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Abstract: Model predictive control (MPC) has attracted widespread attention in both academic
and industry communities due to its merits of intuitive concept, quick dynamic response, multi-variable
control, ability to handle various nonlinear constraints, and so on. It is considered a powerful
alternative to field oriented control (FOC) and direct torque control (DTC) in high performance AC
motor drives. Compared to FOC, MPC eliminates the use of internal current control loops and
modulation block, hence featuring very quick dynamic response. Compared to DTC, MPC uses a cost
function rather than a heuristic switching table to select the best voltage vector, producing better steady
state performance. In spite of the merits above, MPC also presents some drawbacks such as high
computational burden, nontrivial weighting factor tuning, high sampling frequency, variable switching
frequency, model/parameter dependence and relatively high steady ripples in torque and stator flux.
This paper presents the state of the art of MPC in high performance induction motor (IM) drives, and in
particular the progress on solving the drawbacks of conventional MPC. Finally, one of the improved
MPC is compared to FOC to validate its superiority. It is shown that the improved MPC has great

potential in the future high performance AC motor drives.
Keywords: Model predictive control (MPC), field oriented control(FOC), direct torque control

(DTC), induction motor (IM).

1 Introduction

For decades, FOC and DTC have been the two
most popular and mature control methods for high
performance control of AC motor drives!'’. In FOC, the
stator currents are decomposed into d-axis (correspon-
ding to flux) component and g-axis (corresponding to
torque) component to emulate the behavior of a DC
machine, where the d-axis is in alignment with the
position of rotor flux vector. As a result, decoupled
control of torque and rotor flux is achieved. Both d-axis
and g-axis currents are regulated in the synchronous
frame using two proportional-integral(PI) controllers. A
space vector modulation(SVM) block is subsequently
used to synthesize the reference voltage vector, generating
the final gating pulses for the inverters. Good steady
state performance and quick dynamic response are
achieved in FOC and it has become the industrial
standard for high performance drives'®..

DTC was proposed firstly in the area of induction
motor drives®*, and later extended to other kinds of
three-phase AC machines and converters”®. Compared
to FOC, DTC eliminates the use of current control and
SVM block. It directly selects the most appropriate
voltage vector from a predefined switching table
according to the position of stator flux and error signs
of torque and stator flux. Very quick dynamic
response is achieved in DTC with simple structure.
The main drawbacks of DTC are high torque ripples
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in steady state and variable switching frequency!’.
Furthermore, low speed operation is usually an issue
of DTC™!. Various methods have been proposed to
tackle the problems above by using SVM™, duty cycle
control"”and multilevel converter!'!, etc. However,
they generally increase the computational burden
and/or hardware cost.

With the development of electronics technology
and information technology, more powerful digital
signal processors (DSP) and microprocessors are
available at reduced cost. As a result, very sophisticated
and advanced modern control theory can be applied to
AC motor drives. Among various modern control
theories, MPC is one of the most outstanding control
methods due to its merits of intuitive concept, quick
dynamic response, multi-variable control, ability to
handle various nonlinear constraints, and so on. For
high performance induction motor drives, usually torque
and stator flux are selected as the control variables. In
conventional MPC, a cost function relating to torque
and flux errors is defined and evaluated for each
voltage vector and the one minimizing the cost
function is selected as the best voltage vector''?.
Although the vector selected from MPC is more
accurate and effective than the one selected from a
predefined switching table in DTC, the steady state
performance is still not satisfactory and inferior to
that of FOC!"*. The main reason is that only one
voltage vector is applied during one control period,
which cannot regulate the torque and stator flux
accurately and moderately!'*). The enumeration-based
prediction requires lots of calculations and is
computational intensive. The sampling frequency has
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to be high, usually tens of kilohertz but the switching
frequency is variable. Furthermore, as torque and
stator flux are different in amplitude and units, a
proper weighting factor must be designed in the cost
function, which is not an easy task due to the lack of
theoretical guidance!'”. Finally, MPC relies on the
accuracy of system model and machine parameters,
which may affect its performance if there is mismatch
in the machine parameters. To make MPC practical,
additional issue such as starting current limitation,
and sensor-less operation, should also be considered.

