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Generalized Sequential Model Predictive Control of
IM Drives With Field-Weakening Ability

Yongchang Zhang
Margarita Norambuena

Abstract—A very simple sequential model predictive control
(SMPC) is recently proposed to achieve high performance con-
trol of induction motor drives. By evaluating two separate cost
functions for the torque and amplitude of the stator flux linkage
in a cascaded way, the weighting factor in the conventional MPC
is eliminated. However, it is shown in this paper that the conven-
tional SMPC cannot achieve stable operation over the full speed
range, if the cost function for the stator flux linkage is first eval-
uated. To solve this problem, this paper proposes a generalized
SMPC (GSMPC), which is effective when any one of the two cost
functions is first evaluated. Compared to the conventional SMPC,
GSMPC not only eliminates the limitation on the execution order
of two cost functions, but also presents less stator flux ripples and
lower current total harmonic distortion with even lower average
switching frequency. Furthermore, a simple field-weakening strat-
egy is proposed and combined with GSMPC to widen the speed
range by adjusting the torque and stator flux linkage reference
online. Both simulation and experimental results are presented to
confirm the effectiveness of the proposed method.

Index Terms—Field-weakening (FW) operation, induction mo-
tor (IM) drives, predictive control, torque control.

I. INTRODUCTION

ODEL predictive control (MPC) has received wide at-
M tention in the control of ac motor drives owing to its
merits of simple principle, quick response, and ability to han-
dle multiple variables and nonlinear constraints [1], [2]. MPC
selects the optimal voltage vector by evaluating a cost function,
which is usually a combination of torque and flux linkage errors
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[1], [3]. Due to different dynamics of the torque and flux linkage
and their different values and units, a proper weighting factor is
required. Usually, the tuning of weighting factor is still based on
empirical procedure due to the lack of the theoretical guidance
and is time consuming [3]-[6].

To eliminate or reduce the weighting factors in MPC, various
methods have been proposed in the literature [3], [S], [7]-[11]. In
[7], the weighting factor for the stator flux linkage was calculated
online based on the principle of the torque ripple minimization.
However, the mathematical expression of the optimal weighting
factor is complicated and relies on the machine parameters.
An algebraic weighting factor selection was proposed in [11]
to achieve similar performance to predictive current control.
Although the calculation of the weighting factor is simpler than
that in [7], it is dependent on the machine parameters and states.

Other methods avoid the use of weighting factor. In [5], a
multiobjective optimization based on a ranking approach is pro-
posed, which turns the cost function value of the torque and
stator flux linkage for each voltage vector into a ranking value,
and then, selects the one having the minimal average ranking
value as the optimal vector. In [8] and [9], a fuzzy decision-
making strategy has been proposed to replace the weighting
factor. The value of the cost function for the torque and stator
flux linkage are first converted into the range of (0, 1) using
the membership function, and then, different decision functions
can be employed to find the best voltage vector. Although the
weighting factor is avoided in [5], [8], and [9], the computational
burden and control complexity are increased.

As the cost function usually tries to minimize the tracking
error of concerned variables at the end of next control period,
which is similar to the principle of the deadbeat control, it is
possible to avoid the use of the weighting factor with the help
of the deadbeat control. In [3] and [12], the references of the
stator flux linkage magnitude and torque are converted into
an equivalent reference stator flux linkage vector based on the
principle of the deadbeat torque and flux control. Thus, the
minimization of the torque and flux linkage error is replaced
by the error minimization of the stator flux linkage vector. In
[10], the stator flux linkage vector error minimization is further
expressed as voltage vector error minimization. As a result, the
principle of space vector modulation can be employed to reduce
the control complexity and computational burden for the optimal
vector selection.

