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Abstract—Conventional model-predictive torque control
(MPTC) requires tedious and time-consuming tuning work for
stator flux weighting factor, and presents relatively high torque
ripples. To solve these problems, this paper proposes a model-
predictive flux control (MPFC) for two-level inverter-fed induction
motor (IM) drives. The references of stator flux magnitude and
torque in conventional MPTC are converted into an equivalent
reference of stator flux vector in the proposed MPFC. As only the
tracking error of stator flux vector is required in the cost function,
the use of weighting factor is eliminated. The optimal voltage
vector is selected based on the principle of stator flux error mini-
mization and its switching instant is optimized rather than being
in the beginning of each control period. The proposed MPFC with
and without switching instant optimization are both implemented
in a 32-bit floating digital signal processor, and they are compared
in detail in terms of torque ripple, current harmonics, and average
switching frequency. Both digital simulations and experimental
tests were carried out on a two-level inverter-fed IM drive, and the
obtained results validate the effectiveness of the proposed method.

Index Terms—Induction motor (IM) drives, model-predictive
flux control (MPFC), torque control, weighting factor.

I. INTRODUCTION

OR HIGH-PERFORMANCE control of induction motor
(IM) drives, field-oriented control (FOC) and direct torque
control (DTC) are two well-established methods [1]-[3]. In
FOC, the stator currents are decomposed into torque component
and flux component in synchronous frame, and they are regu-
lated separately using proportional-integral (PI) controllers. A
modulation block is subsequently utilized to generate the final
gating pulses. Good performance of torque and flux control can
be achieved, but it requires fine tuning work for the inner current
loops [4]. In DTC, a voltage vector is directly selected based on
a predefined switching table and two hysteresis comparators. It
features very quick dynamic response and simple structure, but
exhibits high steady-state torque ripple and variable switching
frequency [2], [3], [5].
Recently, model-predictive torque control (MPTC) has
gained increasing attention in both academic and industrial com-
munities due to its intuitive concept, high flexibility, and easy
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incorporation of constraints [6], [7]. The development of power-
ful and fast microprocessors makes MPTC areality in the control
of IM drives, and it has been considered as an effective alter-
native to conventional FOC and DTC [6], [8]-[12]. In MPTC,
the evolutions of torque and stator flux are predicted based on
system model, and they are evaluated to obtain optimal output
of the controller according to a predefined optimization crite-
rion [7]. A high-bandwidth explicit model-predictive controller
in [11] is developed, exhibiting high dynamic performance at
various operating points. In [12], a hysteresis-based MPTC is
investigated for the control of a three-level inverter-fed IM drive,
reducing the average switching frequency up to 50% compared
to that of standard DTC. To obtain accurate prediction of the
state variable, a precise discrete-time model with time-varying
components is developed in [6], and a cost function consists of
torque and stator flux error is evaluated to determine the optimal
voltage vector.

In spite of the intuitive concept and quick response featured
by MPTC, as the control variables of torque and stator flux
have different units and amplitudes, a proper weighting factor
for stator flux must be designed in order to achieve satisfac-
tory performance [6]-[9]. Unfortunately, currently, the tuning
of weighting factor is still an open problem, and mostly, it is de-
signed based on empirical procedures, which is time-consuming
and tedious. To cope with this problem, several methods have
been proposed, including multiobjective optimization based on
a ranking approach [8], optimizing weighting factor based on
minimization of torque ripple [9], fuzzy decision-making strat-
egy [13], etc. Although these schemes are effective in tackling
with the problem of weighting factor tuning, they are usually
complicated. In two-level inverter-fed IM drives, the control
problems are usually formulated only for two control variables,
namely torque and flux. Hence, it is possible to eliminate the
use of weighting factor by investigating the inherent relation-
ship between torque and stator flux, which should be simpler
than prior methods [8], [9], [13].

In conventional MPTC, only one voltage vector is selected
and it is not applied until the next control period due to the updat-
ing mechanism of modern microprocessors. The single-vector-
based MPTC poses some limitations on the achievable perfor-
mance. To obtain better steady-state performance, recently, the
concept of duty cycle control was introduced in MPTC by di-
viding the control period into two intervals: one for the nonzero
vector selected from MPTC and another for an appropriate zero
vector [9], [14]. This method produces two changes of voltage
vectors: one at the beginning of control period and the other at
the instant of applying zero vector, resulting significant increase
in the switching frequency. In fact, if we take the instant ap-
plying the selected voltage vector as an extra freedom, it is still

0885-8969 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.


http://www.ieee.org/publications_standards/publications/rights/index.html

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

possible to improve the steady state performance [15], but the
vector change at the beginning of control period can be abol-
ished, hence not increasing the average switching frequency too
much. As both torque and stator flux are used in the cost func-
tion, the method in [15] still suffers from the weighting factor
tuning for stator flux.

