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Abstract—In this paper, a new prediction technique is pre-
sented in order to minimize both torque and flux ripple in
Direct Torque Control (DTC) of an induction machine. When
the classical DTC scheme is implemented on a discrete-time
base using a digital controller, the choice of the appropriate
voltage vector is based on calculated values of torque and
flux corresponding to the previous sampling moment. This time
delay causes a large fraction of the overall ripple when the
hysteresis bands are small compared to the maximum torque
and flux variations during one sampling period. This paper aims
to present a predictive scheme to correct for this time delay.
The technique is characterized by its computational simplicity
since it only makes use of the calculated effects of voltage
vectors during the previous sampling intervals. The scheme
does not require additional motor parameters and therefore
shows the same robustness towards parameter variations as
the conventional DTC scheme. The prediction scheme can be
extended to compensate for an additional time delay when
the sampling frequency is raised but the overall process time
remains unchanged. Simulations and experimental results show
the effectiveness of the proposed prediction scheme to reduce
both torque and flux ripple.

I. INTRODUCTION

Direct Torque Control (DTC) has become a powerful
method for the control of induction machines. The standard
DTC scheme [1], [2] makes use of hysteresis controllers for
the control of both torque and flux. Ideally, these hysteresis
controllers limit both torque and flux to the bounds imposed by
the hysteresis bands, which results in a non-constant switching
frequency. However, when the classical scheme is imple-
mented using a digital controller, the torque and flux are not
maintained within their bounds. The excursion of both torque
and flux is inherent in a discrete-time implementation since
the discrete system operates at a fixed sampling frequency.

Many researchers focused on torque ripple reducing tech-
niques for the DTC scheme in the past years. A variable
application time of the voltage vectors during the sampling
interval was presented in [3], by considering the time nec-
essary to reach the upper or lower hysteresis band of the
torque. Within this approach, however, the control scheme
was implemented in a stator flux oriented synchronous rotating
frame, which implies the need for coordinate transformations.
In [4], torque ripple reduction is realized using discrete Space-
Vector Modulation (SVM) with predefined time intervals and
a modified switching table. A combination of DTC, SVM and

Sliding-Mode Control (SMC) was presented in [5]. Torque
ripple minimization by using a multilevel inverter was demon-
strated in [6] and [7]. In [8], both flux and torque ripples are
minimized in a doubly fed induction machine.

Apart from the ripple due to a fixed switching interval, a
significant contribution results from the time delay between the
measurement of the data on the one hand and the time at which
the appropriate voltage vector is applied to the machine on
the other hand. The relative contribution of the time delay on
the overall ripples increases when the width of the hysteresis
bands is diminished. This effect was taken into account in [3].
However, the calculations are performed using quantities in a
synchronous rotating reference frame and therefore need more
calculation time than the classical implementation. In [9], a
torque ripple reduction was obtained by compensating for the
time delay using a prediction of the stator current evolution.

In this paper, a prediction scheme is introduced to minimize
both flux and torque ripples instead of only one of the
controlled quantities. The prediction scheme makes use of
previously calculated torque and flux values and due to its
calculation simplicity, it does not require powerful processors.
In contrary to the prediction schemes using other motor param-
eters than stator resistance Rs, the proposed prediction scheme
is robust to parameter variations and only requires an accurate
estimate of stator resistance Rs. Finally, the compensation
scheme can be further extended to compensate for additional
time delays when the sampling frequency is raised.

II. DIRECT TORQUE CONTROL PRINCIPLES

Fig. 1 shows the basic DTC scheme. All quantities are
described in a stationary αβ-reference frame fixed to the stator.
The stator voltage vector ~us and stator current vector ~is are
calculated from the measured stator currents iabc, DC bus
voltage Udc and gate signals Sabc. The instantaneous values
of the stator flux linkage ~ψs and the electromagnetic torque
~Tel are calculated using (1) - (2). In (2), × designates a vector
product.

