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Abstract—A flux-weakening control algorithm with an improved
stator flux linkage command’s adjustment part of interior perma-
nent magnet synchronous motors is proposed in this paper. The
current commands are derived from lookup tables, which consider
variation of motor parameters. The merits of this algorithm are the
maximization of torque and high torque stability. Experimental re-
sults are demonstrated to verify the effectiveness of the proposed
algorithm.

Index Terms—Flux-weakening, interior permanent magnet
synchronous motors (IPMSMs), lookup table (LUT), torque
feedforward.

NOMENCLATURE

∗ Superscript of command values.
ud, uq d–q components of stator voltages.
id , iq d–q components of stator currents.
Ld, Lq d–q components of stator selfinductance.
Rs Stator resistance.
ωe Electrical rotor speed.
λf Permanent-magnet flux linkage.
λd d-axis stator flux linkage.
λq q-axis stator flux linkage.
λs Stator flux linkage.
Te Electromagnetic torque.
P Pole numbers.
Is max Magnitude of maximum phase current.
Vs Magnitude of stator phase voltage.
Vdc DC-link voltage of inverter.

I. INTRODUCTION

INTERIOR permanent magnet synchronous motors
(IPMSMs) have many merits such as high efficiency and

power density [1], [2]. When operating speed goes beyond
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the rated speed, flux-weakening control is essential to prevent
voltage saturation. However, the parameters of IPMSM are
quite nonlinear in a flux-weakening region due to magnetic
field saturation and cross-coupling effect [3]. In addition, the
limitation of dc-link voltage in the flux-weakening region
can cause saturation of current regulators. To solve these
problems, many control algorithms are proposed, which can be
categorized to feedback, feedforward, and mixed.

Feedback-based flux weakening control uses stator current
or voltage as feedback signals to compensate d-axis current
and modify q-axis current. This kind of algorithm is robust
and not dependent on motor parameters, but the transient per-
formance is not excellent. Using current errors as feedback
signal is first proposed, including d-axis current error [4] and
q-axis current error [5], and the hysteresis current regulator is
used in these papers. Nowadays, using voltage errors as feed-
back signal is more popular. In [6], the difference of q-axis
voltage before and after overmodulation is used as feedback to
compensate d-axis current commands. However, more general
methods are using both d-axis and q-axis voltage commands as
feedback [7], [8]. They are more effective to prevent voltage sat-
uration. Similar to voltage feedback, switching times of inverter
pulsewidth modulation are used as feedback signals in [9]. In
order to improve the transient performance, voltage error is used
as compensation to widen voltage margin in [8] and [10]. An-
other limitation of feedback-based flux weakening control is that
it cannot find out the optimal current operating points, which
are the intersections of voltage limit ellipse and constant torque
curve, to achieve maximum efficiency. To solve this problem,
d-axis current command is modified using an integral regulator
[11] or an adjustable increment, which takes dc-link current,
q-axis current error, and speed as optimization objectives [12].
In addition, a single current regulator is proposed to prevent two
current regulators from conflicting with each other in the flux-
weakening region [13]–[16]. Only d-axis voltage command is
derived from proportional-integral (PI) regulator and q-axis volt-
age command changes according to d-axis voltage command.

Feedforward-based flux weakening control always uses
torque instead of speed as command. This leads to better tran-
sient performance but also highly depends on motor parameters,
which can be overcome by utilizing a lookup table (LUT) or fit-
ted curve to store nonlinear parameters. Some methods calculate
current commands online through motor mathematical equa-
tions. It is time-consuming work because current limit equation,

See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

https://orcid.org/0000-0002-3536-5267
https://orcid.org/0000-0001-5185-9040
https://orcid.org/0000-0002-2538-1669
https://orcid.org/0000-0003-2465-647X
https://orcid.org/0000-0002-8411-8131
https://orcid.org/0000-0002-5248-9122
mailto:chenyuzheng@zju.edu.cn
mailto:xiaoyanhuang@zju.edu.cn
mailto:xiaoyanhuang@zju.edu.cn
mailto:3100100810@zju.edu.cn
mailto:niu.feng.hebut@gmail.com
mailto:jian_zhang_zju@zju.edu.cn
mailto:youtong@zju.edu.cn
mailto:ljw@zju.edu.cn


