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Abstract—Typical predictive torque control is one of the most
considered high-performance methods for variable-speed appli-
cations. This scheme is characterised by a flexible architecture
that provides a fast torque/flux response, while its operation
reports variable switching frequency as one of the main issues.
This work presents a redesigned technique to overcome the
described drawback. The strategy applies two active voltage space
vectors with an appropriate sequence at every sampling period
to produce a constant number of commutations. The dwell times
are computed with the conventional cost function and a novel
optimisation process to obtain the proper switching combination.
Simulation tests at transient- and steady-state demonstrate the
quick dynamic response of this proposal, whereas a performance
comparison respect to the conventional implementation illustrates
the achieved enhancements and mitigation trade-off.

Index Terms—Predictive control, torque control, variable speed
drives.

I. INTRODUCTION

Direct torque/flux control strategies have been proposed
for electric motor drive applications where a quick dynamic
response in a wide speed range is required [1, 2]. Electric
traction/propulsion, more-electric aircraft actuators are some
examples of the niche of uses of this scheme. The architecture
of this proposal is commonly composed of external controllers,
which generate the electromagnetic torque and stator flux
references [2]. Then, the target of the technique is to track
these command values injecting currents below the rated limit
and with the minimal distortion possible [3].

One of the most promoted methods with the aforementioned
design is predictive torque control (PTC) [4]. This strategy
was introduced as an alternative to the widely studied direct
torque control (DTC) technique. DTC is a simple and robust
controller for the speed regulation based on two hysteresis
comparators, the stator flux position and a lookup table for the
selection of the adequate voltage vector [5]. The architecture
of DTC is inflexible to cover additional criteria in the control
law [6]. On the other hand, PTC has been proposed in
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applications where a higher number of degrees of freedom are
regulated [7]. Additionally, more accurate models can be easily
implemented with PTC, attaining better performance than the
DTC algorithm in terms of torque/flux ripple [6]. However, a
higher computational burden is required by PTC.

The classic PTC scheme for induction motor drives is
composed of a predictive torque/flux model, a cost function
and an optimisation stage [8]. The first one is used to predict
the behaviour of the regulated variables. The control law is
defined in the cost function with weighted errors of torque and
flux respect to their reference values [9]. This last is usually
optimised by evaluating a finite set of switching states of the
voltage source inverter (VSI) and selecting the alternative that
minimises the cost function. The implementation described
is easy to understand but reported operation with variable
switching frequency [4]. This feature is undesired in power
electronics applications due to the complex and expensive
power filter required for the mitigation [10].

The power spectrum drawback of predictive control strate-
gies was already analysed in the literature [11]. The stationary
reference frame is organised in sectors compounded of two
active vectors. The proper application of these lasts with
the zero voltage vectors produces a symmetrical switching
pattern with a fixed number of commutations according to
the space vector modulation (SVM) theory [12]. Then, the
simpler solution is to include a modulator in the predictive
control architecture to attain fixed switching frequency [13].
Nevertheless, the advantages of predictive control methods are
sacrificed to attain the desired feature with higher complexity.

An alternative predictive control scheme for current regula-
tion with fixed switching frequency was reported in [14]. A
cost function for the evaluation of the sectors was proposed
with the current tracking errors and the dwell times of their
respective vectors. The optimum cost function of each sector
can be calculated by solving a minimisation problem with the
voltage vectors and the time restriction. Finally, the pair of



vectors with their respective dwell times of the sector that
achieve the global minimum is selected and applied during the
next sampling period. In this manner, the predictive scheme is
used to determine the sector, switching states and times.

A PTC strategy with fixed switching frequency for induction
motor drives is introduced in this work. The scheme is
derived following the same principles employed in [14], but
considering the electromechanical system and the torque/flux
control. Thus, a cost function for the evaluation of the sectors
incorporating the torque and flux deviations of two voltage
vectors with their respective dwell times influences is devel-
oped for the optimisation process. Next, optimal solutions of
the sectors are determined offline and employed in a global
minimisation procedure to obtain the optimum combination
of voltage vectors along with their application times during a
sampling period. The described process also includes over-
current protection. The traditional seven-segment switching
pattern [12] is implemented to ensure a constant number of
commutations, whereas the resulted switching and sampling
frequencies are the same. The achieved controller provides a
quick dynamic response with the desired power spectrum.