Very recently, sequential model predictive control (SMPC) is
proposed to eliminate the weighting factor in MPC [13]. This
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method evaluates the cost function for torque first and selects
two vectors that have a smaller torque error than other candi-
date vectors. The two vectors are then sent to the second cost
function to select the best one minimizing the flux linkage error.
This cascaded structure is very simple and eliminates the use
of the weighting factor. However, it is not analyzed how many
candidate vectors should be selected from the first cost function.
As there are only two vectors for the cost function of the stator
flux linkage to evaluate, the conventional SMPC implies higher
priority to the torque. If the cost function of the stator flux link-
age amplitude is first evaluated and only two candidate vectors
are selected for the second cost function of the torque, the drive
system may fail to work and even lose its stability, as confirmed
in this paper. Furthermore, if the control variables have equal
importance, such as the stator current vector, stator flux linkage
vector, or stator voltage vector, it is evidently inappropriate to
assign more priority to the variable in the first cost function.

So far, field-weakening (FW) operation has not been fully
considered in the MPC drives. In fact, FW operation is of great
practical value, especially in the traction drives requiring high
speed operation and electric vehicle drives with limited battery
resource [14]. When induction motors (IMs) operate in a high-
speed region, the goal is to produce the maximum torque and to
fully exploit the machine and converter capabilities. The tradi-
tional method is to make the reference of the stator flux linkage
inversely proportional to the motor speed when the rotor speed
is above the rated speed [15]-[17]. However, it is not explicitly
investigated whether the theoretical maximum load angle of 45°
[18] has been reached except [16].

This paper proposes a generalized SMPC (GSMPC) strat-
egy for IM drives to achieve a high performance control. The
main contribution of this paper consists of the following two
aspects. First, an improved GSMPC is proposed by slight mod-
ification of the prior SMPC. Similar to the conventional SMPC,
the proposed GSMPC also uses a cascaded structure of torque
control and flux linkage control, which selects the best voltage
vector by sequentially evaluating two individual cost functions.
However, different from the conventional SMPC, any one of
the two cost functions can be evaluated first without limitation
on the execution order. This not only improves the universality
of the conventional SMPC, but also presents better steady-state
performance with even lower switching frequency. Second, a
simple but effective FW scheme is proposed and combined with
the proposed GSMPC to significantly widen the speed range.
The existing MPC schemes rarely investigate FW operation with
maximum torque ability. In this paper, the optimal FW operation
with maximum load limitation is studied by properly designing
the maximum value of torque reference. The proposed GSMPC
is compared to the conventional SMPC and its effectiveness
is validated by the simulation and experimental results from a
2.2-kW IM drive system.

II. MODEL OF IM

Taking stator flux linkage vector 1), and stator current vector
1, as state variables, the mathematical model of the IM in the
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stationary reference frame can be expressed as

((ii—f = Ax + Bus, (1)
where = [is 1, ]Tare state variables, u is the stator voltage
vector, and

o [HEL A RL) e (R L)

—R; 0
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1

where R, R,, L, L., and L,, are the stator resistance, ro-
tor resistance, stator inductance, rotor inductance, and mu-
tual inductance, respectively; w, is the rotor speed; and
r=1/ (LSLT — L,Qn).

In digital implementation, (1) should be discretized to predict
the torque and flux linkage at (k + 1)th instant. In this paper, the
Heun’s method [3] is employed to achieve a higher accuracy than
the first-order Euler method. The discrete predictive equations
of the IM are expressed as

1 ) -
Lo | " |+ ar ° | + BT, u” 2)
Piy! UH | )
1 i1 ot 1 J;
s s Ts‘(: s 1
k1| T /f+1 T A? lf+1 Tk G)
djs sp sp ’libs
where T, is the control period,; zflf ! and wk.',ﬂ are the

sp
predictor—corrector of state variables; and 4" "1 and 4" *! are
the predicted state variables at (k + 1)th instant.