To overcome the drawbacks of conventional MPC,
various improved MPC have been proposed in the
literature. This paper presents an overview of state of
the art of MPC in high performance torque control of
induction motor drives. A brief review of the basic
principle of conventional MPC is introduced in Section
2. The issue of weighting factor tuning is given in
Section 3. The issue of control complexity reduction
is shown in Section 4. In Section 5, the steady state
performance of conventional MPC is significantly
improved by introducing two or three vectors during
one control period. The practical issue of sensor-less
operation of MPC is introduced in Section 6. A com-
parison of FOC and an improved MPC is introduced
in Section 7 to show the potential of MPC in induction
motor drives. Finally, some conclusions are given in
Section 8. This paper will help to understand the
advantages and challenges of MPC when applied to
high performance induction motor drives.

2 Basic principle of MPC
2.1 Dynamic model of IM

A mathematical model of an induction motor
described by space vectors in an arbitrary frame
rotating at @y speed is expressed as:

Voltage equations:

{”s = Rsls +pl//5 +ja)k'//s

. : (1)
0= err +py/r +J(wk _a)r)l//r
Flux equation:
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Torque equation:
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where p =d/dtis the operator of differentiation; u,i,

i;, ¥;and ¥, are the stator voltage, stator current, rotor
current, stator flux linkage and rotor flux linkage
vector, respectively; R, R;, Ls, L, and L,, are the stator
resistance, rotor resistance, stator inductance, rotor
inductance and mutual inductance, respectively; @,
and N, are the electrical rotor speed and pole pairs

and A=1/(L L, ~ L2,).

In stationary frame (@,=0), the state space model
of IM can be rearranged by using state space

equations!'*'® as:

px=Ax+Bu 4)

, T .
where x= [ts y/S] are the state variable vector and
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In digital implementation, the equation (4) must
be discretized to predict torque and flux at (k+1)th
instant for a given voltage vector. A simple way to
discretize (4) is using first-order Euler method.
However, its accuracy is relatively limited especially
during high speed operation!'”). In [18], an improved
discrete model of IM is obtained by using the Cayley—
Hamilton theorem to compute the matrix exponential,
which is quite complicated. To achieve higher accuracy
and avoid complicated calculation, the Heun’s method*”
is employed in this paper, which is expressed as:
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where Ty is control period; X, is predictor-cor-

rectors of state vector; x*'! is predicted state vector of
stator current and stator flux at (k+1)th instant.
The rotor flux at (k+1)th instant can be estimated

k+1 it gq-
by stator fluxw, " and current**'as:
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Consequently, the electromagnetic torque can be
predicted as:

3
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where @) represents cross product of two vectors.
2.2 State estimation

Accurate state estimation of state variable is a
key factor for ensuring a good performance of MPC 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
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where ;2:[{5 V}ST are 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 is

expressed as:
2b
G=- %)
b/(AL,)

where b is a negative constant gain. This gain matrix
can improve the convergence and stability of observer,
especially at high speed as shown in [8]. In this paper,
b is chosen as —40. The characteristic of the observer
can be found in [21], which presents a strong robustness
over a wide speed range.

To illustrate the influence of machine parameter
variations on the performance of the system, Fig.1
shows the simulated response of MPC at low and high
speeds, when the stator and rotor resistance 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 their actual value. The current is
very sinusoidal in shape. The simulation results prove
that the proposed gain matrix has a strong tolerance for
machine parameter variation.

2.3 Vector selection

Recently, MPC has been introduced as a powerful
control method for IM drives. The control diagram of
MPC is shown in Fig.2. In model predictive torque
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Fig.1 Simulated responses of MPC with
mismatched machine parameters
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Fig.2 Control diagram of MPTC

control (MPTC), the cost function is usually defined
as the linear combination of torque and flux errors to
determine the best voltage vector, which is expressed
as [14,22]:

G =T =T +k, |y =1y (10)

where &, is a weighting factor for stator flux.

In digital implementation, there is usually one-
step delay between applied voltage vector and the
selected vector. To eliminate the side effect caused by
one-step delay, a model-based two-step prediction is
usually employed!'®. Thus, by considering one-step
delay in practical application, the following cost
function should be evaluated to select the best voltage
vector.

