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Abstract—This paper presents a predictive direct torque control PDTC algorithm for induction machine drives including a
Sliding Horizon Prediction (SH-PDTC). The selected strategy for
the SH-PDTC algorithm was to keep the motor torque and stator
ﬂux-linkage within predeﬁned hysteresis bounds while reducing
inverter switching losses. The proposed SH-PDTC algorithm
shows better performance in torque and stator ﬂux-linkage
control in comparison with classical PDTC, without increasing
power losses in the inverter. A sensitivity analysis allows to
evaluate algorithm performance under parameter uncertainty,
and the results show that SH-PDTC keeps torque ripple performance. The paper includes a simulation to verify the PDTC and
SH-PDTC algorithms controlling an induction machine, with a
standard two level inverter.
Index Terms—Induction machine, DTC, Predictive control,
Sliding horizon prediction, Switching losses.

I. I NTRODUCTION
The conventional Direct Torque Control (DTC) algorithm
is a tool widely used in industrial control systems. This
technique is robust to uncertainty in model parameters of the
electromechanical converters [1]. The main drawback of DTC
is the large amount of current and torque ripple. A reduction
in the state variable’s ripple is possible with an algorithm
employing a model of the system. This model helps to predict
the state variables evolution when using DTC (Predictive
DTC (PDTC)), and allows selecting the control action that
minimizes a given cost function. [2], [3], [4], [5]
This paper proposes a control scheme based on predictive
DTC, including a ﬁnite sliding horizon prediction (SH-PDTC).
The main idea of the proposed SH-PDTC algorithm is the
use of multistep predictions forward in time. A cost function
selects the optimum trajectory in the proposed horizon, and
the corresponding voltage vector of this optimum trajectory
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is applied by the inverter. The control procedure starts again
after moving the control horizon a step in future.
The cost function used to improve the PDTC considers the
losses in the converter bridged only for the possible solutions
satisfying the torque and ﬂux-linkage constrains. The simulations show that the proposed SHP-DTC algorithm reduces
torque ripple to about 70% of classical DTC. That is, the
proposed algorithm minimizes commutations in the inverter
bridge while achieving values of torque and ﬂux-linkage closer
to the reference than in classical DTC. Also, a sensitivity
study to variation in the machine’s model parameters shows
the adaptability of the algorithm.
The simulation shows a comparison of PDTC and SHPPDTC for induction motor controllers. Both cases use the same
torque and ﬂux-linkage references. The simulation employs an
evaluation of the bridge converter losses for use by the cost
function. Finally, the introduction of an indicator for torque
ripple provides a measurement for comparing the classical and
the proposed control algorithms.
II. I NDUCTION MACHINE MODEL
The space vector model of the induction machine in the
ﬁxed stator reference frame αβ , can be represented as [6],
Lr
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where, p = d/dt , is is the stator current space vector, λs
is the stator ﬂux-linkage space vector and vs is the stator
voltage space vector. The parameters required by this model
are the stator resistance Rs , the stator inductance Ls , the rotor
resistance Rr , the rotor inductance Lr , the coupling stator-rotor
inductance Lsr , Δ is deﬁned as Δ ≡ Ls Lr − L2sr , the number of
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pole pairs n p and the moment of inertia J. Tm is the mechanical
load torque and ωm is the mechanical angular speed. The space
vector coordinate transformation αβ used in this paper is,
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where the superscript ∗ stands for the complex conjugated.
The time derivatives for the stator ﬂux-linkage and electric
torque shown in (7) and (8) allow to assess the voltage vector
available in the inverter to increase, decrease or maintain the
controlled variable.
Each voltage vector available in the inverter is used to

III. S LIDING HORIZON PREDICTIVE DIRECT TORQUE
CONTROL

A. Control problem
The objective of the SH-PDTC is to keep the electric torque
and the amplitude of the stator ﬂux-linkage space vector within
bounds around their references, reducing the power losses of
the converter over a prediction horizon (N). N is the number
of control steps in time used for the prediction. The torque
reference is set either by the user or by an additional speed
control. The ﬂux-linkage reference is set by the user, normally
at rated value or using a ﬂux function in the weakening range.
The algorithm establishes the control’s actions through a
three level comparator; the separation of the control boundaries

evaluate derivatives of the electric torque and the magnitude
of stator ﬂux-linkage. The voltage vectors that satisfy the
control’s actions are candidates to be fed to the electrical
machine.
 The candidatevoltage vectors form the subset Uc .
(1)

