r) generated by a rotor position sensor and/or 
estimated using sensorless techniques (identi?ed as rotor 
position module 64), using synchronous to stationary trans 
formation module 70. Stationary output voltages Vof and 
VB* are fed to the PWM inverter 18, Which applies alter 
nating three phase voltages to the stator Windings of the PM 
machine 14. 

[0037] Synchronous reference frame voltage commands 
Vd* and Vq* are supplied to a voltage magnitude (Vmod) 
calculator 80, Which generates an output VrnOd that is com 
pared to reference voltage (Vref) to generate an error signal 
Ef if further ?eld Weakening is required. The magnitude 
calculator 80 computes the stator voltage magnitude from 
the tWo orthogonal DQ voltage components as shoWn in 
Equation 7: 

The error signal Ef that is generated by summation module 
84 is fed to anti Wind-up proportional integral (PI) type 
controller 90. 

[0038] The output of the anti Wind-up PI controller 90 is 
processed by a limiter 94 to ensure safe reduction of the 
?eld. In other Words, the limiter 94 limits ?eld Weakening to 
a predetermined value. A divider 96 is used to calculate 
feedforWard stator ?uX (1W5) using reference voltage (Vref) 
and angular velocity (our). The output of limiter 94 is added 
to the output the divider via summer 100 to generate a ?nal 
stator ?uX command. Under normal operation, the feedfor 
Ward stator ?uX calculated by divider 96 provides the 
desired ?eld Weakening to retain current control. HoWever, 
When the feedforWard stator ?uX command calculated using 
the divider 96 is not providing enough ?eld Weakening, then 
elements 80, 84, 90, and 94 are automatically activated to 
stabiliZe the ?uX Weakening operation. The output of the 
summer 100 is input into a limiter 110, Which limits the 
maXimum ?uX at loW speed, and guarantees constant ?uX in 
the constant torque region. 

[0039] Self-inductances Lds and Lqs are ?rst obtained 
through machine characteriZation using equations (1 and 2) 
set forth above. From the obtained inductances, d-aXis and 
q-aXis current look-up tables 46 and 48, in FIG. 1B, are 
derived using data processing as a function of modi?ed 
torque command Te** and ?nal stator ?uX command 1]): 
FIGS. 2 and 3 shoW an eXemplary relationship betWeen 
d-aXis and q-aXis currents, torque and stator ?uX for one 
implementation. 

[0040] The d-aXis and q-aXis look-up tables that are shoWn 
in FIGS. 2 and 3 provide appropriate d-aXis and q-aXis 
command currents for any given speed, desired torque and 
DC link bus voltage. In other Words these tables Work Well 
in both constant torque as Well constant poWer regions. 
While in the constant torque region (i.e. beloW base speed), 
the d-aXis and q-aXis current commands increase according 
to a trajectory “A” that is shoWn in FIGS. 2 and 3 as the 
torque command increases. In the constant poWer region 
(?eld-Weakening region or above base speed), the q-aXis 
current command decreases and the d-aXis current command 
increases according to a trajectory “B” that is shoWn in 
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FIGS. 2 and 3 for a given constant torque command. Since 
similar look-up tables are utilized for constant torque and 
constant poWer regions, entry and eXit betWeen the tWo 
regions is transparent under loaded and unloaded conditions. 

[0041] The ?eld Weakening approach described according 
to the present invention Was implemented and tested using 
a 70 kW IPM machine. Experiment results obtained using 
?eld Weakening approach are shoWn in FIGS. 4, 5 and 6. 

[0042] Referring noW to FIG. 4, the improved dynamic 
response of the ?eld-Weakening approach according to the 
present invention is shoWn. During this test the mechanical 
speed of the unit under test Was held constant and 0 to 100% 
torque transient Was applied to the drive. As shoWn in FIG. 
4, the DC link bus sagged about 20% folloWing the torque 
transient. The sagging affected the transient response in the 
d-aXis and q-aXis current commands. HoWever, the optimum 
current commands Were established Within about 100 msec. 

[0043] Referring noW to FIG. 5, the ?eld Weakening 
approach is shoWn for motor speeds betWeen 3000 rpm and 
5000 rpm With load torque applied. As shoWn in FIG. 5, as 
the drive accelerated, the output of the regulator voltage 
Vmod started increasing. VrnOd increased up to about 3700 rpm 
and then remained constant. At the same time, the stator ?uX 
Was continually reducing as speed approached 5000 rpm. 
Providing the ?eld Weakening regulate dr the inverter output 
voltage to the prede?ned reference level Vref. The eXit from 
the ?eld weakening can be observed as the drive started 
decelerating from 5000 rpm to 3000 rpm. Also as can be 
seen from FIG. 5, the developed torque Tfdbk during both 
constant torque and constant poWer regions is constant, 
Which provides proving good torque linearity as long as the 
commanded torque is less than or equal to the designed 
torque limit of the machine. If 100% of the rated torque is 
commanded as the drive accelerated from 0 to maXimum 
speed, the available maXimum torque in the constant poWer 
region is reduced to protect the machine from overheating 
and mechanical failure. 

[0044] Referring noW to FIG. 6, ?eld-Weakening perfor 
mance during speed transients betWeen 3000 and 5000 rpm 
under a fully loaded condition are shoWn. Reduction in the 
developed torque can be observed as the drive entered into 
a constant poWer region. Therefore, FIGS. 4, 5 and 6 
successfully demonstrate the bene?ts of the ?eld-Weakening 
approach according to the present invention under fast 
dynamic conditions. 