G =| T =T [+, W =W (1)

It should be noted that the torque reference is
generated from an outer speed loop and it is usually
assumed constant from the & to £+2 instant, because the
time constant of mechanical speed is much larger than
that of torque. In fact, this assumption is a common
practice in most study regarding MPTC as shown in
[23-29].

For a two-level inverter-fed IM drive system,
there are eight switching states and seven different
voltage vectors, ugc),U1,Uy " s as shown in Fig.3. For
each voltage vector, the cost function value of MPTC
may be different. After the cost function G, is evaluated
for each value, the vector producing minimal G, is
selected as the best one.

3 Control complexity reduction

As is well known, the implementation of MPTC
requires a high sampling frequency to obtain a good
performance in the real-time implementation because

15(010) 1, (110)
1,(000)
uy(011) i u,(100)
7
u5(001) g (101)

Fig.3 Voltages vectors and corresponding switching

states of the two level inverter
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only one voltage vector is applied in whole control
period. Hence, reducing the control complexity for
MPTC has become an important topic*”

In MPTC, both stator current and stator flux have
to be predicted for seven instances to obtain the
estimated torque from (7) for each voltage vector,
which is time consuming and computational intensive.
As stator current is not directly needed when evaluating
the cost function in (11), the prediction of stator
current may be eliminated for control complexity reduc-
tion. The remaining stator flux prediction is very simple,
as shown in the second row of equation (4).

From (4), the equation of stator current is
obtained as:
dig .
df ﬂ’(RsL + RrL ) + J 6() st ﬂ’(Rr - JLra)r )'//s +us

(12)

Substitute (1) into (12) and eliminate u,, the
current at (k+1)th instant can be obtained from
equation (12) by using forward Euler discretization
method”'! as

ij(k+1) =i, (k)+ ALy (k+1) (13)

igo (k) = (1= AR LT )i (k) + AR T, = L)y (k) +

o, T [i (k) = ALy (k)] (14)
Substitute (13) into (7), the torque at (k+1)th
instant can be simplified”" as:

T (k+1)=—2 3N y/‘“@zso(k) (15)

because ! @yt =0.
The main advantage of using equation (15) to
calculate torque is that only !//Sk+1 has to be predicted

seven times for different voltage vectors, whereas
iso(k) is only related to the variables at the kth instant
and only needed to be calculated once. As the stator
flux prediction is very simple, the overall computational
burden is significantly reduced.

4 Weighting factor tuning

It can be seen that the basic principle of MPTC is
very simple, however, the design of weighting factor
is a nontrivial work due to the absence of theoretical
guidance. On one hand, if the weighting factor of
stator flux in MPTC is too high, the term reflecting
torque error becomes negligible. However, this only
guarantees that the amplitude of stator flux is close to
the reference value and may lose the control of torque.
On the other hand, if the weighting factor is too small,
the stator flux cannot be accurately controlled, which
produces high oscillations in flux amplitude and spikes
in the stator currents. Consequently, The weighting
factor usually requires tedious tuning work by
simulation and experimental tests to find a suitable
value, which restricts the application of MPTC in
practice.

4.1 Model predictive flux control

To avoid the use of weighting factor in MPTC, a
new stator flux vector reference can be equivlently

constructed from 7" and " based on the model of

IM. As only stator flux is used, this method is called
model predictive flux control (MPFC) and its control
diagram is illustrated in Fig.4. The cost function of
MPFC is shown in (16) and the voltage vector
minimizng (16) is selected as the best vector.

ref k+1
S =W s

(16)

Similar to MPTC, the compensation of one step
delay is employed and thus the tracking error at
(k+2)th instant is considered as shown in (17). It is
evident that the weighting factor is no longer required
as only the tracking error of stator flux vector is
involved. The details of the reference conversion will
be elaborated as follows.

ref k+2
J2

Ve Vs (17)