(2)

(d)

Uc = vs ,vs , . . . ,vs , where d is the number of voltage
vectors satisfying the control actions.
In particular, when the control action requires to keep a

controlled variable inside a given hysteresis band, the best
solution is the space voltage vector that nulliﬁes or minimizes
pTe or p λs . However, for the ﬁnite set of voltage vectors
available in the converter, this solution is difﬁcult to achieve.

is set by the user according the required system performance.
The following expression, (5), shows the possible outputs for

Therefore, it is necessary to deﬁne a tolerance band for pTe
and p λs . The controlled variables can move inside this band.

comparators ST and Sλ ,

These tolerance regions were deﬁned as TolT for the electric

⎧
⎪
y > ymax
⎨ 1
Sy =
0 ymin ≤ y ≤ ymax
⎪
⎩
−1
y < ymin

(5)

where y refers to Te or λs . Lower and upper bounds are
deﬁned by the following expressions,
HBy
2

y
; ymin = yre f + HB
2

torque, and as Tolλ for the stator ﬂux-linkage.
The algorithm in this step chooses the candidates set satisfying the control actions and then estimates the response of the
induction machine by solving the equation system presented
in (1) - (3). To estimate the state variables one step ahead, the
mechanical speed is set as constant, due to the slow variation
of the mechanical speed in comparison with electric variables.

(6)

Euler’s method is used to estimate the new value of the state
variables,

where HBy refers to the hysteresis bands of each controlled

xk+1 = xk + Ts pxk
(9)

t
(d)
where, xk = isk λsk , k actual control instant and Ts is the
integration step.

t
(d)
The controlled variables yk+1 = Tek+1 λsk +1 are calcu-

ymax = yre f +

variable. The output of each comparator points to increasing,
decreasing or keeping the electric torque or the magnitude of
stator ﬂux-linkage. From the induction machine model (1)(3), it is possible to deduce expressions for the time derivative
of the torque and stator ﬂux-linkage magnitude as a function
of the stator current vector is , the ﬂux-linkage vector λs , the
mechanical angular speed ωm and the stator voltage vector vs ,

(d)

lated in the predicted state xk+1 . For each space voltage vector
that belongs to Uck , the corresponding predicted controlled
(d)
(d)
output yk+1 is obtained. For each state xk+1 the algorithm

(d)

is repeated and the new output yk+2 is calculated. The out(d)
(d)
puts yk+1 and yk+2 , corresponding to each element in Uck ,

for a trajectory path Y (d) . Each path has N elements, one
for each
horizon used. These paths

 step in the prediction
(d)
(d)
(d)
(d)
Y = yk+1 , yk+2 , . . . , yk+N will be used to evaluate the cost
function.

selected will be the one in the subset that totalize the minimum
energy losses.

Dk = arg min
dk

N

∑

m=1




(d)
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(10)
ζ1 Esw−losses + ζ2 yref − yk+m

where Dk is the index associated to the space voltage Uc , that
minimizing the cost function set 10 for a prediction horizon N

B. Energy loss estimation
In [7], [8] Rajapakse et. al. presented methods to estimate
the power losses in an IGBT. Those methods use the char-

steps after the current time k. ζ1 and ζ2 are positive weights.

acteristic dynamic wave forms of voltage, current, and datasheet parameters to calculate energy losses. The IGBT’s power

D. Non feasible states

losses can be classiﬁed in conduction losses, turn-on switching
losses, turn-off switching losses, and off-state blocking losses.
In the ﬁrst case, conduction losses are calculated as the product
of the load current and the saturation voltage. While, the
blocking losses are calculated as the product between the
leakage current and the blocking voltage. For present day
devices, the blocking power losses are negligible [7]. Finally,
the switching losses are divided in: diode’s turn-on and turn-

Selection of the candidates voltage vectors can result in
a null subset, i.e., there are not any voltage space vectors
able to satisfy the control constrains over the controlled state
variables. These cases are deﬁned as non feasible states. The
proposed strategy to handle it, consist in selecting the voltage
space vector that produces the smallest deviation of the controlled variables respect their references. The estimation of the
controlled variables is made with a ﬁrst order approximation
over a prediction horizon equal to one,

off, and IGBT’s turn-on and turn-off.
As explained in [7], [8], the switching power losses depend
on the device voltage and current transient characteristics,
therefore the proposed control algorithm proposed uses an
approximation to quantify the switching energy losses during
the operation of an IGBT. Those wave forms are shown in
ﬁgure 1. The cost function target is to penalize control actions
that imply high power losses.