III. PRINCIPLE OF THE PROPOSED METHOD

The control diagrams of the conventional SMPC [13] and the
proposed GSMPC are illustrated in Figs. 1 and 2, respectively. It
is seen that both methods share the common parts of full-order
observer, delay compensation, and torque/flux-linkage predic-
tion. However, there are two noticeable differences between the
two methods. First, in the conventional SMPC, the torque ref-
erence T is obtained through an external speed control loop
using the proportional-integral (PI) controller and the reference
of stator flux linkage /™' is set to a rated value ™4, In the
proposed GSMPC, as FW operation is considered, the torque
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Fig. 2. Control diagram of the proposed GSMPC.

output 7! from the PI controller and the rated stator flux link-
age 1™ are sent to the FW block to obtain new references of
the torque and stator flux linkage. This block only works when
the rotor speed is above the rated speed and passes through the
value of ! and 14 when the motor speed is below the rated
speed. Second, in the conventional SMPC, J; and J, denote
the cost function of the torque error and flux linkage error and
their execution order cannot be changed. Contrary to this, in the
proposed GSMPC, there is no such limitation on the execution
order of J; and J,. As a result, two alternative methods exist
and they are denoted as part 1 and part 2 in Fig. 2. The details
of each block in Fig. 2 are introduced in the following texts.

A. Estimation and Prediction of Flux Linkage and Torque

In order to accurately estimate the stator flux linkage, a full-
order observer based on the mathematical model of the IM in
(1) is adopted in this paper and it is expressed as

dz . .o
yr = Az + Bu, + G(is; — 1) )
where & = [, ¢, |7 are state variables representing the esti-
mated stator current and stator flux linkage. A constant gain
matrix G proposed in [19] is employed and it is expressed as

2b
b/ (L)

T

&)

where b is a negative constant. More details about this observer
can be found in [19].

After obtaining the estimated stator flux linkage %" from (4),
the stator current 4“1 and stator flux linkage ¥**! at (k + 1)th
instant can be predicted from (2) and (3) with u’j determined
in the last control period as input. This step compensates the
one-step delay in digital implementation [20].

In MPC for IM drives, the electromagnetic torque and stator
flux linkage at (k + 2)th instant should be predicted for a given
voltage vector after the one-step delay compensation. The torque
is predicted as

3 .
TS = SN @) (©6)

where N, is the number of pole pairs and ® represents cross
product of two complex vectors. It is seen from (6) that both
the information of 1**2 and 4**? are required. The stator flux
linkage can be simply predicted from the stator voltage equation,

as shown in the second row of (1). However, the prediction of
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the stator current is relatively complicated. As the stator current
is not directly used in the cost function of MPC, the torque at
(k + 2)th instant can be calculated without the prediction of the

stator current if”, which is expressed as [6]

, 3 .
T = SN (W @i ). ()
The calculation of %! is only related to the variables at k + 1
instant and it is expressed as

il = (1= AR, LTy + juw, Tuo )it

+)\‘(RTTSC _Lr _jerrTsc)¢§+l‘ (8)

By using (7) and (8), only the prediction of the stator flux
linkage is necessary and the relatively complicated prediction
of the stator current is avoided, which reduces the computational
burden. After obtaining ¢*"' and " "' based on (2) and (3),
the stator flux at (k + 2)th instant can be calculated as

1/J§+2 — ,lpf*kl +n(:(uk+l _ RS,L];+1) (9)

S

B. Principle of FW Operation

Operation in high speeds above the rated speed is important
for IM drives in various industry applications. Introducing FW
operation into MPC further improves its practical value. In this
paper, a new FW method is proposed by adjusting the torque
reference and stator flux linkage reference online.

The stator flux linkage reference is such designed that, when
the rotor speed is above the rated speed, it is inversely propor-
tional to the rotor speed, as follows:

Wrated
wgef _ wgaled % rate
wr

(10)

where wyyeq 1S the rated speed of the machine.

It has been shown in [15] that for a stator flux linkage oriented
system, the simple 1/w, method produces nearly optimal torque
capability over the entire speed range. However, it is not known
whether the maximum load angle of 45°, which is the angle
between the stator flux linkage vector and the rotor flux link-
age vector, has been achieved. In fact, to obtain the maximum
torque ability during the FW operation, apart from the change
on the flux linkage reference, the torque reference should also
be appropriately bounded. In other words, the accurate torque
limitation should be known.