For DTC and MPTC drives, where torque and
stator flux are selected as the control variables, the

stator flux reference is usually set a constant as ",

shown in equation (18). The main reason is that the
field weakening operation and efficiency optimization
are not considered in this paper, so stator flux magnitude
reference is set as a constant, which is common
practice in MPTC/DTC drives, as shown in [23-29]:

v | =p (18)
According to (3), if rotor flux ¥; is already

known, the reference value of torque and stator flux
should satisfy the following equation:

T 3 T
Tt = 2N AL, (w, @y (19)

From (18) and (19), the stator flux vector reference

ref ref

w! can be expressed by 7" and i/

i =y exp(j Lyl (20)
Tref
Ly =2y +arcsin 21
y/ Wr 3 pﬂ,L |l//r|Wref ( )
To compensate the one-step delay, y; K2 must be

ref

determined to obtain y~ at (k+2)th instant as shown in

equation (21). Consequently, the new cost function
can be rebuilt as shown in equation (17).
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Fig.4 Control diagram of MPFC
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4.2 Simulation study

Fig.5(a) shows the simulated responses of MPTC
at high speed of 1500r/min when the weighting factor
varies from 14.2 to 350. From top to bottom, the
curves shown in Fig.5 are rotor speed, electromagnetic
torque, stator flux amplitude, one phase stator current
and the number of selected voltage vectors. It is seen
that when the weighting factor is set to the ratio between
rated torque and stator flux amplitude (k,=14.2),
although the torque ripples are small, there are significant
oscillations in both stator flux and current. The stator
flux ripples are significantly reduced when increasing
k, from 14.2 to 32, however, the torque ripples are
also there are still spikes in the stator current. When
k, is increased from 32 to 100, the stator flux ripples
are further reduced and the spikes in the current
disappear, achieving good balance between stator flux
ripples and torque ripples. Further increasing k, to
bigger values of 250 and 350 does not produce
noticeable improvement on the flux ripples and stator
current harmonics, but the torque ripples are increased
which affects the steady operation of closed-loop
speed control. The results prove that k, cannot be too
big or too small and it must be well tuned to achieve a
good steady state performance of both torque and
stator flux for MPTC. For the machine in this paper,
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Fig.5 Simulated responses at high speed operation of
1500 r/min without load for MPTC with different
weighting factors and MPFC

>

k, =100 is an appropriate solution for MPTC. On the
contrary, MPFC achieves a similar steady performance
to the well-tuned MPTC without the tuning of weighting
factor as shown in Fig.5(b).

4.3 Experimental results

Fig.6 presents the current THD for MPTC with
different weighting factors and MPFC. If an improper
weighting factor (e.g. k,=32) is selected, the perfor-

mance

of MPTC degrades significantly as shown in

Fig.6(a). MPFC achieves the lowest current THD, even
better than that of MPTC with fine tuning weighting
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Fundamental ( 5Hz ) = 3.7839, THD = 22.3056%
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Harmonic order
(a) MPTC with &, = 32

0.1 02 03
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Harmonic order
(b) MPTC with &, = 100
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e T
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a4

Harmonic order
(c) MPFC
Fig.6 Torque and harmonic spectrum of stator
current at 150 r/min without load



Y. Zhang et al.: Overview of Model Predictive Control for Induction Motor Drives 67

Factor (k,=100) shown in Fig.6(b). The results indicate
that a proper weighting factor has to be selected to
achieve a good balance between torque ripple and
stator flux ripple. By using MPFC, good balance
between torque ripple and current harmonics without
any tuning work can be achieved, as shown in Fig.6c.
The results prove that MPTC is sensitive to the variation
of weighting factor and MPFC is more practical®*,

5 Steady state performance improvement

Although MPTC is more accurate and effective
than DTC in vector selection*?% applying the
selected voltage vector during the whole control period
is not optimal in terms of torque ripple reduction!**>"!,
In DTC, it has been known that inserting a zero
voltage vector along with an active voltage vector
during one control period can achieve moderate and
accurate torque regulation”*?°). Consequently, many
scholars proposed the concept of duty cycle controlt**-*¥
by inserting a null vector along with the selected
active voltage vector in MPTC and MPFC to improve
their steady state performance!*’’.

