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Abstract—Permanent magnet synchronous machines (PMSMs)
are the most popular motors being used as traction motors in the
electric drive-train due to their high torque-per-ampere charac-
teristics and potential for wide flux-weakening operation to ex-
tend the constant power range. This paper classifies and over-
views the state-of-the-art flux-weakening control strategies for
PMSMs. The advantages and disadvantages of each approach are
discussed. The benefits of this research work are to lay down a
foundation for future improvements, and help researchers choose
the appropriate flux-weakening control algorithm for traction ap-
plication.

I. INTRODUCTION

With an increasing consumer expectation for improved elec-
tric vehicle (EV) performance, auto manufacturers are recogniz-
ing that the design of next generation electric propulsion sys-
tems will heavily rely on the development of high performance
motor drives specific to electric vehicle application. Due to the
use of high-energy permanent magnets as the field excitation
mechanism, permanent magnet synchronous motor (PMSM)
drives can be potentially designed with high power density,
high speed, and high operation efficiency, which make them the
primary choice of leading automakers such as Nissan.

PMSMs are classified according to the position and shape of
the permanent magnets in the rotors. Three common groups are
known as: surface, inset, and interior or buried PMSM as shown
in Fig. 1. The surface-mounted and inset rotor PMSMs are often
collectively called the surface-mounted PMSMs where the per-
manent magnets are exposed to the air gap [1]. The interior
PMSM (IPMSM) has its magnets buried inside the rotor with a
higher capability for flux-weakening due to the fact that the g-
axis inductance can be much higher than the d-axis inductance.

One of the primary limiting features of PMSM drives is the
limited excitation control. The internal EMF of the motor rises
in proportion to the motor speed. Such behavior is desirable in
the so-called constant torque range, since it is consistent with
the constant volts-per-hertz control, which is normally used dur-
ing this mode of operation. However, when the speed continues
to rise, the voltage limit of the associated frequency converter is
reached. The motor is then said to enter the flux-weakening op-
eration. The internal voltage must now be adjusted to be com-
patible with the applied converter voltage which increases as
speed increases. As a result, the motor power factor becomes
leading and the current to be commutated by the inverter con-
tinues to increase as speed increases. However, the voltage is li-
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Fig. 1. Permanent magnet synchronous machines. (a) Surface-mounted. (b) In-
set. (c) Interior [2].

mited by the rating of the converter and the current is also li-
mited by the rating of the machine. To achieve an extended
constant power range for traction application, to eliminate the
use of multiple gear ratios, and to reduce the power inverter
volt-ampere rating, flux-weakening operation is one of the most
applicable solutions.

There are primarily two approaches for implementing flux-
weakening of PMSMs. One method is to improve the magnetic
design of the motor, while the other is to use sophisticated elec-
tronic control techniques. The machine designers are able to
improve the flux-weakening capability by changing the motor
structures or excitation method like in [3]-[8]. [3] used annular
iron mounted on the surface of the magnets and eight flux barri-
ers to alter the path of flux to reduce the flux from the PM
linked by the armature winding. A hybrid excitation was ap-
plied in [8] to combine the permanent magnet excitation with
wound field excitation to improve the flux-weakening capability
of the machines. While the flux-weakening capability of an IPM
motor drive depends on the machine design, the proper control
strategy is needed to obtain the maximum output torque given
the inverter rating [9]. The electronic control approach is gener-
ally based on the control of the stator current components: d-
and g-axis currents, to counter the fixed-amplitude magnetic air-
gap flux generated by the rotor magnets which performs a role
similar to the field weakening in a separately excited dc motor.

This paper classifies and overviews the main proposed elec-
tronic control approaches to apply flux-weakening operation on
the PMSMs. The advantages and disadvantages of each method
are explained. So far, based on the method to acquire the de-
magnetization current, the control algorithms dealing with the
problem have been divided into four categories: feed-back,



feed-forward, hybrid and non-linear control theory based flux-
weakening technologies. In section II, some basics of flux-
weakening techniques will be discussed. Four different classes
of control strategies such as feed-back, feed-forward, hybrid
and non-linear control theory based approaches will be dis-
cussed in section I1I.