To limit the stator current exceeding the rated value, the max-
imum torque reference should be accordingly adjusted with the
stator flux linkage reference as

ref
’1/15 T « Wrated
— Lrated
w;ated Wy

where T}aeq 15 the rated torque of the machine.
The relationship between the stator flux and rotor flux is [19]

Tml = T‘raled X

(1)

dip, .
QLR — o) e = ALy Retps (12)
Under steady state, (12) is simplified as
ALy, R,
Py (13)

T AL R, + jog
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where wy is the slip speed.
According to (13), the electromagnetic torque can be calcu-
lated as

3 *
T@ - in)"L’m Im <¢7¢9)

AL R,

3 9
— SN AL, Im [ — 22 ) ap,
gt YpAtm M (ALSR,. —jws]) ]

3

Wsi
— §Np (AL,,)? R,

s .[F (14)
uhmf+%||

where Im(e) means the imaginary part of a complex vector.
When the following equation is true

wg = AL R, (15)
T, expressed in (14) could reach its maximum value as
3 L?VI
Tomax = g NpA 7" s (16)

The resulting maximum torque in (16) is the same as the
expression in [18] and [21] but derived in a different way. Sub-
mitting (15) into (13), the relationship between the rotor flux
linkage vector and stator flux linkage vector is obtained as

¢ _ LTTL/LS 1 LT”
To1+4y V2 Ly

From (17), it is clearly seen that the rotor flux linkage vector
should lag the stator flux linkage vector by 45° to achieve the
theoretical maximum torque. As the rotor flux linkage is not the
control variable in this paper, it is more convenient to express
the maximum torque in terms of the stator current and stator
flux linkage for the proposed method.

According to the model of IM, the stator current can be cal-
culated from the stator flux and rotor flux as

is =X (L7¢9 - Lmd’r) .

Substituting (17) into (18), the relationship between stator
current and stator flux linkage can be obtained as

L,L,—IL2 +jL,L,

m

Li(1+7)

Considering the leakage inductance is usually much smaller
than the self-inductance, it is reasonable to assume that L, L, —
L2, =~ 0, which simplifies (19) as

1
V2
which means that the stator current should lead the stator flux
linkage by 45° to achieve the maximum torque.

According to (7) and (20), the maximum torque reference
should be limited to

eI Tap,.

s = a7)

(18)

1s =

ps. 19)

is = AL, —=¢l Tap, (20)

3V2

T = TNpusow;ef 21)

where 24, can be calculated according to (8).
Combining (11) and (21), the torque reference should be
finally set as

T = min(T™, Tp1, Tho). (22)
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It should be noted that if 7' is negative, which means the
rotor speed is above the reference speed, in that case the torque
reference should be limited as

T = max (T, —T,1, —Thn2) (23)

By using (10), (22), or (23), both the reference value of the
stator flux linkage and torque are adjusted online, which help to
achieve optimal torque ability when the speed is higher than the
rated speed.

C. Optimal Vector Selection

In the conventional MPC for IM drives, the cost function is
usually defined as the combination of the torque error and flux
linkage error [3], [22], as follows:

J = T = T8 o ky [95T — [| (24)

where T and ™ are the references of the torque and stator
flux linkage amplitude, and k, is a weighting factor for the
stator flux linkage. As the torque and stator flux linkage have
different amplitude and units, k,, needs to be carefully tuned to
achieve the satisfactory performance, which is usually a tedious
work.

In the conventional SMPC, the use of a single cost function
in (24) is abandoned and two separate cost functions are used,
which are expressed as

Ji =T =T (25)
o = [ = |2 (26)

As shown in Fig. 1, the cost function .J; for the torque error is
first evaluated for each voltage vector. The two voltage vectors
producing smaller torque error than other vectors are selected,
and then, sent to the second cost function J5 for the flux link-
age error. The one producing the minimal flux linkage error is
selected as the final optimal voltage vector. The cascaded evalu-
ation of different cost functions provides a way to eliminate the
weighting factor. However, it is not analyzed how many can-
didate vectors should be selected from the first cost function.
Furthermore, the feasibility of exchanging the execution order
of J; and .J, is not discussed. In fact, if Js is first evaluated
to select two voltage vectors, and then, J; is evaluated, it is
found that the system cannot achieve stable operation over the
full speed range, as shown in Fig. 3(b). Thus, the conventional
SMPC should be improved so that it can work stably under
different conditions.