5.1 Two-vectors-based MPTC

The active vector is first selected from conventional
MPTC and then its duration is determined based on a
certain principle such as deadbeat control of torque!*!
torque ripple minimization!'” and mean torque control™”..
In these methods, the impact of duty ratio optimization
on selecting the best voltage vector is not considered.
If vector selection and duty ratio are optimized
simultaneously, better steady state performance can
be obtained'®!. The overall flow chart of MPTC!'®
considering one-step delay compensation is shown in
Fig.7.
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Full order obserber
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vt | ] Tte2)
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&=Gi
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Fig.7 Flow chart of the proposed MPTC with the
consideration of time-delay compensation

The MPTC!® is experimentally tested on a
two-level inverter-fed IM drive platform. The results
of conventional single-vector-based MPTC!'® and the
improved MPTC with separate duty cycle control””)
are also presented for the aim of comparison. For
convenience, the prior method in [37] is referred as
MPTC I, and MPTC!"® is referred as MPTC II in this
section.

Fig.8 presents the steady-state responses at 150
r/min for conventional MPTC, MPTC I, and MPTC II.
It is seen that both MPTC I and MPTC II present
much lower torque ripple than that of conventional
MPTC. At the same time the oscillation in stator flux

1,/A

04 0.6 0.8 1.0
Time/s

(a) Conventional MPTC at 20kHz sampling frequency

0 0.2 0.4 0.6 0.8 1.0
Timefs
(b) MPTC I at 20kHz sampling frequency

0 02 0.4 0.6 0.8 1

Timels

(¢) MPTC II at 10kHz sampling frequency
Fig.8 Steady-state response at 150r/min for
conventional MPTC, MPTC I and MPTC 11
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and distortion in stator current presented in MPTC I
are eliminated in MPTC II, validating the effectiveness
of considering the duty ratio in the cost function
evaluation.

The harmonic spectrum of stator current at 150
r/min without load is shown in Fig.9. The current
THD of the MPTC II is only 3.64%, much lower than
the value of 8.90% in conventional MPTC. But the
current THD of MPTC I is 11.16%, much higher than
that of conventional MPTC and MPTC II due to the
inappropriate processing of duty ratio.

The torque ripple and current THD of conventional
MPTC, MPTC I, and MPTC II at various speed with
rated torque are summarized in Fig.10. It is seen that
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Fig.10 Torque ripple and current THD of conventional
MPTC (20kHz sampling frequency), MPTC I (20kHz

sampling frequency), and MPTC II (10kHz sampling
frequency) at various speeds with rated load

the conventional MPTC presents the highest torque
ripple at all speeds. Both MPTCI and MPTC II
present much lower torque ripple, especially at low
speed for MPTC II. The current THD of MPTC II is
better than that of conventional MPTC and MPTC 1
over a wide speed range, especially at low speed.
Considering the torque ripple and current THD at
various speeds and the sampling frequency, the overall
performance of MPTC II is the best one among the
three methods.

5.2 Generalized two-vectors-based MPTC

In Section 5.1, the concept of duty cycle control
was introduced in MPTC by inserting a null vector
along with an active vector during one control period.
However, this still fails to reduce the torque error to a
minimal value due to the imposed restriction on vector
combination and the cascaded processing of vector
selection and vector duration. By relaxing the vector
combination to two arbitrary voltage vectors, a
generalized two-vectors-based MPTC (GTV-MPTC)
is proposed in [14]. Experimental results were carried
out to verify the effectiveness of this method. The
presented results show that, compared to prior MPTC
with or without duty cycle control and conventional
MPTC, the GTV-MPTC achieves much better perfor-
mance with lower sampling frequency over a wide
speed range. For simplicity, the prior methods in [37]
and[16], which use an active voltage vector and a zero
vector, are named as Duty-MPTC I and Duty-MPTC I1
in experiment results, respectively. The conventional
MPTC [18] are also presented as a comparison.