CHEN et al.: IMPROVED FLUX-WEAKENING CONTROL OF IPMSMS BASED ON TORQUE FEEDFORWARD TECHNIQUE 10971

voltage limit equation, and torque equation are quadratic and
the analytical solutions of their intersections are difficult to ob-
tain. A feasible solution is only using voltage limit equation to
calculate q-axis current commands. As a tradeoff, d-axis current
command is derived from a PI regulator [17]. On the contrary,
another feasible solution obtains q-axis current command from
a PI regulator and uses analytical equation of maximum torque
per voltage (MPTV) to calculate d-axis current command [18],
[19]. With the rapid development of microprocessors, complex
online mathematical computation is achievable. In [20] and [21],
iterative method is used to calculate the numerical solution of
quartic equation online, which is the optimal current operat-
ing point in the flux-weakening region. To overcome parameter
nonlinearity, d-axis and q-axis inductances are obtained from
LUTs.

In addition to the online calculation, another alternative
method is using LUTs to store all the current commands in
the flux-weakening region. Several papers have researched on
how to construct current LUTs [22]–[24]. In [22], the finite ele-
ment results are used to construct LUT. Its drawback is that the
structure of stator and rotor must be obtained. On the contrary,
the method proposed in [23] uses measured voltages, currents,
and speed to construct LUTs. In addition, maximum torque per
ampere (MTPA) and MTPV lines based on measured data are
used as LUTs’ boundaries. The choosing criteria of optimal cur-
rent operating point is proposed as well. In [24], a replacement
method of invalid table elements is introduced in detail.

There are two kinds of LUTs in previous papers. One uses
torque command T ∗

e and rotor speed ωe as LUT’s searching
indexes [23], [25]–[27], the other uses torque command T ∗

e and
stator flux linkage command λ∗

s [28]–[32]. In [27], minimum
currents under different speed and torque conditions are ob-
tained through convex optimization to construct T ∗

e − ωe LUT.
However, in [23], the maximum speed and torque at every op-
erating point are calculated through motor equations. The two
methods have the same drawback that the maximum voltage
vector is fixed. However, the dc voltage will change with dc
current if it is provided by a diode rectifier. Therefore, the as-
sumption of unchanged maximum voltage vector is not feasible.

As another kind of LUT, T ∗
e − λ∗

s LUT attracts more research
attention. Although λ∗

s cannot be measured directly like ωe , it
can reflect the saturation of voltage more accurately. In [29] and
[30], λ∗

s consists of two parts. One is proportional to Vdc/ωe

as main λ∗
s , the other, as compensation of λ∗

s , comes from a
PI regulator whose input is the error between modulation index
(MI) and MI reference. The estimated torque is used as feedback
to achieve more precise torque control. However, the MI refer-
ence is set to an unchanged value, which limits the maximum
utilization of dc-link voltage. In [28] and [31], the difference
between reference voltages before and after overmodulation is
used and low-pass filters are added to avoid saturation of current
regulator. However, this proposed algorithm does not have the
feedback of dc-link voltage, which cannot cope with the fluc-
tuation of dc voltage. In [32], only i∗q is obtained from LUT,
and i∗d is adjusted using a PI regulator whose input is the dif-
ference between composite voltage command and its maximum
reference. In fact, all methods based on T ∗

e − λ∗
s LUT are actu-

ally a mix of feedback and feedforward. They have the merit of

robustness owed by feedback control as well as the merit of fast
transient performance owed by feedforward control. Because
of the superiority of T ∗

e − λ∗
s LUT, it is used for the proposed

flux-weakening algorithm in this paper.
In this paper, an improved flux-weakening control algorithm