The paper is structured as follows. Section II overviews
the induction motor drive model. Then, the new PTC strategy
is described in Section III. Next, Section IV presents the
simulation tests and comparison respect the classic PTC.
Finally, the achievements are summarised in the last section.

II. MODEL OF THE ELECTROMECHANICAL SYSTEM

The AC drive considered in this work comprises an induc-
tion motor with star-connected stator windings and supplied
by a two-level VSI, see Fig. 1. For the sake of simplifying
the derivation of the control strategy, the system is analysed
in the stationary reference frame a-(. Thus, the stator voltage
space vectors vg with invariant magnitude can be computed
from the switching states S,, (n = {1, 2, 3}) and the dc-link
voltage V. as follows:

2
Vs = Usa +J - Vsp = 3 Vae [Si+Sy-a+S;-a%] (1)

being a = e 327/3 and j the imaginary unit. The switching state
Sy, is 1 when the upper power switch of the leg n is activated,
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Fig. 1. Diagram of the induction motor drive
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Fig. 2. Projections of the voltage space vectors in the a-/3 plane.

and O if the bottom one is turned on. The transformation (1)
generates six active (magnitude 2V;./3) and two zero voltage
space vectors ([0 0 0] and [1 1 1]), which are organised in six
sectors, as indicates Fig. 2.

The state-space representation of the electromagnetic model
of the induction machine in the stationary reference frame is
described as follows [15]:

d
d—): =A-x+B-u
y=0Cx
X = [Z'sa lsﬁ \I/roz \IIT,B]T (2)

T
u= [Um veg 0 O]

. . T
y= [Zsa 158 Yo \IISB]
being ¢ and ¥ the current and flux linkage, respectively, while
the subscripts s and r designate the stator and rotor variables.
The superscript 17" denotes the transpose operator. The state-
space vector x is composed of the stator current and the rotor
flux in the a-f plane, while the output vector y is defined
with the stator current and flux. The matrices employed in (2)
are summarised in (3).

r 1 (1—0) (1—0)
T, 0 0Ly Ty oL, Wr
0 1 (1—0c (1—0)
A= To 0Ly =T 0-LypTr
U
R
r 1
oy 01 0 0
B_| 0 &z 00 3
0 0 0 0
| O 0 0 0
[ 1 0 0 O
0 1 0 O
C= oL, 0 kr 0O
| 0 oc-Ly 0 &K,

The electromagnetic parameters of the induction machine used
in this model are the magnetising inductance (L,,), the stator
and rotor inductances (Ls and L., respectively), the stator and
rotor resistances (Rs and R,, respectively). The mechanical



and electrical speeds (w,, and w,, respectively) verify the
identity w, = p - wy,, being p the pair of magnetic poles
of the machine. The matrix components are defining with the
following constants:

L2

a Ls'Lr7H7 m/ T

Ts :LS/RS; Tr :LT/RT (4)
1 1 1-—

11 (-0

Te O -Ts o Ty
The mechanical model of the system is ruled by the follow-

ing differential equation and electromagnetic torque identity:
dwy, 1

- (TE_TL_Bm'wm)
dt Im (5)

3 3
Te=op Ws xis = op- (Vs isg — Wi - isa)

2
where the electromagnetic and load torques are labelled with
T, and T}, respectively. The inertia and friction coefficients
are represented by J,, and B,,, respectively.

The state-space representation of (2) should be discretised in
order to be implemented in a digital controller and to derive the
predictive model. The discrete-time model with a T, sampling
period is the following [7, 15]:

x(k+1)=A; -x(k)+ Bg - u(k)
yk+1)=C-x(k+1)
Agm= I+ ATy
By~B-T,

(6)

being I, the 4 x 4 identity matrix. Notice that the discrete-time
output vector y(k 4+ 1) is also computed with the continuous-
time matrix C. The digital model (6) and the electromagnetic
torque equation of (5) are employed by the PTC scheme in
the predictive model.

