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Abstract—This paper presents a new and
very simple strategy for torque and flux
control of AC machines. The method is
based on Model Predictive Control and uses
one cost function for the torque and a
separate cost function for the flux. This
strategy introduces a drastic simplification,
achieving a very fast dynamic behavior in
the controlled machines. Experimental
results obtained with an induction machine
confirm the drive’s very good performance.
Index Terms—Predictive Control, Drives,

Power Electronics
1. INTRODUCTION

The control of electrical machines has been
one of the most classical and challenging
problems of electrical engineering. With the
observed in

explosive  development

electromobility in the last decade, the

control of electrical machines is of highest
interest for industry today. Two strategies
are widely accepted as standard solutions for
high performance AC drives: Field Oriented
Control (FOC) and Direct Torque Control
(DTC). FOC was invented in 1972 [1], [2]
and DTC was invented in 1986 [3], [4].
these strategies were developed more than
30 years ago, at a time where modern
microprocessors ~ were not  available.
Microprocessors have since been used to
improve the performance of these strategies
without introducing significant changes in
the basic concepts of the theories. However,
the tremendous calculation power available
today at high speeds and reduced costs
makes it possible to develop different
control  strategies. In effect, Model
Predictive Control is one of these modern
control strategies that use microprocessors’
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calculation power differently in the field of
power electronics [S]-[15]. Up to now, the
Finite Control Set Model Predictive Control
(FCS-MPC) of torque and flux of AC
machines has been done mainly using a
single cost function with a weighting factor
to give more importance to one of these
control objectives [16]—-[18]. The calculation
of the weighting factor has been one of this
control strategy’s important challenges. In
most cases, the weighting factor is obtained
by a trial and error process that is not easy or
elegant, nor is it acceptable for many users
[13]- [15], [19]-[23]. This paper presents a
new strategy for predictive torque and flux
control of AC machines that does not use
weighting factors. This strategy is called
Sequential Model Predictive  Control
(SMPC), and it uses a sequential structure
with a single cost function for each control
objective in the system. The first stage
controls the torque, and the second stage is
dedicated to controlling the flux. The
resulting strategy solves in a very simple
and logical way, all the problems and
difficulties related to the calculation of the
weighting factors. The following sections of

the paper will present the mathematical

models for the machine and the inverter, the

prediction equations, the control strategy
and the experimental results obtained with

an induction machine.
2. MATHEMATICAL MODELS

The inverter used in this work is the 2-level
Voltage Source Inverter (2L-VSI). Fig. 1
shows the power circuit of the 2LVSI. This
inverter is the simplest and most mature
power inverter technology; it has only two
power switches for each output leg that
work complementarily, but it generates a
large harmonic content. However, as the
focus of this work is the control strategy,
this simple inverter is used. Fig. 2 shows the
possible voltage vectors generated by the
2L-VSI. There are eight possible voltage

vectors described in
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Fig. 2: Vectors of the 3-phase 2L-VSI.

TABLE I: Possible switching states of 3 phase 2L-VSI

Switching State Voltage Vector

Sa S Sc Va vg
g 0 0 0 0 0
m 1 0 0 2Wpe/3 0
vo 1 1 0 Vbe/3 V3Vpe/3
vg 0 1 0 ~Vpe /3 V3Vpe/3
we 0 1 1 —2Vpc/3 0
vs O 0 1 -Vpe/3  —V3Vpe/3
Vg 1 0 1 Vbe/3 —\/§VDCK{3
v 1 1 1 0 0

Table I, and vectors v0O and v7 are the null
voltage vectors (va = 0; vB = 0). The
mathematical equations that describe the 2L-

VSI are:

Vbe
Ve = 84 5

Vbeo
= Sp——
Uy D)

Vbe
Ve = Sr.' 9

The voltage in a — B frame can be written as:

—0.5

vs | _ 2 [ 1 —0.5 ;
vp | T30 VB2 VB2 ||

Model of the Induction Machine

To generate the mathematical model of the
induction machine (IM) the stator flux W¥s
and stator current is are taken as state
variables. The dynamic equations of IM can

be expressed in stationary frame as follow

dw
s — Rs-s =
VoA
dw w
) = Rr-r B ,_‘Dr
( ir + T Jp

‘I'.s . L'sis + L'mir
'1’1' = L‘mis + Lf'ir

3
T=Sp|¥, ®i,
P Ws @ i

dw

J= =T -T;

where vs is the voltage vector, ® denotes the
rotor angular speed, p is the pair of poles,
and Rs and Rr are the stator and rotor
resistance, respectively. Ls, Lr and Lm are

the stator, rotor and mutual inductance,
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respectively. Finally, T and TL are the

electrical torque and load torque,

respectively.
3. EQUATIONS FOR PREDICTION

For prediction of torque and flux [8], [14],
[20], estimation of the stator flux Ws and the
rotor flux Wr are required at the present
sampling time k. The rotor flux can be
calculated using the equivalent equation of
the rotor dynamics of an IM in rotating
reference frame aligned with the rotor
winding, which gives:

dw,
dt

lI’r + Tr = Lmis

where 1r = Lr/Rr is the rotor time constant.
Using the backward-Euler discretization and
considering Ts as the sampling time, the
discrete-time equation for the rotor flux

estimation is as follows:

T i 7 ;i
¥* =L, + (1 = _—') b

T Tr

The stator flux can be estimated by the

equation:

Now, the stator flux prediction is obtained

by the forwardEuler discretization:
q:!:sk-’_l — q’sk -+ .]Tevsk - T‘.-sR.RisA‘

The stator current prediction is also obtained

by the forwardEuler discretization:

L5 = Crigk + Cplk 4 v,k
L,

Finally, the torque prediction depends on the

stator flux and stator current predictions and

can be written as follow:
Tk+}. = gp| ‘I,SFH-J ® il_-:+1|

4. THE CONTROL STRATEGY

The proposed control strategy, called

Sequential Model Predictive  Control
(SMPC), uses a cascade structure to control
more than one control objective. The
strategy uses a sequence of cost functions to
control each control objective. Instead of
using a single cost function with several
control objectives related by a weighting
factor, the problem is solved by using
different cost functions, each of which is
dedicated to controlling a single control

objective. It should be noted that in the
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implementation of the predictive control
strategy, the delay in the application of the
optimal vector must be considered because
the measurement, the data processing, and
the optimization algorithm are not
instantaneous. To compensate for this delay,
the control variables should be predicted for
the future instant k +2. This delay
compensation strategy is well documented
in [26]. The block diagram of the SMPC
strategy is presented in Figure 3. The error
between the reference speed (o * ) and the
measured speed (w) is introduced to a
Proportional-Integral (PI) controller, which
delivers the reference Torque (T * ) to be
generated by the machine. The cost function

for the torque control (gl) is given by:
¢ % p| P2 @ ik+2

This cost function is represented by block 2
of the block diagram in Fig. 3. In addition,
gl is calculated for all seven different
voltage vectors generated by the inverter.
The two voltage vectors that generate the
smallest values for gl (that is, the smallest
error) are selected for the next control step,

which corresponds to the minimization of

the flux error. This action is performed by
the cost function g2, which corresponds to

the flux error, defined by

k+2 k41 ! : s k+1
"I-':s = ‘I's EE I;Vs}‘-H s TﬁR.-sls g

This cost function is evaluated for each of
the two voltage vectors selected by the
previous step of torque control. This
operation is represented by block 3 in Fig. 3.
Finally, the voltage vector that minimizes g2

1s selected and delivered to the load.

TABLE II: Test bench parameters

Parameter Value
DC link voltage Ve 582V
Ha 2.6802
Ry 2.13Q2
L 275.1mH
Ly 283.4mH
L, 283.4mH
p 1
Wisom 2772.0RFM
Thom 7.5 Nm
J 0.005kg /m?

The test-bench consists of two 2.2 kW
squirrel-cage induction motors, the load side
and main motors. The load side machine is
driven by a Danfoss VLT FC-302 3.0 kW
inverter. The main motor is driven by a
modified SERVOSTARG620 14 kVA inverter
that provides full control of the IGBT gates.

A self-made 1.4 GHz real-time computer
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system is used. The rotor position is
measured by a 1024-point per revolution
incremental ~ encoder. The  sampling
frequency is 16kHz. The average switching
frequency is around 3.3kHz. Table II shows
the parameters of the test bench and Fig. 5

shows the equipment used in the laboratory

Stator/Rotor | ;
Flux
Estimation

Torque/Flux
Prediction

Fig. 2: Experimental test bench.