of IPMSMs based on torque feedforward technique is proposed
to generate large and stable torque in the flux-weakening region.
The T ∗

e − λ∗
s LUT is adopted because of its superiority and the

adaptive adjustment algorithm of λ∗
s is the innovation point of

this paper, which can maximizes the output torque as well as
the utilization of dc voltage. This paper is organized as fol-
lows. In Section II, the mathematical model of IPMSM and the
structure of torque feedforward control system is introduced.
In Section III, the principle and structure of stator flux link-
age adjustment is proposed. In Section IV, the LUTs construc-
tion, current regulators, and voltage overmodulation are intro-
duced. Finally, simulation and experimental results are shown in
Sections V and VI, respectively.

II. IPMSM MODEL AND CONTROL SYSTEM STRUCTURE

A. IPMSM Model and Operating Boundaries

In a rotor reference frame, the mathematical model of IPMSM
can be described as the following equations [29], [30], [33], and
[34].

Steady-state voltage equations

ud = Rsid − ωeλq (1)

uq = Rsiq + ωeλd . (2)

Steady-state stator flux linkage equations

λd = Ldid + λf (3)

λq = Lq iq (4)

λs =
√

λ2
d + λ2

q . (5)

Torque equation

Te =
3
2

P

2
[λf iq+ (Ld − Lq ) idiq ] . (6)

MTPA

id =
λf

2 (Ld − Lq )
−
√

λf
2

4(Ld − Lq )
2 + iq

2 . (7)

Current limitation equation

id
2+iq

2=I2
s max . (8)

Stator flux linkage equation

λs =
Vs

ωe
=
√

(Lq iq )
2 + (Ldid + λf )2 . (9)

In a constant torque region, current operating points are lo-
cated on MTPA curve for minimizing the copper loss. In the flux-
weakening region, because of the limitation of dc-link voltage,
the magnitude of id has to increase. The larger increase of id will
lead to higher copper loss. However, if id does not increase large
enough, the output of current regulator will saturate, aggravat-
ing torque fluctuation. Therefore, there is a tradeoff between the
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Fig. 1. Torque feedforward control system.

Fig. 2. Proposed stator flux linkage commands adjustment algorithm.

motor efficiency and the torque stability in the flux-weakening
region.

B. Torque Feedforward Control System Structure

The whole flux-weakening control system is shown in Fig. 1,
which contains four main control blocks: stator flux linkage
adjustment, LUTs, PI current regulator, and space vector pulse-
width modulation (SVPWM). The stator flux linkage adjust-
ment block introduces a dynamic adjustable flux linkage coeffi-
cient Kλ, which adjusts stator flux linkage according to several
variables like MI, torque commands, rotor speed, and dc-link
voltage. LUTs block searches T ∗

e − λ∗
s LUT for current com-

mands. PI current regulator uses typical PI regulator with back
electromotive force (EMF) decouple and antiwindup. SVPWM
block contains overmodulation algorithm, achieving a smooth
transition from SVPWM to a six-step mode.

III. STATOR FLUX LINKAGE COMMANDS

ADJUSTMENT ALGORITHM

The proposed stator flux linkage commands adjustment algo-
rithm, illustrated in Fig. 2, plays a very important role because it
generates the stator flux linkage commands, which is one of the
inputs of LUT. Compared with the conventional algorithm [28],
[29], whose flux linkage commands are the sum of two parts
(main flux linkage and compensate flux linkage), the proposed
algorithm multiplies the maximum flux linkage by a change-
able coefficient (Kλ), which will be changed automatically to
generate potentially maximum torque without losing control of
the current regulator. The maximum flux linkage is shown in

Fig. 3. Operating points of d-, q-axis currents in the flux-weakening region.