The proposed GSMPC inherits the cascaded structure of two
cost functions in the conventional SMPC. However, when eval-
uating the first cost function for torque, three rather than two
vectors are selected, which produce a smaller torque error than
other vectors. Thus, the candidate vectors to be evaluated in the
second cost function of the flux linkage error increase from two
to three. Although the computational burden may be slightly
increased, there are various benefits and advantages in the pro-
posed GSMPC. On one hand, the proposed GSMPC achieves
better balance between the torque control and flux control, lead-
ing to a reduction in the current harmonics and total harmonic
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Fig. 3. Starting response from standstill to 1500 r/min for (a) SMPC_T, and
(b) SMPC_v);.

distortion (THD). On the other hand, the proposed GSMPC does
not have limitation on the execution order of .J; and J5. Con-
trary to the conventional SMPC, which cannot work if .J5 is first
evaluated, the proposed method can work effectively whether
Jj or Js is first evaluated, as shown in Part 1 and Part 2 in Fig. 2.
This greatly improves the universality of the system.

It should be noted that selecting more than three vectors
from the first function generally means lower priority for the
variable in the first cost function. For an extreme case, where
seven voltage vectors are selected in the first cost function of
the conventional SMPC, the system loses the ability for torque
control and only stator flux linkage control is achieved. In fact,
according to our study, for the conventional SMPC, selecting
two or three vectors from the first cost function for the torque,
both works. However, if the cost function for the stator flux
linkage is first evaluated, the system only works when three,
four, or five vectors are selected. Due to page limitations, these
results are not shown and only the conclusion is summarized
here. It can be seen that selecting three vectors is effective for
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both cases. That is why the proposed GSMPC selects three

vectors rather than two vectors for the first cost function.

The flowchart of the proposed GSMPC is shown in Fig. 4 and
the procedure of the GSMPC is briefly summarized as follows.
1) Obtain i* and w! from measurement, and reconstruct the
optimal voltage vector u* in the previous control period.
2) Estimate the stator flux linkage at (k)th instant from (4),
and compensate the one-step delay using (2) and (3) to
predict the stator flux linkage vector ’(/)5 *1 and stator cur-

rent i1 at k + 1 instant.

3) Calculate the torque output from the PI controller, and
then, obtain the final reference value of the torque and
stator flux linkage using the FW strategy according to
(10), (22), or (23).
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TABLE I
MACHINE AND CONTROL PARAMETERS

DC-bus voltage Uge 540 V
Rated power Py 2.2 kW
Rated voltage Un 380 V
Rated frequency N 50 Hz
Rated torque TN 14 Nm
Number of pole pairs Np 2
Stator resistance Rs 3.065 Q2
Rotor resistance R, 1.879 Q
Mutual inductance L 0.232 H
Stator inductance Lg 0.242 H
Rotor inductance L, 0.242 H

Flux linkage reference ref " 0.85 Wh-turns

4) Predict torque and stator flux linkage at (k + 2)th instant
according to (7) and (9).

5) Evaluate the first cost function J; (J5) for each converter
voltage vector and select three vectors producing smaller
value of the cost function than other vectors.

6) Evaluate the second cost function Jy (J7) for the three
vectors obtained from the first cost function.

7) Select the optimal voltage vector minimizing the second
cost function and apply it in the next control period.