III. PTC wiTH FIXED SWITCHING FREQUENCY

The introduced PTC scheme uses the same principles estab-
lished in the controller presented in [14]. However, a different
power converter and a more complex system are considered
in this work. The predictive model of the system is described
in the previous section, whereas the cost function, switching
strategy and optimisation process are detailed as follows.

A. Cost Function

The objective function G used in this work for the eval-
uation of the voltage vector vy, (m € {0,1,...,7}) is the
traditional sum of the predicted torque and flux deviations
respect to their references (7, and W7, respectively) and
normalised with the nominal values (7}, and W, respectively)
as indicated (7).

(T = T(b+1))° (W5 — [k + 1))
T2 7 w2
being T.(k + 1) and |¥s|(k + 1) the predicted variables for

the (k+ 1) sampling period, whereas + is the weighting factor
of the flux tracking error.

G(Vim) =

)

TABLE I
SEVEN-SEGMENT SWITCHING STRATEGY

Segment 1 2 3 4 5 6 7

Time 50/4 51/2 52/2 50/2 (52/2 51/2 50/4
Sequence u; uz us ui
Sector 1 Vi V2 v2 Vi
Sector 2 v3 va v2 V3
Sector 3 Vo Vs va vr va V3 vo
Sector 4 Vs Va va Vs
Sector 5 Vs Ve Ve Vs
Sector 6 Vi1 Ve Ve A1

B. Switching Strategy

The application of two active (u; and uz) and the zero (vg
and vry) voltage vectors within a control period is required to
achieve a fixed switching frequency. Hence, the problem can
be analysed with the sectors of the «-f3 plane, see Fig. 2,
following the SVM approach [12]. The normalised dwell
periods (T is the base time) of u; and ug are é; and Jo,
respectively. The remaining time to complete the sampling
period (&g = 1 — 61 — &) is equally distributed between the
zero voltage vectors vg and vy. The seven-segment pattern is
attained with the sequence vg-uj-us-vz-uz-ug-vg. Table |
summarises the vectors and dwell times during a sampling
period for the six sectors.

C. Optimisation

The optimisation process is one of the main contributions
of this work. Traditionally, this part is performed with an
exhaustive survey of the 7 discrete switching states, and the
one that minimises the cost function is applied during the
next control period [8]. The proposed strategy should analyse
the behaviour in the sectors with the combination of three
voltage vectors [14]. Thus, the goal is to find the dwell times
of the active vectors of Table I for each sector that provide
the best reference tracking in this region and comply the
time constraint. The following problem is proposed in the six
sectors by using the cost function (7):

F(sector) = G - 02 + Ga - 62 + Go - 02
01 +0d2+0d0=1 ®)
G = G(um); m=1{0,1,2}
The dwell times can be obtained offline with multivariable
optimisation methods, to yield the next solution [14]:
1 1 1 1
A G Gy Gy
51,0pt = A/Gh 52,0pt = )\/GQ; 60,0pt = A/GO ©)
Pﬂ(’[’t =Gy- 5%,opt +Gs- 6g,opt +Go - 58,0pt

Finally, a global minimisation algorithm is proposed. This
surveys the optimum solutions of the sectors and selects
the minimum F,. Additionally, in this step the solutions
computed with (9) that generate a predicted «-( stator cur-
rent higher than the nominal (/,,) are penalised (overcurrent



protection [4]). The predicted magnitude of the stator current
of the offline solution (9), |iP|, is calculated online with the
predictive model by using the average voltage synthesised with
the vectors u; and us of the considered sector and the dwell
times 61 opt and 62 opr (U1 - 01,0pt + U2 - d2,0p). Then, the last
step evaluates the following function:

Glatobal (sector) = Fop(sector) + Ipro - (|iF](sector) > I,,) (10)

being I, the penalisation value, and it only affect the
solutions of (9) that overpass the rated current by using the
logic comparison operator indicated in (10).