(10), and the numerator of it represents the fundamental wave
magnitude of six-step voltage, which is the maximum of inverter
output

λs max =
2
π Vdc

ωe
. (10)

For an IPMSM with finite constant power speed ratio [8],
[9], the flux-weakening region is divided into two parts: con-
stant torque part like “AB” and current limitation circle part
like “BC” are shown in Fig. 3. If the coefficient (Kλ) in Fig. 2
is set to the maximum value 1, the corresponding stator flux
linkage ellipse is like line “a.” Although the intersection “D”
can produce larger torque than that point “B” can produce,
point “D” is unreachable because of the resistance voltage drop
and inverter-distorted voltage. If the current regulator utilizes
the current commands on point “D,” it will cause the satura-
tion of current regulator and lead to the unstability of the out-
put torque. Traditionally, in order to obtain the stable output
torque, a sacrificed flux linkage like line “c” is practically used,
which leads to the maximum torque operating point located at
point “E.”

In this paper, a changeable Kλ is utilized to adjust stator flux
linkage command, aiming at producing the largest and stable
output torque. According to the proposed algorithm in Fig. 2, an
initial coefficient Kλ0 will increase to an optimal value through
an integral regulator, which means the corresponding stator flux
linkage ellipse will expand from line “c” to line “b,” and the
point of maximum torque changes from point “E” to point “B.”
So, compared with the points “D” and “E,” point “B” is the
optimal selection.

The block I in Fig. 2 is a polynomial-fit function between
λs and Te , which can calculate the minimum λs for a specific
torque command. Because the intersection point of constant
torque curve and current limitation circle has the minimum stator
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Fig. 4. Simplified proposed stator flux linkage commands adjustment
algorithm.

flux linkage for each torque command, λs is calculated using
stator flux linkage (9) and Te is measured by torque sensor at
every current operating point on current limitation circle. The
operation procedure of proposed stator flux linkage commands
adjustment algorithm in Fig. 2 is depicted as follows.

1) Find the minimum stator flux linkage λs min through block
I. The λs min represents the minimum stator flux linkage
this motor can achieve under the specific torque command.

2) Compare λs min with stator flux linkage command λ∗
s . If

λ∗
s > λs min , block II outputs zero to the integral regulator

(block V), leading to Kλ = Kλ0 . If λ∗
s < λs min , integral

regulator begins to work and Kλ increases.
3) When rotor speed increases, the MI will increase too.

Once MI is larger than the upper limitation of hysteresis
comparator (block IV), the input of integral regulator is
switched to zero, keeping λ∗

s unchanged. The two limita-
tions of block IV are set to numbers near 1 such as 0.95
and 1.05, respectively. The expression of MI is (11)

MI =
Vs

2
π Vdc

. (11)

When λ∗
s and MI meet with (12), Fig. 2 can be simplified into

Fig. 4. In Fig. 4, λs min and λ∗
s are the input and output variables,

respectively. ki is the integral coefficient and λs max is a constant
coefficient. Kλ0 is regarded as a constant disturbance, which
should be eliminated here.{

λ∗
s < λs min

MI < MIlim
. (12)

We can derive (13) and (14) from Fig. 4. Substituting (13) to
(14), the transfer function of Fig. 4 is obtained as (15). Equation
(15) shows λ∗

s contains two parts: the first part is related to Kλ0 ,
and the second part is related to λs min . Because Kλ0 is designed
as an initial value of Kλ and it is useful only as (12) is not met, it
should be eliminated by the algorithm in Fig. 4. On the contrary,
λs min is a very important input that should be followed by λ∗

s

Kλ(s) = Kλ0 +
ki

s
(λ∗

s(s) − λs min(s)) (13)

λ∗
s(s) = λs maxKλ(s) (14)

λ∗
s(s) =

λs maxs

s − λs maxki
Kλ0 +

−λs maxki

s − λs maxki
λs min(s). (15)