IV. SIMULATION STUDY

To confirm the effectiveness of the proposed GSMPC, sim-
ulation study is carried out in the environment of MAT-
LAB/Simulink with a sampling frequency of 15 kHz. The study
of the impact resulted from parameter mismatches on MPC is
beyond the scope of this paper. It is assumed that model pa-
rameters are known with good accuracy in the following tests.
If there are uncertainties in the model parameters, the methods
presented in [23] and [24] could be used to improve the param-
eter robustness. The machine and control parameters are listed
in Table 1. The conventional SMPC in [13] is also presented
for the aim of comparison. In the following parts, the original
SMPC evaluating the cost function of the torque first is called
SMPC_T, and the one evaluating the cost function of the stator
flux linkage first is called SMPC_1),. In a similar way, the pro-
posed GSMPC evaluating the cost function of the torque first is
called GSMPC_T, and the one evaluating the cost function of
stator flux linkage first is called GSMPC_1,.

Fig. 5 illustrates the starting response from standstill to
1500 r/min for SMPC_T, and SMPC_v),. From top to bot-
tom, the curves shown in Fig. 5 are rotor speed, electromagnetic
torque, stator flux linkage amplitude, and one phase stator cur-
rent. The stator flux linkage is first established following the way
in [19] by injecting a dc current into the machine to provide the
sufficient starting torque without large current. It is seen that
in SMPC_T,, the motor accelerates quickly to 1500 r/min with
the maximum torque when the stator flux has been established.
On the contrary, in SMPC_1);, the motor only runs to less than
500 r/min, which is far from the reference speed of 1500 r/min.
Although the stator flux linkage is well controlled, there are
large oscillations in the torque and significant harmonics in the
stator current. The possible reason for the failure in SMPC_1),
is that only two vectors are selected as candidate vectors for the
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(a) SMPC_T, and (b) SMPC_v).

minimization of the torque error in the second cost function,
which may exclude the vectors useful for the torque control.
The simulation results prove that the conventional SMPC only
works under some special cases and is not a universal method.

The simulation results obtained from GSMPC_T, and
GSMPC_1), are illustrated in Fig. 6. It is seen that both meth-
ods achieve a fast and stable starting process by presenting very
similar response to that of SMPC_T. . This proves that the pro-
posed GSMPC is more universal than the conventional SMPC
by eliminating the limitation on the execution order of two cost
functions in MPC. One of the possible reasons is that the pro-
posed GSMPC selects three instead of two vectors for the sec-
ond cost function to evaluate, which can achieve better balance
between torque control and stator flux control. The simulation
results are confirmed by the experimental results in Section V.

V. EXPERIMENTAL RESULTS

Apart from the simulation study, experimental tests from a
2.2- kW laboratory IM drive system are also carried out to



8950

0.15 0.2

025 0.3
time(s)

(@)

0.15 0.2

0.25 0.3
time(s)

(®)

035 04 045 05

Fig. 6. Simulated starting response from standstill to 1500 r/min for
(a) GSMPC_T, and (b) GSMPC_t).

confirm the theoretical study and the effectiveness of the pro-
posed method. The experimental setup is illustrated in Fig. 7,
where a magnetic powder brake coupled to the shaft of the IM
is employed to apply load torque. A 32-bit floating point DSP
TMS320F28335 is used to implement the conventional SMPC
and the proposed GSMPC. The torque waveform illustrated in
the experimental tests is the result calculated according to (6).
The rotor speed is measured with a 2000-pulses-per-revolution
optical-type encoder. The conventional MPC [1] that employs a
single cost function takes 49.3826 us to accomplish the whole
algorithm, while it takes 58.5133 ys for the prior SMPC_T, . For
the proposed methods, if FW operation is not considered, the
execution time are 58.9333 and 58.9067 us for GSMPC_T, and
GSMPC_1), respectively. The execution time of the prior SMPC
and the proposed GSMPC is longer because of the additional
sorting algorithm required to select the optimal voltage vector
from the evaluation of the first and the second cost functions.
Howeyver, the execution time of the GSMPC is almost the same
with that of the SMPC. In other words, selecting three instead of
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Current source of ma-
gnetic powder brake
Ty =

(b)

Fig. 7. Experimental setup of a two-level inverter-fed IM drive. (a) Inverter
and oscilloscope. (b) 2.2-kW IM and magnetic powder brake.

two vectors from the first cost function only slightly increases
the computational burden, but brings the benefits of less flux
linkage ripples and current THD, as shown in the testing re-
sults. The motor parameters have been listed in Table I and the
sampling frequency is 15 kHz for each method, which is the
same as that in the simulation part. In the following tests, all
the displayed variables are obtained via a 12-bit on-board digital
to analog converter DAC7724U, except the stator current, which
is directly measured by a current probe. All data are recorded
using an oscilloscope DL850E, and then, transferred to the PC
for analysis and plotting.