To eliminate the weighting factor in conventional MPTC, this
paper proposes a model-predictive flux control (MPFC) which
translates the references of torque and stator flux into an equiv-
alent new stator flux vector. As both components of this new
flux vector have the same unit, it is evident that the weight-
ing factor is no longer required; hence, the design procedure of
MPEC in real applications is much simpler than that of MPTC
[6]. Various methods have been proposed to achieve stator flux
tracking, such as [16], [17], where the flux error is compensated
in real time by modifying the precalculated switching instants of
the optimal synchronous pulse pattern. The methods in [16] and
[17] are very complicated and computational intensive, and they
are mainly developed for high-power drives operating at very
low switching frequency. In this paper, the proposed MPFC is
mainly developed for low and medium two-level IM drives with
relatively low control complexity. Two variants of MPFC are
investigated in this paper. In the first variant, only one voltage
vector is applied during one control period, while in the second
variant, the freedom of switching instant of the selected voltage
vector is employed to achieve better steady-state performance.
Different from the scheme proposed in [15], which optimizes
the switching instant and vector selection based on the principle
of torque ripple minimization and stills requires the weighing
factor for stator flux, the proposed MPFC tries to minimizing the
tracking error of stator flux vector. As the new stator flux refer-
ence is equivalently converted from both torque and stator flux
references, accurate and fast torque control can still be ensured
while eliminating the use of weighting factors. The effective-
ness of the proposed method is confirmed by experimental tests
carried out on two-level inverter-fed IM drives.

II. DYNAMIC MODEL OF IM

By choosing stator flux 2, and stator current ¢, as state
variables, the model of IM can be expressed in stationary frame

using complex vectors as [14], [18]
T = Ax + Bu (1)

) T ) )
where @ = [4, 1, | are state variables, u = u, is the stator
voltage vector, and

A= —A(RsLy + R. Ly) + jwr MR, — jLyw;) 2)
— Ry 0
B = {)‘fr] . 3)

Rs, R,., Ly, L,, and L,, are the stator resistance, rotor re-
sistance, stator inductance, rotor inductance, and mutual in-
ductance, respectively, w, 1is electrical rotor speed, and A =
1/(LL, — L),

The value of stator current and stator flux at the next control
instant can be predicted using (1). The most simple and popular
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Fig. 1. Control diagram of the conventional MPTC.

method to discretize (1) is the first-order Euler method. How-
ever, its accuracy is relatively limited [19]. To achieve higher
accuracy, the Cayley—Hamilton theorem is utilized in [6] to cal-
culate the matrix exponential, which is computational intensive
and complicated. In this paper, to achieve accurate prediction
of stator current and stator flux while not increasing the com-
putational burden too much, second-order Euler discretization
is selected to discretize (1), which is expressed as [14], [20]

{ml;+1 =zt + T, (Az" + But)
“)
, T 7
S a:’;“ + 5-A (alﬁ+1 — ")

k+1
v T

of state vector, and @**! =[5! 41 ] s predicted state

vector for stator current and stator flux.

The electromagnetic torque 7, can be predicted as

where Ty, is the control period, x is the predictor-corrector

3 , ,
TS = SNy el 5)

where N, is the number of pole pairs and ® represents the cross
product.

III. CONVENTIONAL MPTC

Based on the system model, the standard MPTC scheme pre-
dicts electromagnetic torque and stator flux for all feasible volt-
age vectors provided by an inverter, and then, the best one is
determined by minimizing a cost function, which consists of
torque and flux tracking error. The diagram of MPTC consid-
ering one-step delay compensation [6], [14] is shown in Fig. 1,
where an external PI speed controller is employed to generate
the torque reference.