A relevant report can be seen in [27] as well.
But, this is not our major goal in this paper,
therefore, we could not deal this with more
details. Fig. 8 shows the transient behavior

of the torque in greater detail. The variables

included in this figure are: reference torque
(T* ), torque (T) and stator current (iar). It
can be observed that the torque reaches the
reference in less than 1 ms. However, a PI
controller could be adjusted so that the
transient response is as fast as possible. The
design procedure for this purpose is the

magnitude optimum method.
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Fig. 3: Experimental results for speed
reversal of £2772 RPM: (a) Rotor speed (®);
(b) Torque (T); (c) Stator current (ia).
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Fig. 4: Experimental results for steady state:
(a) Stator current (ia); (b) Torque (T); (c)
Stator Flux (ya); (d) Stator voltage (va).

The position of the stator flux in the
complex plane must be identified by the
control to select the right direction of the
lookup table. None of these important and
necessary features are needed or considered
using our proposed strategy, making it much
simpler than DTC. Fig. 9 shows the block
diagram of DTC and the standard MPC. 1t is
possible to see that DTC is different from
MPC schemes (standard or proposed), and
as the standard MPC uses only one cost

function with a weighting factor, also it

Estimation and
Compensation

(a)

MPC

Cost Function Sekatad ‘.
Minimization > - ™
(T =THAL¥ -¥)

ib)

Fig. 5: Block diagram of: (a) DTC; (b)
Standard MPC.

5. CONCLUSIONS

This paper has presented a new and very
simple strategy for high performance control
of an induction machine called Sequential
Model Predictive Control (SMPC). The
method uses the approach of Model
Predictive Control and is based on the
fundamental equations of the machine and
of the inverter. SMPC calculates the
variables of the system in a sequential way
using a single cost function for each control
objective. Moreover, this work demonstrates
that it is not necessary to use weighting
factors to control torque and flux when
control.

using predictive Experimental

results confirm that the strategy effectively
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controls torque and flux. This simple

strategy  eliminates the problem of
calculating any weighting factor. MPC is
conceptually different from established
strategies for high performance control of
AC machines. It uses the capabilities of
modern microprocessors and the discrete
analysis of the system to be controlled
(inverter and machine) in a simple way.
Finally, these results confirm that this
strategy is a very attractive and promising

alternative for high performance AC drives.
REFERENCES

[1] F. Blaschke, “The principle of field
orientation as applied to the new transvector
closed-loop system for rotating-field
machines,” Siemens review, vol. 34, no. 3,

pp. 217-220, 1972.

[2] R. Gabriel, W. Leonhard, and C. J.
Nordby, “Field-Oriented Control of a
Standard AC Motor Using
Microprocessors,” IEEE Transactions on
Industry Applications, vol. [A-16, no. 2, pp.

186—192, Mar. 1980.

[3] I. Takahashi and T. Noguchi, “A New
Quick-Response and HighEfficiency

Control Strategy of an Induction Motor,”

IEEE Transactions on Industry Applications,
vol. [A-22, no. 5, pp. 820-827, Sep. 1986.

[4] M. Depenbrock, “Direct self-control
(DSC) of inverter-fed induction machine,”

IEEE Transactions on Power Electronics,

vol. 3, no. 4, pp. 420-429, Oct. 1988.

[5] J. Rodriguez, J. Pontt, C. A. Silva, P.
Correa, P. Lezana, P. Cortes, and U.
Ammann, “Predictive current control of a

voltage source inverter,” vol. 54, no. 1, pp.

495-503, Feb. 2007.

[6] P. Cortes, M. P. Kazmierkowski, R. M.
Kennel, D. E. Quevedo, and J. Rodriguez,
“Predictive Control in Power Electronics
and Drives,” IEEE Transactions on
Industrial Electronics, vol. 55, no. 12, pp.

43124324, 2008.

[7]. G. Jagga Rao, Y. Chalapathi Rao, Dr.
Anupama Desh Pande "Detection For 6G-
NOMA  Based  Machine Learning

Optimization for Successive Adaptive
Matching Pursuit Analysis", Q3, pp. 1803-

1812, Jan 2020.