~ψs =
∫ (

~us −Rs ·~is
)
dt (1)

~Tel =
3
2
· p ·

(
~ψs ×~is

)
(2)
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Fig. 2. 3-level hysteresis torque controller: symmetric (a), asymmetric (b)
and additive (c) implementation

The calculated magnitudes of both controlled quantities are
compared to their reference values ψ∗s and T ∗el using hysteresis
comparators. In the basic implementation, a 2-level hysteresis
controller is used for the flux linkage and a 3-level controller
is used for the electromagnetic torque. The outputs Cψs

and
CT , together with the sectant position of the stator flux linkage
Cθ, form the inputs of the switching tabel which selects the
optimal inverter switching state during the next sample period.
Fig. 2 shows different implementations for the torque con-

troller, with torque error ∆Tel = T ∗el − Tel. The symmetric
structure [10] in Fig. 2a results in an offset of the torque
error. This offset error can be lowered using the asymmetric
structure [11] in Fig. 2b, however it cannot be eliminated. In
this work, the additive structure [12], [13] in Fig. 2c is used.
This implementation does not suffer from a torque error offset.
Furthermore, this structure offers additional advantages in a
discrete implementation, as will be shown in the next section.

III. DISCRETE DTC

A. Basic principles

When the DTC scheme is used in a discrete implementation,
e.g. using a digital signal processor (DSP), its operation is
different from the analog scheme. In the analog implementa-
tion, the bounds imposed by the hysteresis bands serve as a
control tool to reduce the torque and flux ripple. The ripples
are determined by the width of the hysteresis bands. In a
discrete implementation, both flux and torque errors exceed the
bounds imposed by the hysteresis bands (respectively ±Bψs

and ±Bin). When the discrete implementation uses a fixed
sampling time Ts, the discrete scheme will operate similar
to an analog one if (3) - (4) is fulfilled. When the torque
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Fig. 3. Simplified data processing

controller is implemented using the structures from Figs. 2a
or 2b, 2 Bin in (3) has to be replaced by BT or Bin + Bout
respectively.

2Bin �
dTel,max

dt
· Ts (3)

2Bψs
� dψs,max

dt
· Ts (4)

However, when Ts is large both controlled quantities can
significantly change during Ts. According to (3) - (4), an
analog-like behavior requires large values for Bψs

and Bin,
which leads to large flux and torque ripples. On the contrary,
when the hysteresis bands are small compared to the maximum
variations of ψs and Tel during 1 sample period, both ψs and
Tel exceed the hysteresis bands to a larger extend. In the next
section, it will be shown that a large fraction of the overall
ripples results from the time delay introduced by a discrete
implementation of the scheme.

The additive implementation from Fig. 2c offers additional
advantages over the implementations in Figs. 2a and 2b in a
discrete implementation. When (3) is not fulfilled, the torque
error may exceed the hysteresis bands to a large extent as
shown in Fig. 2a. Therefore, after lowering ∆Tel using an
active voltage vector (CT = +1), [−BT , 0] serves as a
detection margin during which a zero voltage vector can be
used to reduce Tel. The asymmetric implementation in Fig. 2b
reduces the offset on the torque error but results in a lower
detection margin (Bout−Bin). The additive implementation in
Fig. 2c offers additional benefits: The inner hysteresis bands
±Bin can be used to influence the torque ripple, whereas the
detection margin is determined by Bout −Bin, which can be
controlled independently.

B. Flux and torque ripple due to the time delay

Fig. 3 shows the data processing of the discrete implemen-
tation. The data are sampled in the beginning of each sample
interval. The measured values of stator currents iabc[k], DC bus
voltage Udc[k] and gate signals Sabc[k] (designated as m[k] in
Fig. 3) are sent to the processor during the time interval M .
Thereafter, appropriate values for Tel[k] and ~ψs[k] (designated
as b[k] in Fig. 3) are calculated during the time interval
R. The inputs CT [k], Cψs

[k] and Cθ[k] of the switching
table (designated as d[k] in Fig. 3) determine which voltage
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Fig. 4. Prediction algorithm: (a) Storage registers (e.g. for ∆Tel) (b) Alternative implementation of the hysteresis comparators

TABLE I
TYPES OF VOLTAGE VECTORS

ωψr > 0 ωψr < 0

Type CT Cψs Tel ψs Tel ψs

I
+1

-1 ↗ ↘ ↗↗ ↘
II +1 ↗ ↗

III 0
-1 ↘ ↘ ↗ ↘
+1

IV
-1

-1 ↘↘ ↘ ↘ ↘
V +1 ↗ ↗

vector will be applied during the subsequent time interval
t[k + 1] → t[k + 2]. The overall decision process therefore
results in a time delay of Ts. Because of this delay, both Tel
or ψs exceed the limits imposed by the hysteresis bands to a
large extent when the hysteresis bands are small compared to
the maximum variation of Tel or ψs during Ts. If (3) - (4)
is not fulfilled, the excursions due to this time delay form a
major contribution to the overall ripple on both torque and
flux.