A. State Estimation

Accurate state estimation is a key factor for ensuring good
performance of MPTC in real-time implementation. A full-order
observer for the flux and torque estimation is adopted due to its
accuracy and insensitivity to parameter variation over a wide
speed range. The mathematical model of the observer is shown
as follows:

%:A@+Bu+G(is—é) (©6)

o PO I A .
where © = [zs 1,b8] is the estimated state for stator current
and stator flux.
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A constant gain matrix G is employed in this paper to improve
the stability of the observer, and it is expressed as [2]

G=- [b/(ier)} @

where b is a negative constant gain. By using the gain matrix
in (7), the real part of observer poles will be shifted to the left
in the complex plane compared to the poles of IM, while the
imaginary part of poles not changed much. This pole placement
method can improve the convergence and stability of observer,
especially at high speed, as shown in [2]. The selection of b
is a compromise between the convergence speed and the noise
immunity. A bigger b results in faster converge speed, but the
observer is more sensitive to the noise. In this paper, b is chosen
as —40. The characteristic of the observer can be found in [21],
and our previous work [2] has verified that the observer presents
good accuracy over a wide speed range.

B. Vector Selection

Knowing the measured stator current zlf and estimated stator

flux {p'f from (6), the value of stator current and stator flux
at the (k + 1)th instant can be obtained from (4) for a given
stator voltage vector w”. The predicted stator flux "' and
electromagnetic torque 7**! from (5) are evaluated using a
cost function J, which is expressed as a linear combination of
torque and stator flux errors:

J= T =T 4k [ = [ @®

where £ is the weighting factor for stator flux. In conventional
MPTC, the tuning of £, is a nontrivial process. As shown in [9],
the weighting factor of stator flux is optimized in real time to
obtain the minimal torque ripple. The significant variations of
the weighting factor indicate that the optimal weighting factor is
dependent on the operating point and machine parameters and
cannot be obtained directly through offline tuning.

Inreal-time implementation, one-step delay between the com-
manding voltage and the real voltage caused by digital process-
ing will deteriorate the performance of MPTC [6], [22], [23]. To
compensate this delay, the variables at (k + 2)th instant should
be predicted for the evaluation of the cost function rather than
(k 4 1)th instant. A model-based prediction is adopted to di-
minish the influence of the time delay. First, the prediction of
"1 and 4" is obtained according to (4). Second, i" ! and
'wf“ are used as initial value for the prediction of 1/}15 *2 and
Tf”; thus, the final cost function J with the consideration of
one step delay can be rewritten from (8) to (9) as

e R [ B T

For two-level inverter-fed IM drives, there are seven different
voltage vectors, wug(7), U1, Ug, ...ug, as shown in Fig. 2. After
the cost function .J is evaluated for each voltage vector, the best
one minimizing J is selected and applied in the next control
period.

;(010) u,(110)

1,(000)
u, (111)

1, (011) = = 1,(100)

u5(001) 1,(101)

Fig. 2.
inverter.

Voltage vectors and corresponding switching states of the two-level

IV. PrROPOSED MPFC
A. Principle of Basic MPFC

As torque and stator flux errors are combined into a single cost
function in conventional MPTC, a proper weighing factor for
stator flux is necessary to achieve simultaneous control of torque
and stator flux. However, the lack of theoretical design method
for weighting factors leads to a nontrivial tuning work [8]. In
this section, a new stator flux vector reference is constructed
based on the model of IM, which is equivalent to the original
reference of torque and stator flux. As a result, the weighing
factor is eliminated in the proposed MPFC.

The magnitude of stator flux vector reference ™" is set to
the rated value :*! in this paper when the rotor speed is below
based speed, namely

it | = it (10)
The torque can be expressed as a cross product of stator flux
and rotor flux, which is expressed as [2]

3

T = ENpALm (¢7 by ¢s) (1)

According to (11), if the rotor flux 1), is already known, the ref-
erences of 7" and 1/Jfffshould satisfy the following equation:

3

Ty = SNpALn (9, @ ¢) . (12)

Based on (10) and (12), the stator flux vector reference Q/Jf;Cf can
be expressed by 1:*! and 7! as

Pt = Y exp(j - L) (13)

Tref
LYt = /ap, + arcsin ( € - ) . (14)
SPALn [, |4,

Similar to the delay compensation in MPTC, the stator flux
vector reference 4" at (k + 2)th instant should be determined.
However, this needs the information of 7" and 4, at (k + 2)th
instant. In general, the future reference of torque can be consid-
ered approximately equal to the present value of the reference,
if the sampling frequency is much higher than the bandwidth of
outer speed control loop [7]. For 4, at (k + 2)th instant, it can
be predicted using the following procedure. The rotor flux ¢f +l
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can be obtained from (k + 1)th stator flux and stator current as