[8]. Sudha, Y. Chalapathi Rao, G. Jagga Rao

Machine Learning based Copy-Move
Forgery Detection with Forensic Psychology

318



IJTE

TECHNO-ENGINEERING

Ultra-Hd images "in Volume 81, Nov-Dec-
2019.

[9]. Dr. B Sankara Babu, Srikanth Bethu, K.
Saikumar, G. Jagga Rao, "Multispectral
Satellite Image Compression Using Random
Forest Optimization Techniques" Journal of
Xidian University, in Volume 14, Issue 5-
2020.

[10]. G. Jagga Rao, Y. Chalapathi Rao,
"Human Body Parts Extraction in Images
Using JAG-Human Body Detection (JAG-
HBD) Algorithm Through MATLAB"
Alochana Chakra Journal, Volume IX, Issue

V, May/2020.

[11]. Dr. k. Raju, A. Sampath Dakshina
Murthy, Dr. B. Chinna Rao,G. Jagga Rao "A
Robust and Accurate Video Watermarking
System Based On SVD Hybridation For

Performance  Assessment" International
Journal of Engineering Trends and
Technology (IJETT) — Volume 68 Issue 7 -
July 2020.

[12]. G. Jagga Rao, Y. Chalapathi Rao, Dr.
Anupama Desh Pande "A Study of Future

Wireless Communication: 6G Technology

Era " volume 14, issue 11,2020.

[13]. G. Jagga Rao, Y. Chalapathi Rao, Dr.
Anupama Desh Pande "Deep Learning and
Al-Based millimeter Wave Beamforming
Selection for 6G With Sub-6 GHz Channel
Information" Volume 21 : Issue 11 —2020.

[14]. G. Jagga Rao, Y. Chalapathi Rao,
Gopathi Shobha,G. Jagga Rao,P. Lavanya,
M. Ravi “Deep
Wave/Sub - THz

Learning based

Millimeter RMIMO-

OFDM  Systems with  Beamforming

2

Wireless communication International
Science and

Technology, 2023, Vol. 10, - 2023.

Journal of Membrane

[15] Z. Zhang, W. Tian, W. Xiong, and R.
Kennel, “Predictive torque control of
induction machines fed by 3L-NPC
converters with online weighting factor
adjustment using Fuzzy Logic,” in Proc.

IEEE Transportation Electrification Conf.
and Expo (ITEC), Jun. 2017, pp. 84—89.

[16] S. A. Davari, D. A. Khaburi, P. Stolze,
and R. Kennel, “An improved Finite Control
Set-Model Predictive Control (FCS-MPC)
algorithm  with  imposed  optimized
weighting factor,” in Proc. 14th European
Conf. Power Electronics and Applications,

Aug. 2011, pp. 1-10.

319



L

IJTE

TECHNO-ENGINEERING

[17] M. Norambuena, S. Kouro, S.
Dieckerhoff, and J. Rodriguez, “Finite
Control Set-Model Predictive Control of a
Stacked Multicell Converter with Reduced
Computational Cost,” in IEEE Industrial
Electronics, IECON 2015 - 4Ind Annual

Conference on, 2015.

[18] M. Norambuena, C. Garcia, and J.
Rodriguez, “The challenges of predictive
control to reach acceptance in the power
electronics industry,” in Proc. 7th Power

Electronics and Drive Systems Technologies

Conf. (PEDSTC), Feb. 2016, pp. 636-640.

[19] P. Cortes, S. Kouro, B. La Rocca, R.
Vargas, J. Rodriguez, J. I. Leon, S. Vazquez,
and L. G. Franquelo, “Guidelines for
weighting factors design in model predictive
control of power converters and drives,” in
Proc. IEEE International Conference on
Industrial Technology ICIT 2009, 10-13
Feb. 2009, pp. 1-7.

[20] C. A. Rojas, J. Rodriguez, F. Villarroel,
J. R. Espinoza, C. Silva, and M. Trincado,
“Predictive torque and flux control without
weighting factors,” IEEE Transactions on

Industrial Electronics, vol. 60, no. 2, pp.

681-690, 2013.

320