To validate that the best voltage vector combina-
tions may not be the combination of an active vector
and a null vector, Fig.1lillustrates the number of
selected two vectors during the startup response. The
number of two null vectors are both indicated by 0 in
Fig.11. It is seen that the first voltage vector is always
selected as an active voltage vector, and the number of
second voltage vector varies from 0 to 6. This indicates
that the optimal second voltage vector is not always
zero voltage vector, especially during medium and
high-speed operation. Additionally, when the machine
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runs at 1500 r/min, the number of selected two vectors
and the corresponding pulse signal for one switch of
inverter during stepped torque change is illustrated in
Fig.12. It is clearly seen that the second vector may be
a nonzero vector during both steady and dynamic
process, confirming that relaxing the vector combina-
tions to two arbitrary vectors in the GTV-MPTC leads
to different selection of the two vectors (generally
more effective) compared to Duty- MPTC II.

Fig.13 presents the responses of torque, stator
flux, and stator current at 150 r/min with rated torque
(14N'm). Conventional MPTC presents relatively
large torque ripple, and there are many harmonics in
the stator current. The torque ripple of Duty-MPTC 1
is lower than that of conventional MPTC, but its stator
current is somewhat distorted, which is mainly caused
by the cascaded processing of vector selection and
vector durations. The GTV-MPTC exhibits the best
steady-state performance in terms of torque and stator
flux ripples as well as current harmonics among the
three MPTC methods, even if its sampling frequency
is only half of the other two methods.

A numerical comparison of torque ripple and
THD of stator current are shown in Fig.14, which are
obtained at various speeds with rated torque. It is seen
that the conventional MPTC presents the highest torque
ripple and current THD, followed by Duty-MPTC 1.
The GTV-MPTC has the lowest torque ripple and
current THD at different speeds.
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The average switching frequency of the three
methods is illustrated in Fig.15. It is clearly seen that
the average switching frequency of conventional
MPTC varies with speed significantly. The Duty-MPTCI
presents relatively constant switching frequency, but
still variable with speed, especially at high speed
range. But the average switching frequency of GTV-
MPTC is almost constant over a wide speed range and
is even lower than that of conventional MPTC in the
medium speed range. Hence, it is easy to conclude
that GTV-MPTC performs best by providing the lowest
torque/flux ripples and current harmonics with almost
constant (and even lower) switching frequency.

A quantitative comparison between GTV-MPTC
and Duty-MPTC II at various speeds is shown in Fig.16.

9

Average switching frequency/kl [z

150 300 450 600 730 900 1050 1200 1350 1500
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Fig.15 Average switching frequencies for conventional
MPTC (marked with“0”), Duty-MPTC I (marked with “*”),
and GTV-MPTC (marked with “A”) at different speeds
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It is seen that, the performance difference between the
two methods at low speeds is minor. However, the
performance of the GTV-MPTC becomes much better
than Duty-MPTC II when the speed increases. This
confirms that the combination of two nonzero voltage
vectors are more suitable at medium and high speeds
than the combination of an active vector and a null
vector.

5.3 Three-vectors-based MPFC

Similar to MPTC, MPFC presents high torque
and current ripples if only one voltage vector is applied
during each control period. To improve the steady
state performance of MPFC, various two-vectors-
based schemes can be found in the existing literature.
It is expected that better performance can be expected
if three vectors are selected during one control period.
However, the complexity would also be increased
significantly, which makes its practical application
difficult. To address this problem, a simple yet very
effective three-vectors-based MPFC is proposed in [44],
which significantly reduces the average switching
frequency and computation burden.

The three-vectors-based MPFC employs two
active vectors and a null vector. Similar to [45], the
first voltage vector is the last voltage vector applied
during the previous control period. To reduce the
computational burden, the second and third vector are
a zero vector and non-zero vector, respectively. The
control diagram of three-vectors-based MPFC is
presented in Fig.17.

The prior MPFC*¥ is also presented for the aim
of comparison to prove that the three-vectors-based
MPEC can achieve a better performance than the two-
vectors-based MPFC. For convenience, the method in
[45] is refereed as method I and the three-vectors-
based MPFC is refereed as method II in this section,
respectively.