In order to analyze the characteristic of the transfer function
(15), a step command is given to λs min as shown in (16). The
Laplace expression of this signal is like (17). Applying the final-
value theorem to (15), the result is shown like (18). This equation

illustrates that finally the first part will be pressed to zero and
the second part will approach to λ1 . Therefore, the steady λ∗

s in
whole range is shown in (19). In this equation, the stator flux
linkage adjustment algorithm can be regarded as a segmented
optimization method. λ∗

s has different values according to the
λs min and MI

λs min =

{
0 t = 0

λ1 t > 0
(16)

λs min(s) =
λ1

s
(17)

λ∗
s(t)|t→∞ = sλ∗

s(s)|s→0

=
λs maxs

2

s − λs maxki
Kλ0

∣∣∣∣
s→0

+
−λs maxki

s − λs maxki
λ1

∣∣∣∣
s→0

= λ1 (18)

λ∗
s =

⎧⎪⎨
⎪⎩

Kλ0λs max (λ∗
s > λs min and MI < MIlim)

λs min (λ∗
s < λs min and MI < MIlim )

hold (MI > MIlim)

. (19)

IV. CURRENT LUTS AND VOLTAGE OVERMODULATION

A. Current Commands LUTs

The current commands (i∗d , i
∗
q ) can be calculated from (6)

and (9) according to the specific electromagnetic torque com-
mands (T ∗

e ) and stator flux linkage commands (λ∗
s), using nu-

merical calculation methods. But these methods are not only
time-consuming but also sensitive to motor parameters. When
the flux linkage is saturated, d-axis and q-axis inductances and
permanent-magnet flux linkage will change significantly, which
increases the difficulty of deriving i∗d and i∗q from (6) and (9).
Exact measurements of Ld, Lq , and λf are difficult due to the
limited accuracy of testing equipment and the cross-coupling
effect of d-axis and q-axis inductances. Another way to obtain
the nonlinear motor parameters is using finite element analysis,
which is also time-consuming and the exact motor dimension is
needed.

The LUT is constructed based on measured results in this
paper. The load motor drives IPMSM at 600 r/min for two
reasons: one is that the speed must be lower than the rated speed
(700 r/min) to prevent saturation of output voltage, the other
is that the speed must be as high as possible to decrease the
influence of measurement error. D-axis and q-axis currents of
IPMSM are controlled to follow a series of testing points shown
as (20) [23], [35].

Stator flux linkage λs is calculated using (21), using mea-
sured rotor speed and voltage references. Equation (21) is based
on (1) and (2) but deletes the addendum of stator resistance.
It makes the λs more reasonable because the obtaining of λ∗

s

from the algorithm in Fig. 2 is also under the condition of ig-
noring resistance. The λs in LUT must be consistent with the
λs from the stator flux linkage adjustment algorithm. In fact,
the λs is a composite variable, which includes the actual sta-
tor flux linkage as well as the “flux linkage” converted from
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TABLE I
LUT STRUCTURE FOR PROPOSED METHOD

λs1 λs2 · · · λsn

T1 i∗d , i∗q i∗d , i∗q · · · i∗d , i∗q
T2 · · · · · · · · · · · ·
· · · · · · · · · · · · ·
· · · · · · · · · · · · ·
Tn · · · · · · · · · · · ·

Fig. 5. id as a function of λs and Te .

resistant voltage drop.
{

i∗d = −is sin θ

i∗q = is cos θ

(
θ = 10◦, 20◦, . . . , 90◦

is = 1A, 2A, . . . , 12A

)
(20)

λs =
√

λ2
d + λ2

q =

√(
uq

ωe

)2

+
(−ud

ωe

)2

=

√
u2

d + u2
q

ωe
. (21)

The LUT can be constructed easily using id and iq at each
testing point with corresponding calculated λs and measured Te .
The structure of LUT used in the control algorithm is shown as
Table I. Every row of LUT represents current commands with
same torque and every column represents current commands
with same stator flux linkage. Adjacent rows or columns have
the same intervals. Although some combinations of i∗d and i∗q in
Table I can be derived by linear interpolation of measured torque
and stator flux linkage, some combinations cannot be obtained
directly for the limitation of maximum torque and current as well
as minimum stator flux linkage. When the elements are located
outside the current limitation circle, current combination located
on the current limitation circle with the same torque value is
chosen as a replacement. Furthermore, current combinations
on the right-hand side of the MTPA curve are not the optimal
current commands, therefore, they are replaced by the current
combinations located on the MTPA curve.