II. BASICS FOR FLUX-WEAKENING OPERATION

A. PMSM Model

The following mathematical model of PMSMs and all vari-
ables are in normalized units and established in the d-g rotor
reference frame. The stator voltage equations in the rotor refer-
ence frame are given as follows:
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where,

vgand v, :normalized d- and g-axis terminal voltages
igand i, :normalized d- and g-axis armature currents
R, : normalized stator resistance
Lsand L, : normalized d- and g-axis stator inductances
® : electrical angular velocity in per-unit
A : permanent magnet flux linkage
p : derivative operator

For motor drives, the maximum current and voltage must be
limited within the system limits. Considering both motor and
inverter ratings, they can be expressed as follows:
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where I, and V. are the normalized maximum current of
PMSM and maximum DC-link voltage, respectively. The volt-
age and current limits affect the maximum-speed-with-rated-
torque capability and the maximum torque-producing capabil-
ity of the motor drive system, respectively. For the application
like electric vehicle drive-train, it is desirable for the motor
drive to possess a wide constant-power operating region by
means of flux weakening.
B. Flux-weakening Operation

Based on equations (1) to (3), the steady-state voltage con-
straints can be rewritten as follows:
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The electromagnetic torque 7, can be noted as follows:
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where P is the number of poles and K is the flux linkage con-
stant. The rotor speed of the motor can be expressed as:

do 1
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where 7; is the external load torque and B is the viscous fric-
tional coefficient of the motor and load.
Equation (4) shows that the voltage limit constraint defines
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Fig. 2 Diagram showing the maximum torque flux-weakening trajectory.

an ellipse, whose size is inversely proportional to speed. The
centre of the ellipse is termed as the infinite-speed operating
point where the operating point must converge towards at high
speed. A given operating point will not exceed the voltage or
current limit constraints if it lies within the intersection of the
voltage limit ellipse and the current limit circle, or inside the
current limit circle and the voltage limit ellipse.

However, to achieve maximum torque in the flux-weakened
region, the machine must be operated in both voltage and cur-
rent limited modes simultaneously [10], which can be deter-
mined by using the circle diagram [10]-[13] as shown in Fig. 2.
Based on the operation condition, the two flux-weakening oper-
ating modes can be divided into:

Mode I: Current and voltage limited region. As the speed
goes up or the DC-link voltage drops, the voltage ellipse
shrinks, and the motor drive is running in current and voltage
limited region, where the drive is operated with rated current
and rated terminal voltage along line AB, i.e. at the intersection
of the voltage and current-limit curves.

Mode II: Voltage limited region. As the speed increases fur-
ther, the drive operates to give maximum torque with limited
voltage along line BC, i.e. from the point where the torque
hyperbolas are tangent to the voltage limit ellipse to the center
of the ellipse.

For the flux-weakening control, the motor is excited within
the current and voltage limits. To obtain the excitation currents,
various control algorithms have been investigated.

IITI. CONTROLS BASED FLUX-WEAKENING

PMSMs can operate in a wide constant power operating re-
gion for traction application by means of flux-weakening [14],
and both d- and g-axis armature currents have to be varied ac-
cording to the speed and torque requirements. Based on the
ways to acquire the d- and g-axis armature currents, the flux-
weakening control methods can be classified into four catego-
ries: feed-forward, feed-back, hybrid technique and non-linear
control theory based strategy.

A. Feed-forward Technique

Feed-forward solutions presented in [15]—[22] employ ana-

lytically or experimentally evaluated control characteristics,



which are computed to exploit the maximum motor perform-
ance in the assumed feeding voltage and current limits. The g-
axis current command is determined from the torque command
or the d-axis current, while the demagnetizing d-axis current is
obtained from flux-weakening characteristics as a function of
the operating speed.

In [15], a feed-forward flux-weakening control algorithm is
proposed as shown in Fig. 3. For the flux-weakening operation,
the V.. and I, are considered to be constant which can be ob-
tained from the inverter operation. When neglecting the resis-
tance voltage drop, the motor d-axis stator current request at ro-
tor speed ® can be derived as:
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The maximum torque 7,, can be calculated by using (5),
which is then compared with the torque command T,. gener-
ated from speed error in the drive system. The final torque re-
quest 7," used to calculate the g-axis current is then determined
by the following logic to enable maximum torque production
per unit current:

T,)T,z then T, =T,
T,.(T,r,then T, =T,.