1 ikl
)\‘L"L
where 4! and **! are predicted from (4). After 4" is
obtained from (15), the (k + 2)th rotor flux can be calculated
from the current model of IM as [6], [14]

B2 — g BT <Rr' Ig: gk <IL‘3; _ ]%) ¢k+1>
(16)
Based on the predicted value of 1/;];" *2 in (16), the phase angle
of ™" at (k + 2)th instant can be obtained as

Yhtl = 1/)]‘+1 (15)

Tref
(17
2p)\‘L |,¢k+2‘|¢ |1ef>

ref

éwief = ¢k+2 + arcsin <

The final stator flux vector reference "', which is equiva-
lent to the original stator flux amplitude reference and torque
reference in conventional MPTC, can be calculated from (13)
and (17). After that, a cost function .J; similar to (9) can be built
to force stator flux 1), to track its reference, which is expressed
as

Jy = [Pt — . (18)

It is evident no weighing factor is required in (18). The pre-
diction of stator flux at (k + 2)th is obtained as follows:

k k -k
¢s+2 = 1|bs+1 + (“]sH—l - Rszs+1)Tsc

where 1/;5“ and if“ are predicted from (4) to compensate the
influence of one-step delay. Similar to vector selection described
in Section III-B, the optimal voltage vector is determined by
evaluating the cost function .J; for each voltage vector and the
one minimizing (18) is selected.

The process of the proposed MPFC can be summarized as
follows.

1) Measure stator current, dc-link voltage, and rotor speed at

kth instant.
2) Estimate stator flux 1}) from (6) and predict <

"1 from (4) with zps and 4" as initial states.
3) Predict 4" 2 from (15) and (16), 4" from (19), and
then calculate the desired phase angle of w;ef using (17).
4) Calculate the final new stator flux vector reference ac-
cording to (13) and substitute it into (18) to select the best
voltage vector minimizing (18).

19)

k+1 and

B. Improved MPFC With Switching Instant Optimization

As can be seen in (18), the weighting factor for stator flux
is avoided by transforming the references of torque and stator
flux magnitude into an equivalent reference of stator flux vector.
This helps to save much offline tuning work and significantly
improves the practicability of MPFC. However, similar to the
conventional MPTC, applying the selected voltage vector during
the whole control period will still bring considerable torque
ripple and current harmonics [9], [14].

In the improved MPFC, the switching instant of the selected
vector will be optimized to further improve the steady-state per-
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formance of the proposed scheme. Different from prior MPTC
with duty cycle control [9], [14], which applies the selected
voltage vector at the beginning of the next control period, the
old voltage vector applied during the last period will be applied
first in the proposed MPFC, followed by the selected voltage
vector. The stator flux at the end of next control period can be
expressed as

1/’];+2 = 1/’k+1 + foldtom + .fk ! ( sc T t0pt)

where f,,qand f¥1(i € {0,1,...,7})are the stator flux slopes
for voltage vector u,1q applied at previous period and a selected
voltage vector ufj !, respectively. topt 18 the optimal duration
for u,1q. Within a short control period, the stator flux slope for

k H can be assumed constant and it is calculated as follows:

dip;

k+1 k+1
f. = "2 —u"
i dt si

Substituting (20) into (18), the cost function can be considered
as a function of ¢,,,(, namely J; = J; ({op¢ ). Minimizing (18) is
equivalent to solving the following equation:

OJ1 (topt)
8topt

(20)

— Ryi" L (1)

=0. (22)
Combining (20) to (22), the optimal switching instant is finally
derived as

(,djch o ¢§+1 o fikJrl/IvSC)

’.fold_-f?+1’

where ® represents the dot product of two complex vectors. In
the practical application, ¢, is limited in the range of [0, T}]
for the aim of protection.

For two-level inverter-fed IM drives, the optimal switching
instant ¢, is calculated for each feasible voltage vector ul‘ A
(i € {0,1...,7})according to (23). After the optimal sw1tch1ng
time £, 1S determmed for a given voltage vector u"+1 stator
flux at (k 4 2)th instant can be predicted as

Wik o

(fold .fk+1)

(23)

topt =

(u 1d — u R:"Ls) T

24
The value of wij ? is subsequently evaluated by the cost function
presented in (18) to determine the best voltage vector and its
optimal duration.