After the essential expansion and modification of the original
LUT, the new LUT is finished and illustrated in Figs. 5 and
6. When the stator flux linkage command or torque command
are out of range, a limitation will be added to the commands.
Because the LUT data are finite, 2-D linear interpolation is

Fig. 6. iq as a function of λs and Te .

TABLE II
PARAMETERS OF IPMSM DRIVE SYSTEM

Variable name Value

Rated power 3 kW
Vdc 300 V
Number of poles 4
Stator resistance per phase 4.3 Ω
λf 0.836 Vs
Ld 62 mH
Lq 119 mH
Rated speed 700 r/min
Rated current peak 12 A
Carrier frequent 5 kHz

λ

Fig. 7. Simulation results of λ∗s for the proposed and traditional method.

utilized to calculate the i∗d and i∗q of a specific combination of
λ∗

s and T ∗
e [35].

B. Current Control and Overmodulation

Current regulator block uses the typical PI regulator with back
EMF decouple and antiwindup [10], [36], [37]. The decouple
part can improve the dynamic performance. The antiwindup
part, on the contrary, prevents output voltage of current regulator
from saturation. Because this part will weaken the function of
integral regulator as MI near 1, the switch-ON point of hysteresis
comparator in Fig. 2 is set a little larger than 1, which ensures
that six-step operation mode can be achieved.

When voltage command vectors increase from the linear re-
gion to the outside of voltage hexagon, a smooth voltage trans-
formation from PWM mode to six-step mode is achieved. The
overmodulation method in [33] and [34] is used in this paper.
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Fig. 8. Torque performances of proposed and traditional method.

Fig. 9. d- and q-axis current commands and simulated currents. (a) Proposed
method. (b) Traditional method.

OA

C

B

Fig. 10. Simulated id , iq current trajectories of the proposed and traditional
method.

The method proposed in [34] divides the overmodulation range
into two parts. In part I (0.9069 < MI < 0.9517), only mag-
nitude of voltage vector magnifies. However, in part II (0.9517
< MI < 1), both magnitude and angle of the original voltage
vector are changed. When MI is larger than 1, the output voltage
changes to six-step waveform.

Fig. 11. Experimental setup.

Fig. 12. Torque performances of proposed algorithm at different speeds.
(a) n = 690 r/min. (b) n = 900 r/min. (c) n = 1110 r/min. (d) n = 1200 r/min.

V. SIMULATION RESULTS

In the simulation, the IPMSM’s parameters are shown in
Table II and MATLAB/Simulink is used. The motor speed is
set at a constant speed of 900 r/min. Ramp torque command
increases from 0 to 30 N·m in 0–30 s and decreases from 30 to
0 N·m in 30–60 s. Simulations are carried out using two different
methods. For the first simulation, the λ∗

s is derived from the
proposed stator flux linkage commands adjustment algorithm
shown in Fig. 2. Kλ is equal to Kλ0 when the integral condition
is not satisfied. The value of Kλ0 is not important because Kλ

will increase to a suitable value with the help of integrator. The
second simulation adopts the traditional algorithm to calculate
λ∗

s using (10).
Fig. 7 shows the change of λ∗

s for the two methods. In the
traditional method, λ∗

s is equal to 1.01 Vs constantly because it
is calculated from (10), in which both Vdc and ωe are constant.
In the proposed method, λ∗

s is about 0.5 Vs at first but starts to
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Fig. 13. Current tracks of proposed algorithm under (a) 690, (b) 900, (c) 1110, and (d) 1200 r/min.