Fig.18 shows the dynamic responses to 100% rated
load disturbance (about 14N-m) for both methods. It
is seen that very similar dynamic response can be
observed in method I and method II. However,
the torque ripple of method II is much lower than
that of method I. The reversal responses of both
methods from —1500r/min to 1500r/min are presented
in Fig.19. Again it is seen that the dynamic responses
are similar but method II presents lower torque and flux
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Fig.17 Control diagram of the three-vectors-based MPFC
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Apart from dynamic response, steady state experi-
ments were carried out at low speeds with a rated load
disturbance, as shown in Fig.20. Both methods can
work well but method II presents better steady state
performance than method I in term of the torque and
flux ripples.

6 Practical issues
6.1 Decreasing starting current

In MPC, the stator flux and torque are directly
controlled while the stator current is not directly
regulated. If the IM is started directly without any
special measure on the current control, there may be a
large starting current leading to over-current protection
as shown in Fig.21(a). To decrease the starting current
and maintain sufficient starting torque, the stator flux
should first be established. The process of machine
magnetization is called pre-excitation, which is achieved
by the current chopping control as shown in Fig.21(b).
During the process of pre-excitation, a fixed nonzero
voltage vector will be selected and if the current
exceeds its limitation setting, the nonzero vector will
be switched to a zero vector to decrease the current.
This process will not terminate until the stator flux
amplitude reaches its reference value and then the IM
can start safely with sufficient torque!®’
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Fig.20 Low speed operation of 15 rpm with rated load
for method I and method II
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Fig.21 Simulated starting responses from standstill to
1500 r/min for MPFC without pre-excitation and with
pre-excitation.

6.2 Sensorless operation

Sensorless operation is preferred in many applica-
tions because of lower cost and better adaptability to
hostile environments. Many schemes, such as state
observer [48], model reference adaptive system [49]
and Kalman filter[50], have been studied to achieve
high performance closed-loop control without using a
speed sensor. In this part, the combination of MPFC
and an adaptive full observer®' ™ is proposed to
achieve sensorless operation. To further improve the
steady state performance, SVM is used to generate the
final gating pulses. Experiment results prove that the
proposed sensorless SVM-MPFC can achieve excellent
dynamic and steady state performance over a wide
speed range.

6.2.1 Deadbeat control of stator flux vector

Knowing the amplitude and angle of stator flux
from(18) and (21), we can obtain the stator flux vector
reference, as shown in (20). Consequently, the stator
voltage vector reference can be obtained based on
deadbeat control of stator flux vector, which is
expressed as:

Sref _ RsiSk-H + '//sref]T'//Sk+1 (22)

sC

u

k+1 ok+1

where W, ,i;" can be obtained by equation (5).

6.2.2 Speed-adaptive full order

The adaptive full order observer can be constructed
from the model of IM, as shown in equation (8). The
control diagram of the observer is illustrated in Fig.22.
From Lyapunov’s theorem, the estimated speed can be
obtained as [53]:

do, k
= (kp +

dr :lj (Aisal/}rﬁ - AisBl/}rot ) (23)

where Al =i —fs is an error current between measure-
ment and estimation. ¥, can be obtained from the
equations (6) and (8).

The responses of starting from standstill to 1500
r/min and reverse to forward operation at 1500r/min
for sensorless SVM-MPFC are shown in Fig.23 and
Fig.24, respectively. It can be seen that the motor
accelerates quickly to the reference speed with a 120%
rated torque. The estimated speed follows the actual
speed well during the whole process, indicating that
the observer and controller work well over a wide
speed range.

Apart from the dynamic response, the steady state
tests at high and low speeds with rated load disturbance
were carried out, as shown in Fig.25 and Fig.26. It is
shown that, the estimated speed is almost identical to
the actual speed and stator current wave- forms are
very sinusoidal during the whole process. There are
some speed fluctuations at low speed, which is mainly
caused by the oscillations in the load torque. The
stator current is still sinusoidal, as shown in Fig.26.
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Fig.22 Control diagram of adaptive full order observer
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7 Comparison with FOC

This part introduces an improved two-vectors-based
MPCP*! (MPC2) and it is compared with the well-
established FOC. A detailed experimental study of
both methods is presented, including steady state
performance, dynamic response, and average switching
frequency. Very promising results are obtained in MPC2
by providing better steady state performance and much
quicker response than FOC under the condition of
similar average switching frequency. The results prove
that MPC2 is a powerful alternative to FOC and may
find wide application in the near future.