D. Summary of the Strategy

A scheme of the proposed PTC technique is depicted in
Fig. 3. A proportional-integral (PI) controller generates the
electromagnetic torque reference 7, with the speed error
(wy,, — wm, being wy the target value). The reference stator
flux U? is set to the nominal magnitude V¥,, for the operation
in the rated speed region. The measurements (stator current,
speed and dc-bus voltage) are used by the predictive model (6)
to estimate the future response of the regulated variables. The
last part supports the global optimisation stage; which surveys
the six sectors evaluating the voltage vectors of this region
(see u; and uy of Table I) with (7), computing the objective
function Fyp with the offline solution of (9) and penalising the
«-f3 stator currents with magnitudes higher than I,, like in [4].
The optimum sector is selected in this manner, and the VSI is
controlled with the symmetrical switching pattern strategy to
achieve the operation with fixed switching frequency.

IV. RESULTS

The PTC shown in Fig. 3 and the electromechanical sys-
tem are implemented in the Matlab/Simulink environment
to conduct the validation tests. Transient- and steady-state
responses, as well as a performance comparison with the
classic PTC [8] are presented in this section. The parameters
used in this process are summarised in Table II, including the
proportional and integral constants of the PI controller (/,
and K, respectively). The flux weighting factor v was tuned
with a trial-error procedure, and the constant Iy is set to 100.
Notice that the tuning of weighting factors is still a challenge
like in the classical scheme.

Optimisation
min(Fopt)

U* and
= Switching

Te(k+1) Strategy

|[®s|(k+1)

lis|(k + 1) '« U1,sector 01,0pt
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Fig. 3. Diagram of the proposed PTC scheme with fixed switching frequency
operation.

TABLE 11
SIMULATION PARAMETERS
Parameter Unit Value
Lm, Ls, Ly (mH) 282.0, 285.9, 285.9
Rs, R () 1.35, 7.20
p 2.0
Im, (kg-m?) 0.02
Bm (N-m-s) 0.015
Th (N-m) 26.50
U, (Wb) 0.90
Power (kW) 4.0
I, (A) 11.88
Rated speed, wp, (rpm) 1430
¥ 25.70
Vie V) 600.0
Ky 2.0
K; 20.0
Ts (us) 100.0
Simulation step (s) 1.0
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Fig. 4. Nominal speed step and load disturbance response of the developed
PTC scheme. Speed, torque, stator flux and «-f3 stator current responses.

First, a step reference speed from static to the rated value
is carried out. The speed, torque, flux and stator current are
analysed as shown in Fig 4. The nominal air-gap flux is
generated during the initial seconds with w}, = 0. A fast
flux response with good reference tracking, low ripple and
a- stator currents below I,, are achieved during this interval.
Then, w}, is set to w, at 0.05 (s), while 77, = 0. The
nominal torque is produced quickly with a small ripple and
without overcurrents. However, the stator flux ripple is slightly
increased. The speed rise time (from 5% to 95% of the target)
is 0.108 (s). Once w, is reached, T, decreases up to the



minimum required to maintain the speed under the friction
effect. During the transient- and steady-state periods, the con-
sidered variables present adequate behaviour. A quick dynamic
response can be perceived in this part of the evaluation.

A load torque of 75% of the rated magnitude is applied
during the steady-state interval at 0.30 (s) to analyse the load
disturbance effect. The speed zoom in the interval of 0.30
to 0.47 (s) shown in Fig. 4 depicts that w,, only falls from
100% to 94.6% of w,. The controller quickly generates a
electromagnetic torque with a low ripple that accelerates the
rotor of the machine and recovers the command speed in
0.15 (s). The stator flux is also regulated appropriately with a
small ripple. Finally, the speed is again controlled to w,, with
a T, that maintains the equilibrium. The «-f stator current
does not surpass I, during the described operation due to the
penalisation implemented in (10).