Tek+1 = Tek + pTe |k Ts ; λsk+1 = λsk + p λs Ts
k

(11)

with the electric torque and stator ﬂux-linkage estimated, the
cost function is deﬁned as,
eT = Tre f − Tek+1 ; eλ = λre f − λek

(12)

ψ = ρ1 e2T + ρ1e2λ

(13)

where, ρ1 and ρ2 are positives weights.
The voltage space vector selected is the one that minimize
the cost function (13).
(a) Turn-on

(b) Turn-off

Figure 1: IGBT switching voltage and current approximation
for power losses estimation

C. Cost function

The proposed algorithm SH-PDTC was implemented for an
induction machine using a three phase inverter. The motor
nameplate information and parameters are presented in table
I. The machine’s model parameters are expressed in per unit,
and the rated values were taken as bases. The study case

For each space voltage vector present in Uc a new state

used to evaluate the SH-PDTC performance was an start-up
with a constant reference of the angular speed ωre f = 1 pu.

xk+1 is estimated, including the corresponding losses in the
converter. This process is repeated many times as indicated

The torque reference was obtained from a PI controlled with
k p = 15 N m s/rad and k p = 1 N m s2/rad2 . Finally, a load step of

by the prediction horizon (N). The cost function summarizes

Tm = 0.4 pu occurs at t = 1.5 s. The control sampling frequency

the switching energy losses (Esw−losses ) produced in each
trajectory over the prediction horizon, and the voltage vector

was 10 kHz. The set of hysteresis bounds was HBT = 0.12 pu,
HBλ = 0.05 pu, TolT = 1.6 pu and Tolλ = 0.45 pu.

(d)

Table I: Induction machine name plate and parameters
Vn [V]
230
Re [pu]
0,047

In [A]
16.58
Lσe [pu]
0,0664

Pn [hp]
6.17
Rr [pu]
0,0402

cos ϕn
0.82
Lσr [pu]
0,0664

A. Sensitivity analysis

nn [rpm]
1720
Ler [pu] H [ms]
2,3768
252

The proposed predictive algorithm requires the machine
parameters, and any method used to measure or estimate
these parameters have some degree of uncertainty. To evaluate
the performance of SH-PDTC some of the parameters were
changed over uncertainty limits (±30%). These parameters are
rotor resistance Rr , dispersion inductance (Lσ = Lσs + Lσr ) and

IV. S IMULATIONS RESULTS
To compare the performance of the proposed strategy SHPDTC, the algorithm representing the PDTC was the one

the coupling stator-rotor inductance Lsr . The maximum torque
ripple is 11.2% and without the uncertainty 9.46%.
V. C ONCLUSIONS

presented in [2].
This paper proposes a variable σT to quantify the torque

The SH-PDTC method can reduce the electric torque ripple

ripple. The aim is to measure the average deviation of the
torque with respect to its reference over a period of time,

keeping constant the switching power losses. The algorithm
was veriﬁed with simulations using a horizon prediction N =

σT = 100 ×

Ni



2
1
Tre fk − Tek

1
∑ Tre f
Ni k=1
k

(14)

2. The proposed method is robust to parameters uncertainties
below ±30%. The next step will be to increase the horizon
prediction and the algorithm’s experimental validation.
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Figure 2: PDTC and SH-PDTC simulation results

Table II: Electric torque ripple
DTC

PDTC

SH-PDTC

σT (%)

32.70

15.01

9.46

Switch. losses (pu)

0.0072

0.0071

0.0070

Figure 2 shows the electric torque response and the stator ﬂux-linkage locus using both strategies. Table II shows
the torque ripple results. This results were calculated using
(14) during steady state operation. Additionally, Classic DTC
torque ripple was included in the analysis. The SH-PDTC
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