Then the g-axis current is adjusted by using:

" T,
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Feed-forward methods generally have good stability and
transient responses, but they are strongly dependent on the mo-
tor parameters and the accuracy of the motor model. Parameter
variation of the machine associated with either temperature,
changing of the material characteristics with the time, and satu-
ration effects will affect the performance of the controller, or
even deteriorate the controller response.

B. Feed-back Technique

In feed-back approaches [23]—[31], on the other hand, the
motor voltage and/or speed are measured and the demagnetiz-
ing current (d-axis component of the current) is adjusted in or-
der to track the voltage limit at increasing speed. The demag-
netizing current vector can be adjusted by tracking the voltage
error [28] or the speed error [29].

To achieve minimum copper-loss operation, [29] proposed a
voltage constraint tracking based flux weakening control
method to adjust the demagnetization current based on the lo-
cation of the voltage vector. As shown in Fig. 4, by using the
output u* from the speed controller as the initial value for the
g-axis current, if the required voltage vector is not reaching the
maximum DC-link voltage, the d-axis current can be
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Fig. 4. Block diagram of one feed-back control technique.

Or else it could be

t
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where K, and K, are positive integration constants.
If the i, (¢) is within the current limit, then
iy (1) = sign(u¥) Xy Iy =g (1) (12)

where u* is the output of the PI speed controller.

The aforementioned methods are robust to the variation of
the motor parameters, resulting in no steady-state error. And
since these methods utilize the DC-link voltage more effi-
ciently, the motor drive using these methods usually has higher
power efficiency than the conventional anti-windup or flux-
weakening control methods under the same voltage and current
limitation. However, the transient performance of closed-loop
voltage controllers is usually not good enough and the gain
setup of the regulators is difficult, owing to the operation in the
proximity of the voltage saturation region [8].

C. Hybrid Technique

Hybrid techniques [32]-[37] have also been proposed in an
attempt to utilize the advantages of both the feed-back and
feed-forward solutions. The pre-computed d-axis current com-
mand for maximum torque per ampere (MTPA) is adjusted by
the optimization objectives, while the g-axis current command
is determined from the torque command and d-axis current
feed-back. The other way is that the feed-forward current refer-
ences determined from MTPA are modified through the feed-
back flux obtained from the output of the integrator in the cur-
rent controller.

The flowchart of Fig. 5 illustrates the online optimal flux-
weakening control principle of PM Brushless AC drives stated
in [32]. When the motor speed changed significantly, to im-
prove the dynamic response, the feed-forward control method
has been used. The control algorithm adjusts the stator d- and
g-axis currents based on the optimal current profiles for maxi-
mum power operation. When the motor returns to steady-state
operation, the previous d- and g-axis currents are used as initial
values, while the DC-link current, g-axis current error and the



motor speed are used as optimization objectives to optimize the
flux-weakening control online. When the g-axis current error is
less than the appropriate value, or there is an increase in the
motor speed, or the DC-link current is increased, the tuning of
Ai, will ensure the achievement of maximum inherent power
capability and hence improvement of the motor efficiency, and
the tuning of Ai, will continue at the same direction. Otherwise,
the polarity of Ai, has to be changed.

In the hybrid technique proposed in [36] as shown in Fig. 6,
to obtain quasi-six-step operation, the feed-forward path con-
sists of 1-D look-up table to generate the base flux |A|gasp of
the constant torque region for the MTPA operation with the
commanded torque 7,". When the motor is running in the flux-
weakening region, the IPMSM can be operated by decreasing
the flux from the |A|pasp at a quantity of AA which is deter-
mined by the feed-back path.

The feed-back loop is used to obtain AA based on the differ-
ence between the reference voltage updated by current regula-
tor and the output voltage limited by the overmodulation. There
are two low-pass filters (LPFs) in this path to smooth out the
ripples of the voltage difference, one is used for d-axis voltage
and the other one is for g-axis voltage. The filtered voltage dif-
ferences e, and ¢, are used to calculate the feed-back AA by
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where K, is a gain which can be designed as
Opgse <Ky S 0ppx

where mp,4sg 1s the base electrical angular speed of the IPMSM,
and the m,,y is the maximum speed of the machine. The higher
K, would result in more torque for a poorer transient response,
which should be carefully chosen according to the request from
different applications.