The previous evaluation also demonstrates the proper oper-
ation of the overcurrent protection. An assessment of the 74
phase current quality in the time and frequency domains is
depicted in Fig. 5. A capture from the previous test of two
cycles at steady-state shows the voltage waveform with the
fixed switching frequency pattern generated by the controller.
A quasi sinusoidal current response is achieved in the time
domain. This result is confirmed in the frequency response.
The current spectrum depicts the low energy retained by unde-
sired harmonic components. Only small currents are perceived
with the zoom in the low-frequency interval and the sampling
frequency neighbourhood. The fundamental component is 9.21
(A), whereas total harmonic distortion THD; is 4.34%.

Figure 6 shows the results achieved with the fixed switching
frequency PTC during the application of a no-load reversal
speed test from w, to —w,. The speed change is finished
in 0.24 (s). Again, the scheme provides a fast torque/flux
response with low ripple and current magnitudes inside of
the nominal band. The operation demonstrates the appropriate
behaviour of the regulated variables in the low-speed region
and the zero speed crossing.

Finally, a performance comparison between the classic [8]
and the proposed PTC strategies at the same average switching
frequency is conducted. A torque load of 85% of the nominal
valued is applied with the machine controlled at different
speeds. The conventional scheme [8] is implemented with a
sampling frequency f; of 20 (kHz), and the average switching
frequencies attained in the analysed operation points are mea-
sured. Then, the introduced PTC is configured to operate at the
evaluated speeds, providing the same number of commutations
than the traditional scheme. Figure 7 shows the torque and flux
mean squared errors (top and middle, respectively) along with
the THD, (bottom) obtained with both techniques. The classic
method produces practically constant mean squared errors
and THD; under the test conditions. However, the spectrum
reports a small amount of energy distributed in a wide band
of harmonic frequencies and average switching frequencies
between 1/10 and 1/5 of fs. On the other hand, the proposed
PTC overcomes the last issue at the expense of slightly worse
torque/flux tracking and current distortion.
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Fig. 5. Steady-state vs1 voltage waveform along with the response of ¢s1
phase current in the time and frequency domains.

1500 :
750 - é ]

o |
750+ '

-1500
10

Speed (rpm)

Torque (N - m)

= oh L =
N OO O O

Flux (Wb)
o

g

o

S
|

Current (A)

0.15
Time (s)

0.2 0.25 0.3

Fig. 6. Performance of the proposed PTC under a reversal speed test. Speed,
torque, stator flux and «-/3 stator current responses.

Notice that the conditions of the latest tests were used only
to carry out the comparison. The proposed PTC operated
with a sampling frequency range between 2 to 3.9 (kHz).
This condition is unfavourable for predictive control schemes
based on forward Euler approach. The method could be
easily implemented with smaller 7 periods in modern digital
controllers to achieve better responses like the shown in Fig. 4.



IS

/g 9] @) é]assic %} Prop(;sed s
Z o o o
92 o 6 6 o o O O o o
=)
S
o
0.02 \ \ ‘
- O Classic ¢ Proposed ¢ ®
©20.0151 ¢ 5 s B
e © o
< 0.01 o o 1
. 0.005 - o o o o o o o o o q
0
0.12 , T T ,
v o o
9 9
A 0.08F G 1
o <o
Eoul © © o © o o o o o ¢
0 O Classic ¢ Proposed
0 01 02 03 04 05 06 07 08 09 1
w [fw
m n
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V. CONCLUSION

A novel predictive torque control strategy for induction
motor drives with fixed switching frequency has been intro-
duced in this paper. The architecture of the classic controller
has redesigned to select an optimum pair of active voltage
vectors with their dwell times. The solution is applied with
the well-known seven-segment switching pattern to achieve a
constant number of commutations during a sampling period.
The resulted scheme demonstrates a fast and good torque/flux
tracking with a low stator current distortion and overcur-
rent protection. The power spectrum drawback of predictive
control techniques is mitigated at the expense of a slightly
higher torque/flux mean squared errors and current distortion
compared to the classic implementation at the same average
switching frequency.
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