With the procedures above, the minimal tracking error of
stator flux vector can be achieved at the end of next control
period. However, high deviation of stator flux at the switching
instant may occur. This can be illustrated by the two possible
stator flux trajectories shown in Fig. 3. It can be seen that,
although both stator flux trajectories (represented as a and b in
Fig. 3) can reach the stator flux vector reference at the end of
control period, the trajectory a is preferred because it is more
smooth and has smaller deviation from the reference vector
during the whole control period. To prevent high deviation of
stator flux during the control period, a penalty on deviation at
the switching instant is added in cost function (18), namely

Ty =g = ]|

R T - (25)
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where stator flux vector 1’ is the stator flux vector at the optimal
switching instant and it can be obtained as follows:

P =P +ugt;. (26)
Hence, after 1/)1;;“ 2 and 1/)2, are obtained from (24) and (26) for a
given voltage vector 'u,]f;r !, they are subsequently evaluated by
the cost function presented in (25). After all the voltage vectors
together with their optimal switching instants are evaluated with
the cost function (25), the best voltage vector u,,; with its
optimal switching instant ¢, minimizing (25) is selected and
applied in the next control period.

The overall control diagram of proposed MPFC is shown in
Fig. 4.

A. Simulation Results

The proposed MPFC is simulated in the environment of MAT-
LAB/Simulink to validate its effectiveness. The machine and
control parameters are listed in Table I. For convenience, the
basic MPFC without flux weighting factor is refereed as method
I and the improved MPTC with switching instant optimization
is refereed as method II in the following text, respectively.

Fig. 5 shows the starting responses from standstill to 1500
r/min for both methods. The stator flux is first established using
preexcitation, and during the accelerating stage, the torque is
limited to 120% rated value (16.8 N - m). Att = 0.4 s, an exter-
nal load with rated value (14 N - m) is suddenly applied to the
machine. From top to bottom, the curves shown in Fig. 5 are
speed, torque, stator flux, and stator current, respectively. It is
clearly seen that the proposed MPTC works well over a wide
speed range and exhibits strong robustness against load distur-
bance. Similar dynamic responses can be observed in method
II, but it presents much lower torque and flux ripples.
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Fig. 6. Simulated steady-state response at 1500 r/min for (a) method I and (b)
method II.

A more detailed steady-state waveforms of torque and stator
flux with 100% rated torque are demonstrated in Fig. 6. It is
seen that both torque and flux ripples in method II are much
lower than those in method I, confirming the effectiveness of
the method II with switching instant optimization.

To illustrate the influence of machine parameter variations on
the performance of system, Fig. 7 shows the simulated responses
of method II at low and high speeds when the stator and rotor
resistances are increased by 50% and 100%, respectively. It is
seen that the system works well at both low and high speeds,
even if the stator and rotor resistances vary significantly from its
actual value. The current is very sinusoidal in shape. As a closed-
loop full-order observer is employed, only very minor tracking
error of stator flux can be observed in low-speed operation and
the flux error at high speed is negligible. The simulation results
prove that the proposed method has some robustness against
machine parameter variations.

B. Experimental Results

The experimental tests were carried out on a two-level
inverter-fed IM drive platform to further validate the effective-
ness of the proposed method. A 32-bit floating point digital sig-
nal processor TMS320F28335 is employed to accomplish the
developed control algorithm. The control and system parame-
ters are the same as those listed in Table I. The overall control
diagram has been presented in Fig. 4. The tested maximum exe-
cution time including AD sampling, communication, observer,
and the control algorithm is 34.8 us, which is well below the
sampling period of 50 ps. Hence, it is sufficient to accomplish
all the functions within each sampling period. In the following
tests, all variables are displayed on digital oscilloscope via on-
board DA converter except the stator current, which is measured
directly by a current probe.

First, the steady-state performance at low and high speeds
is investigated. The tests with rated load torque at both low
and high speeds are presented in Figs. 8 and 9, respectively.
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Fig. 7. Simulated responses of method IT with mismatched machine parame-

ters. (a) Both the stator and rotor resistances are increased by 50% at 150 r/min.
(b) Both the stator and rotor resistances are increased by 100% at 1500 r/min.