The demanded flux [A|* to excite the motor in flux-
weakening region is then adjusted by
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Fig. 5. Flowchart of online optimal control strategy.

To take the magnetic saturation and the parameter uncertain-
ties into consideration, the 2-D look-up tables are then used to
generate the current references i/ and iq’* by taking the torque
reference and the demanded flux [A|" as two input data.

When the motor is working in the flux-weakening region,
the necessary voltage to excite the motor due to the high back-
EMF forces the inverter to go into overmodulation, and the
current regulator has to work in saturation, overmodulation
module has to be used to ensure the inverter working under
voltage limitation.

The hybrid control techniques usually use look-up tables to
obtain the excitation current commands for MTPA, and then
use feed-back technique to adjust the current commands for
flux-weakening operation, which is very robust to the variation
of the motor parameter and model uncertainty. However, in or-
der to acquire the look-up tables, extensive experiments have to
be conducted. Due to the step-by-step tuning of the excitation
currents, sometimes, the transient response can be slow.

D. Non-linear Control Theory Based Technique

[38]-[41] applied non-linear control theory to the flux-
weakening control of the IPMSM which is different from the
previously discussed method. By using the control theory,
speed and current controllers are combined together instead of
keeping the conventional cascade structure, and the system pa-
rameters and controller parameters are tuned on-line.

Based on the motor model including the various machine pa-
rameters, an adaptive back-stepping speed controller is pro-
posed in [38]. To achieve the speed control tracking, the d- and
g-axis currents can be calculated as [42],
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where K is a positive coefficient, and a is an adjustable pa-
rameter with a negative value that will be calculated in each
sampling interval.

Considering that the inertia J and load torque 7; can be var-
ied abruptly by the external load, to tune J and 7} on-line, i,
and i, can be:

7 (16)
J=w +Bwo+7T; +Kse<
dt

*

: IGCI%+C2(D+C3 +Kge (17)

La

do
c——+tcptey+Kge
* dt (18)

*

i=
q
dm
3, P+ ¥, Ly -1, )%c1 o ter0re; 1K

where ¢y, ¢;, and c; will be adjusted on-line, and the speed error
is defined as:

(19)

e=w —o.
The Lyapunov function can be defined:
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Fig. 6. Hybrid flux-weakening method of IPMSM.

1

V= EJez (20)

where J is the inertia coefficient of the motor and load. To con-
sider the influence of the tuned-parameter error, and assuming
that the variations of the inertia, viscosity and load are very
slow, the differentiation of 7 can be written as:

iV=(J—cl) eim* —Licl +(B—-c,)
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Finally, to achieve d%t=0’ the parameter adaption laws

can be set as follows:
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From the equations [17]—[18], [22]—[25], we can see that
the algorithm of the adaptive controller is iterative in nature.
The parameter o calculated in the previous sampling interval is
used to compute i;* and i,* of the current sampling interval,
and then, i;/* and i,* in the current sampling time interval are
used to compute o for the next sampling interval.

The control theory based technique simplifies the controller
structure, and is also robust to the variation of the motor pa-
rameters. However, the computational complexity is higher
than the control algorithms in the other three categories.

IV. CONCLUSION

The flux-weakening operation of PMSM is vital in widening
the constant power range for vehicle traction application,
which can be handled from both design and control points of
view. Various control algorithms have been investigated in the
literature, however, every control algorithms have their own
advantages and disadvantages. In order to compare these me-
thods, robustness, computational complexity and dynamic re-

sponse have been used. The findings of this research work can
be summarized as follows:

(1). Robustness to parameter variation and model uncer-
tainty: Since the derivation of the feed-forward me-
thods is based on the parameters and model of the mo-
tor, any parameter variation or inaccuracy in the mo-
tor model would definitely affect the performance of
the controller. On the other hand, the other three me-
thods that apply on-line tuning to the excitation cur-
rents are inherently robust to such uncertainties.

(2). Computational complexity: The computational burden
of control theory based methods is more substantial in
comparison with the other methods; however, with the
improvement in the micro-controller, more robust and
predictive control theory can be investigated.
Dynamics response: If fast response is required for
some application, feed-forward controllers would be
superior over the other three approaches. To compen-
sate the parameter and model uncertainty, experimen-
tally obtained flux-weakening characteristics can be
employed by using look-up tables.

3).
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