[0045] The ?eld Weakening approach according to the 
present invention provides improved dynamic response in 
the ?eld Weakening range and maintains torque linearity 
While ?eld Weakening. The ?eld Weakening approach is 
insensitive to variations in DC link voltage and operates in 
both loW and high back EMF type machines. 

[0046] Those skilled in the art can noW appreciate from 
the foregoing description that the broad teachings of the 
present invention can be implemented in a variety of forms. 
Therefore, While this invention has been described in con 
nection With particular eXamples thereof, the true scope of 
the invention should not be so limited since other modi? 
cations Will become apparent to the skilled practitioner upon 
a study of the draWings, speci?cation, and the folloWing 
claims. 
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What is claimed is: 
1. A ?uX Weakening module for a permanent magnet 

electric machine, comprising: 

a voltage magnitude calculator that receives d-aXis and 
q-aXis command voltages and that generates a stator 
voltage magnitude; 

an error circuit that compares said voltage magnitude to a 
reference voltage and generates an error signal; 

a controller that receives said error signal and that gen 
erates a feedback ?uX correction signal; 

a limiter that limits said feedback ?uX correction signal to 
a predetermined ?uX value and that generates a limited 
feedback ?uX correction signal; 

a feedforWard stator ?uX generating circuit that generates 
a feedforWard stator ?uX; and 

a summing circuit that sums said feedforWard stator ?uX 
and said limited feedback ?uX correction signal to 
generate a calculated ?nal stator ?uX command. 

2. The ?uX Weakening module of claim 1 further com 
prising a limiter that limits said calculated ?nal stator ?uX 
command. 

3. The ?uX Weakening module of claim 1 Wherein said 
controller is an anti Wind-up proportional integral controller. 

4. The ?uX Weakening module of claim 1 Wherein said 
feedforWard stator ?uX generating circuit generates said 
feedforWard stator ?uX command based on said reference 
voltage and an angular velocity of a rotor of said PM electric 
machine. 

5. Acontrol system for a permanent magnet (PM) electric 
machine including a rotor, comprising: 

a voltage command module that receives a desired torque 
command, a DC link voltage, an angular velocity of a 
rotor of said PM electric machine, a calculated ?nal 
stator ?uX, and a rotor position, that generates d-aXis 
and q-aXis command voltages, and that vector rotates 
said d-aXis and q-aXis command voltages using said 
angular position of the rotor to generate ?rst and second 
stationary voltage commands; 

a ?eld Weakening module that receives said d-aXis and 
q-aXis command voltages and that generates a feedback 
stator ?uX correction; and 

a pulse Width modulated (PWM) inverter that receives 
said ?rst and second stationary voltage commands and 
that generates phase voltage signals for said PM elec 
tric machine. 

6. The control system of claim 5 Wherein said voltage 
command module includes a torque limiter that limits said 
desired torque command betWeen upper and loWer limits 
and that generates a modi?ed desired torque command. 

7. The control system of claim 6 Wherein said voltage 
command module includes: 

a d-aXis current module that generates a d-aXis current 
command signal based on said calculated ?nal stator 
?uX and said modi?ed desired torque command; and 

a q-aXis current module that generates a q-aXis current 
command signal based on said calculated ?nal stator 
?uX and said modi?ed desired torque command. 

8. The control system of claim 7 Wherein at least one of 
said d-aXis current module and said q-aXis current module is 
a lookup table. 
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9. The control system of claim 7 wherein said voltage 
command module further includes: 

a synchronous current regulator that receives said d-aXis 
and q-aXis current command signals and that generates 
said d-aXis and q-aXis voltage command signals. 

10. The control system of claim 9 Wherein said voltage 
command module includes a synchronous to stationary 
module that receives said d-aXis and q-aXis command volt 
ages and said rotor position and that generates said ?rst and 
second stationary voltage commands. 

11. The control system of claim 5 further comprising a 
rotor position transducer that measures said rotor position 
and that generates a rotor position signal. 

12. The control system of claim 5 further comprising a 
rotor position estimator that estimates said rotor position and 
that generates a rotor position signal. 

13. The control system of claim 5 Wherein said ?uX 
Weakening module includes: 

a voltage magnitude calculator that receives said d-aXis 
and q-aXis command voltages and that generates a 
voltage magnitude; 

an error circuit that compares said voltage magnitude to a 
reference voltage and generates an error signal; 
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a controller that receives said error signal and that gen 
erates a feedback ?uX correction signal; 

a limiter that limits said feedback ?uX correction signal to 
a predetermined ?uX value and that generates a limited 
feedback ?uX correction signal; 

a feedforWard stator ?uX generating circuit that generates 
a feedforWard stator ?uX signal; 

a summing circuit that sums said required feedforWard 
stator ?uX and said limited feedback ?uX correction 
signal to generate a ?nal stator ?uX command. 

14. The control system of claim 14 further comprising a 
limiter that limits said ?nal stator ?uX command. 

15. The control system of claim 14 Wherein said controller 
is an anti Wind-up proportional integral controller. 

16. The ?uX Weakening module of claim 14 Wherein said 
feedforWard stator ?uX generating circuit generates said 
feedforWard stator ?uX command based on said reference 
voltage and an angular velocity of a rotor of said PM electric 
machine. 