The first voltage vector of MPC?2 is selected from
the six non-zero voltage vectors under the assumption
that they are applied for the whole control period.
After selecting the first voltage vector #;,p, the next
step is to select the second optimal voltage vector
Uy, and determine the optimal duration #,, of the
first vector. To reduce the control complexity, the
second voltage vector is selected among the vectors
adjacent to uo, which produces no more than one
switching jumps. The control diagram of the proposed
MPC2 is shown in Fig.27.

7.1 Dynamic response

Firstly, the dynamic response of FOC and MPC2
is compared. The starting responses from standstill to
1500r/min and the reverse to forward operation for both
methods are shown in Fig.28 and Fig.29, respectively.
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It is clear that MPC2 presents better performance than
FOC in terms of the torque and flux ripples.

Fig.30 illustrates the short time response of
torque for both FOC and MPC2, where the torque
reference changes from zero to 120% rated value
suddenly at #=0.01s. The response of conventional
single-vector-based MPTC!"*! is also presented for the
aim of comparison. It is clearly seen that the MPC2
achieves extremely quick dynamic response with
rising time less than Ims (similar to MPTC). On the
contrary, it takes more than 10ms for the torque of
FOC to reach the 120% rated value, which is much
slower than that of MPTC and MPC2.

7.2 Steady state performance

Apart from the dynamic response comparison,
Fig.31 further presents the steady state performance
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Fig.30 Comparison of short time response of torque for
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Fig.31 Quantitative steady state performance comparison

of MPC, FOC and MPC?2 at various speeds

comparison of current THD and torque ripples for
MPTC, FOC and MPC2 at various speeds. It is clearly
seen that conventional MPTC presents the highest
current THD and torque ripple at all speeds. The
proposed MPC2 exhibits the best steady state perfor-
mance in terms of current THD and torque ripple,
especially in the high speed range. At low speeds
below 1000r/min, the torque ripple of MPC2 is similar
to that of FOC. The quantitative comparison confirms
the superiority of MPC2 over FOC not only in the
dynamic response, but also in steady state performance.

7.3 Average switching frequency

Fig.32 shows the average switching frequency of
FOC and MPC2 at various speeds. Though MPC2
presents slightly variable average switching frequency
in the whole speed range, the average switching
frequency of MPC2 is slightly lower than FOC.

8 Conclusion

MPC is emerging as a powerful control scheme
for high performance torque control of ac motor drives.
However, conventional MPC present some drawbacks
which should be solved. This paper presents the state
of art of MPC dealing with these problems.

The control complexity and computational burden
in conventional MPC can be reduced significantly
by eliminating the prediction of stator current. Only
prediction of the stator flux is necessary, which is
much easier to implement.

To avoid nontrivial weighting factor tuning,
MPFC is developed. 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 achieved by control of stator flux vector and
the weighting factor tuning is eliminated.

The steady state performance can be significantly
improved by imposing two or three vectors during one
control period. For two-vectors-based MPC, by relaxing
the vector combinations to two arbitrary voltage vectors,
Much better steady state performance verses conven-
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tional MPC in terms of torque and flux ripples as well
as current harmonics can be obtained at various
speeds. The average switching frequency is almost
constant and even lower than conventional single-
vector-based MPTC at medium speeds.

For the practical operation of MPC, the per-
excitation technique is very effective to reduce the
starting current while providing sufficient torque. By
using speed adaptive flux observer, the MPC can
operate at wide speed range without speed sensors,
which increases the reliability of MPC in practical
applications.

Finally, a comparative experimental study of
FOC and the recently two-vectors-based MPC are
carried out on a two-level inverter-fed IM drive.
These two methods are tested under the condition of
similar average switching frequency to make a fair
comparison. It is found that the two-vectors-based
MPC exhibits much quicker dynamic response than
that of FOC. Furthermore, the steady state performance
of MPC2 in terms of current THD and torque ripple is
also better than FOC, especially in the high speed
range. The test results show that the two-vectors-
based MPC is a powerful alternative to conventional
FOC and may find wide application in the future.
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