It is seen that the proposed MPTC is stable and works well
at both low and high speeds. Similar to the responses without
load, method II exhibits much lower torque/flux ripples and
the stator current is more sinusoidal in shape with much less
harmonics than method I. It should be noted that there are some
insignificant spikes in the measured speed, which are mainly
caused by the speed measurement and DA conversion. In fact,
the motor runs steadily and the real speed is smooth, which can
be confirmed by the sinusoidal stator current measured directly
by a current probe. These experimental results validate that the
proposed MPTC performs well at both low and high speeds with
or without load.

Apart from steady-state tests, the dynamic responses and ro-
bustness against load disturbance were also carried out. Fig. 10
presents the staring response from standstill to 1500 r/min with-
out load. From top to bottom, the curves shown in Fig. 10 are ro-
tor speed, electromagnetic torque, stator flux, and stator current.
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Fig. 8. Measured low-speed operation of 150 r/min with rated torque for (a) method I and (b) method II.
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As the stator current is not directly controlled in the proposed
method, to prevent large current during start-up process, the sta-
tor flux is first established before starting the motor. Otherwise,
the starting current would be very large, which is harmful to the
inverters, as shown in [2] and [6]. It is seen that the motor accel-
erates quickly to 1500 r/min without large start-up current after
the process of preexcitation. Much lower torque and flux rip-
ples can be observed in method II. During the dynamic process,
decoupled control of torque and stator flux is achieved in both
methods. This proves that, by using the new stator flux vector
reference, the fast and accurate control of torque and stator flux
can be realized. Meanwhile, the weighting factor tuning effort
required in the conventional MPTC is eliminated.

The responses to external load disturbance is shown in Fig. 11,
where an external load of 14 N - m (100% rated torque) is sud-
denly applied to the machine. It can be seen that the speed re-

Measured high-speed operation of 1500 r/min with rated torque for (a) method I and (b) method II.

turns to its reference quickly after a small speed drop, exhibiting
strong robustness against external load disturbance. The stator
flux is not affected by the stepped change of torque, and method
II still exhibits lower torque and flux ripples.

Furthermore, the responses during speed reversals are shown
in Fig. 12. It can be seen that the motor accelerates quickly from
—1500 to 1500 r/min. The flux magnitudes of both methods keep
constant during the dynamic process, indicating that decoupled
control of stator flux and torque is realized while eliminating the
use of weighting factor. The dynamic responses of both methods
are similar, but method II is evidently superior to method I in
terms of torque, flux, and current ripples.

Finally, the average switching frequency during steady-state
operating at different speeds was investigated. The results are
shown in Fig. 13. It is seen that the switching frequency of the
method Il is almost constant during various operating conditions
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Fig. 10. Measured starting responses from standstill to 1500 r/min for (a) method I and (b) method II.
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Fig. 11. Measured responses to 100% rated load disturbance for (a) method I and (b) method II.
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Fig. 13. Measured average switching frequency of method I (marked with “0”) and method II (marked with “*”). (a) Without load. (b) With rated load.

and higher than that of method I. This indicates that method II
is more suitable for applications requiring higher steady-state
performance, while method I is more favorable for applications
concerning on low switching frequency.

VI. CONCLUSION

Conventional MPTC suffers from the problems of weighting
factor tuning for stator flux and relatively high torque ripples at
steady state. This paper proposes an MPFC without weighting
factor for two-level inverter-fed IM drives. By investigating the
inherent relationship between stator flux and torque based on IM
model, a new stator flux vector reference is equivalently obtained
from original references of torque and stator flux amplitude.
Thus, simultaneous control of both torque and stator flux in
conventional MPTC is replaced by control of a stator flux vector
and the weighting factor tuning is eliminated. Two variants of
MPEFEC are proposed in this paper, with the first one focusing
on low switching frequency while the second one concerning
more on the steady-state performance by introducing switching
instant optimization.

Both simulation and experimental results prove that the pro-
posed MPTC performs well over a wide speed range with or
without load. Decoupled control of torque and stator flux is
achieved during both steady-state operation and dynamic pro-
cess. By introducing the switching instant optimization, much
better steady-state performance in terms of torque/flux ripples
and current harmonics can be observed, without affecting the
dynamic responses. The proposed MPFC improves the practi-
cability of conventional MPTC significantly.
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