A. Dynamic Response

First, the dynamic response of starting from standstill to
1500 r/min is tested for both conventional SMPC and the pro-
posed GSMPC, as shown in Figs. 3 and 8. It is seen from
Fig. 3 that SMPC_T, works effectively, while SMPC_1); can
only run to the speed of less than 500 r/min with significant
torque oscillations and current harmonics, which is in accor-
dance to the simulation results in Fig. 5. On the contrary,
both GSMPC_T,. and GSMPC_1, presents similar dynamic
response to that of SMPC_T, . After establishing the stator flux
using pre-excitation, the machine accelerates quickly to the ref-
erence speed with the maximum torque without large starting
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Fig. 8.  Starting response from standstill to 1500 r/min for (a) GSMPC_T,
and (b) GSMPC_1);.

current. Decoupled control of the torque and stator flux link-
age is achieved in the two variants of the proposed GSMPC.
The results confirm that the proposed GSMPC improves the
universality of the conventional SMPC.

As SMPC_v), fails to work, in the following parts, only the
results obtained from SMPC_T,, GSMPC_T,, and GSMPC_1)
are presented. Fig. 9 presents the dynamic response of the speed
reversal at £1500 r/min for each method. The machine first
operates at 1500 r/min without load, and then, changes quickly
to —1500 r/min with the maximum negative torque. During
the dynamic process, decoupled torque control and flux link-
age control is achieved for each method. For the conventional
SMPC_T,, as torque is assigned higher priority, there are less
torque ripples than GSMPC_T, and GSMPC_1),. However, the
flux linkage ripples of SMPC_T., are higher than GSMPC_T,
and GSMPC_1);. During the dynamic process, there are even
short-time dip in the stator flux linkage amplitude for SMPC_T..
The results confirm that the proposed GSMPC can achieve better
balance between torque control and flux linkage control, while
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Fig.9. Dynamic response of speed reversal at +1500 r/min for (a) SMPC_T,
(b) GSMPC_T, and (c) GSMPC_1),.

the conventional SMPC gives too much priority to the torque
control.

B. Steady-State Performance

It can be seen from Figs. 3, 8, and 9 that the proposed GSMPC
achieves similar dynamic response to the conventional SMPC.
However, they differ in the steady-state performance in terms of
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Fig. 11. High-speed operation of 1500 r/min with rated torque for

(a) SMPC_T, (b) GSMPC_T,, and (c) GSMPC_v.
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Fig. 12.  Comparisons of current THD for SMPC_T,., GSMPC_T,, and
GSMPC_1), at different speeds. (a) Without load. (b) With rated load.

torque/flux-linkage ripples and current harmonics. In this part,
a detailed steady-state performance comparison of the conven-
tional SMPC and the proposed GSMPC will be presented.

Fig. 10 presents the steady-state response at 150 r/min with
rated torque for SMPC_T., GSMPC_T,, and GSMPC_v;. It is
clearly seen that the conventional SMPC_T, has lower torque
ripples than those of GSMPC_T, and GSMPC_1,, but the flux
linkage ripples are higher and more irregular. Similar results
can be seen at high speed of 1500 r/min with rated torque, as
shown in Fig. 11. Again it is seen that the proposed GSMPC
performs better in terms of stator flux linkage ripples, while
the conventional SMPC_T, is better in terms of torque ripples.
As three optimal vectors are selected for the second cost func-
tion, the proposed GSMPC achieves better balance between the
torque control and flux linkage control. As a result, the pro-
posed GSMPC not only presents lower flux linkage ripples, but
the stator current THD is also lower than that of the conventional
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Fig. 13. Average switching frequencies for SMPC_7,., GSMPC_T,, and
GSMPC_1), at different speeds. (a) Without load. (b) With rated load.