increase as T ∗
e reaches to 1.35 N·m. At this moment, λs min is

larger than λ∗
s , which leads to the operation of integrator and

the increase of Kλ. λ∗
s increases to 1.06 Vs and then holds

unchanged as T ∗
e is 23.1 N·m. At this moment, MI increases to

MIlim and the integrator stops.
The difference of λ∗

s for the two methods leads to different
torque performances as shown in Fig. 8. The proposed method
can generate larger torque than the traditional one, which owes
to the proposed stator flux linkage commands adjustment algo-
rithm. The proposed method adjusts the λ∗

s to an optimal value
which keeps a balance between preventing voltage saturation
and maximizing torque output. The simulated torque cannot
match well with the torque command during 15–25 N·m. This
is caused by the mismatch between the measure-based LUTs
and ideal motor model. Therefore, this torque error will not
appear in the experimental results.

Fig. 9 compares the simulated currents of the proposed
method and the traditional method. All of them can follow the
commands, and the obvious difference between the two meth-
ods is the d-axis current before 30 s. The proposed method has
much larger d-axis current magnitude before 30 s because the
λ∗

s is smaller than that in traditional method.

Plotting the simulated currents in the d–q coordinate like
Fig. 10 can reveal more difference between the proposed method
and the traditional method. The current trajectory of proposed
method is from A to B in 0–30 s and from B to O in 30–60 s. For
the traditional method, the current trajectory moves from O to C
in 0–30 s and moves back from C to O in 30–60 s. Points B and
C represent the currents of maximum torque for the proposed
and traditional method, respectively. Point B has larger iq than
point C, which means the proposed method has larger torque
output ability than the traditional one.

VI. EXPERIMENTAL RESULTS

The test rig is set up as shown in Fig. 11 to verify the ef-
fectiveness of proposed method, and the related parameters are
listed in Table II. The IPMSM is coupled with an induction mo-
tor (IM), which is controlled in the speed mode. The inverter is
controlled by dSPACE. The LUT illustrated in Figs. 5 and 6 is
used in the control algorithm.

In order to illustrate the performance of proposed control al-
gorithm, experiments are carried out under four different speeds:
690, 900, 1110, and 1200 r/min. The rotor of IPMSM is driven
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by the IM with a constant speed. A rising ramp of torque com-
mand from 0–30 N·m and a declining ramp from 30–0 N·m are
applied to the IPMSM. The torque performances at different
speeds are shown in Fig. 12. Te is measured by a torque sensor,
but it is only used for result observation instead of a feedback
signal in the control algorithm. When the speed is 690 r/min
which is near the rated speed, the torque can follow the torque
command during the whole period except a small error near
30 N·m. This is caused by the dc-link voltage drop. With the dc-
link current increase, the dc-link voltage provided by the diode
rectifier has an obvious drop from 310 to 270 V. Comparing
Fig. 12(a)–(d), the maximum torque decreases gradually with
the speed increase, but it is kept stable at its maximum value
without obvious fluctuation.

The current tracks in the d–q coordinate for the four condi-
tions above are shown in Fig. 13. First, all the four subfigures in
Fig. 13 show that actual currents can follow the references well
no matter what the speed is. Even when the speed is 1200 r/min
and all the currents are located in the flux-weakening region, the
measured current track still matches well with the references.
Second, an obvious shrinking trend of voltage ellipse can be seen
as the speed increases, which forces current tracks move from
MTPA curve to flux-weakening region. When the voltage el-
lipse has intersection with the MTPA curve [see Fig. 13(a)–(c)],
the current tracks are along the MTPA curve when the torque
command is small, which ensures the minimum copper loss.

VII. CONCLUSION

In this paper, an improved torque feedforward flux weakening
control method of IPMSMs is proposed. A current commands
LUT based on measured data is constructed, which makes the
control method independent from motor parameters. The sta-
tor flux linkage commands adjustment algorithm introduces an
autoscaling coefficient, maximizing the output torque and im-
proving torque stability in the flux-weakening field. Simulation
and experimental results prove the effectiveness of the proposed
algorithm.
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