SMPC_T,. This is confirmed in Fig. 12, where the current THDs
for three methods at different speeds with and without load are
presented. It is seen that, GSMPC_T, and GSMPC_1; have a
lower current THD than that of SMPC_T, at any speeds, while
the performance difference between them is insignificant.

The average switching frequencies for SMPC_T.,
GSMPC_T,, and GSMPC_v), at different speeds are shown in
Fig. 13. As only one voltage vector is applied during one control
period, the three methods presents variable switching frequency,
which is low at low and high speeds but high at medium speed.
From Fig. 13, it can be seen that the average switching frequen-
cies of GSMPC_T, and GSMPC_1v); are almost the same at
different speeds, which means that both methods achieve sim-
ilar balance between torque control and flux linkage control.
However, SMPC_T, has higher switching frequency compared
with the proposed GSMPC during the whole speed range under
the same test conditions. As shown in Fig. 12, the proposed
GSMPC presents a lower current THD. This implies there are
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Fig. 14. Starting from standstill to 240% base speed with 66.7% dc bus
voltage. (a) GSMPC_T . (b) GSMPC_v),.

unnecessary switching actions in the prior SMPC, which can
indirectly justify the superiority of the proposed method.

C. FW Operation

In this part, the proposed GSMPC is extended to the high-
speed region above the base speed by introducing the FW tech-
nique introduced in Section III-B. For the sake of safety, the dc
bus voltage is reduced to 66.7% of the rated value and the based
speed is 1000 r/min. Fig. 14 presents the starting response from
standstill to 240% base speed (2400 r/min) for both GSMPC_T.,
and GSMPC_1;. Very similar response can be observed in both
methods. To clearly show the effectiveness of the proposed FW
technique, the last curve in Fig. 14 is the load angle between
the stator flux linkage and rotor flux linkage. Before the motor
reaching the based speed of 1000 r/min, the motor accelerates
quickly with rated torque, and then, the stator flux linkage am-
plitude decreases with the speed increase. The maximum load
angle obtained in GSMPC_T, and GSMPC_v); are 44.15° and
44.38°, which are very close to the theoretical value of 45°. The
results confirm that optimal torque ability is achieved when the
proposed FW technique is combined with the GSMPC.
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VI. CONCLUSION

The design of the weighting factor for MPC in IM drives has
been a tedious and nontrivial work due to the lack of the theoret-
ical guidance. The weighting factor can be eliminated in SMPC
by evaluating the cost functions for the torque and stator flux
linkage in a cascaded way. However, only two vectors selected
from the cost function of the torque are evaluated in the second
cost function of the stator flux linkage, which assigns too much
priority to the torque control. It is shown in this paper that during
the dynamic process, there are even dip in the stator flux linkage
amplitude. Furthermore, if the cost function for the stator flux
linkage is first evaluated, the system cannot work effectively and
there are significant torque oscillations and current harmonics.

This paper proposes a GSMPC, which selects three other than
two vectors when evaluating the first cost function. As a result, it
achieves better balance between torque control and flux linkage
control. The proposed GSMPC works effectively irrespective
of the execution order of the cost function, which increases
the universality of the conventional SMPC. Better steady-state
performance than the conventional SMPC is achieved in the
proposed GSMPC by presenting less stator flux linkage ripples
and lower current THD. Furthermore, it is shown that with the
same sampling frequency, the proposed GSMPC has even lower
average switching frequency in the entire speed range.

The proposed GSMPC is further enhanced by introducing a
simple FW technique, which only requires to change the ref-
erence value of the stator flux linkage and torque online. The
experimental results prove that the system works steadily at
240% base speed and the theoretical maximum load angle of
45° is closely reached.
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