IV. PREDICTION ALGORITHM

In this section, a prediction scheme is proposed to remove
the fraction of the ripples caused by the time delay of Ts. In
Fig. 3 data are sampled in the beginning of the sample period,
prior to the application of the new voltage vector. The overall
effect of a specific voltage vector applied for a time Ts can
therefore be derived from the calculated data b[k]. The voltage
vector ~us[k−1] is applied during time interval t[k]→ t[k+1]
and results in an incremental change of the calculated data
∆k+1
k b[k + 1] = b[k + 1]− b[k].
If the decisions d[k] are based on an accurate estimation

b̃[k+1] instead of b[k], the time delay is compensated. b̃[k+1]
can be written as b[k] + ∆̃k+1

k b. Since b[k] is calculated from
the measured data m[k], it is sufficient to provide an estimation
∆̃k+1
k b.
In the proposed prediction scheme, a distinction is made

between 5 different types of voltage vectors I → V . The type
of voltage vector applied depends on the hysteresis outputs

TABLE II
CHARACTERISTICS OF THE MACHINE USED FOR SIMULATION

Parameter Symbol Value

Number of pole pairs p 2
Apparent power (VA) SN 4000
Nominal frequency (Hz) fN 50
Line Voltage (V) UN 400
Mechanical inertia (kgm2) J 0.0131
Stator inductance (mH) Ls 178.04
Rotor inductance (mH) Lr 178.04
Stator resistance (Ω) Rs 1.405
Rotor resistance (Ω) Rr 1.395

CT and Cψs . Table I summaries the effects on Tel and ψs of
the different voltage vectors during Ts.

Fig. 4 shows how the incremental changes in Tel, stator flux
magnitude ψs and angle θψs are stored temporary and serve
as a prediction ∆̃k+1

k b[k] to base the decisions d[k] on b̃[k+1]
instead of b[k]. The hysteresis outputs d[k − 1] determine the
type of voltage vector applied during the time interval t[k]→
t[k+ 1]. The incremental changes stored in the corresponding
memories serve as predictions ∆̃k+1

k b[k], which are added to
the calculated values ψs, Tel and θψs as shown in Fig. 4b.
Meanwhile, the calculated changes ∆k

k−1b[k] are stored in the
memory corresponding to the type of voltage vector that has
caused this incremental change, shown in Fig. 4a.

When Cθ, the sectant of the stator flux ~ψs, changes, the
values stored for the different voltage vectors are exchanged,
corresponding to the flux- and torque producing capabilities
of the different voltage vectors at the sectant changes.

V. SIMULATION RESULTS

Simulations were carried out to investigate the torque and
flux ripple minimization using the prediction scheme. The
simulations were performed for an induction motor whose
characteristics are shown in Table II. The DC bus voltage Udc
and stator flux linkage reference ψ∗s are respectively equal to
566 V and 0.7 Wb for the simulations. The flux and torque
hysteresis bands Bψs , Bin and Bout are set to 0.005 Wb,



0 0.1 0.2 0.3 0.4 0.5 0.6
−5

0

5

10

15

20

25

Time, t (s)

T
or

qu
e,

 T
el

(N
m

)

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6
0.64

0.66

0.68

0.7

0.72

0.74

0.76

Time, t (s)

S
ta
to
r
F
lu
x,
ψ
s
(W
b)

(b)

Fig. 5. Torque (a) and stator flux (b) without compensation scheme:
simulation results

1.25 Nm and 7 Nm. The PI-gain Kn and time constant τn
for the speed control are equal to 8.97 Nms and 0.00924 s.
The widths of the hysteresis bands are in the order of the
maximum torque and flux variations during a single interval
Ts. Therefore, (3) - (4) is not applicable. The simulations were
carried out using a sampling frequency fs = 20 kHz. Fig.
5 shows the results for a conventional discrete DTC scheme
without the prediction scheme. A load of 15Nm is applied at
t = 0.4 s. Both torque and flux exceed the values imposed by
the hysteresis bands. Fig. 6 shows the electromagnetic torque
Tel and stator flux linkage ψs when the compensation scheme
is implemented. Both torque and flux ripples are significantly
reduced.

VI. EXPERIMENTAL RESULTS

In order to make an experimental validation of the proposed
prediction scheme, experiments were carried out using the
Triphase inverter platform [14], [15]. The inverter contains
three half bridges with IGBT switches. An FPGA is used
to generate the control signals for the IGBTs and to pass
on the measurement data of the inverter module to the PC.
The PC is a Linux based server extended with Xenomai,
which allows real-time functionality. This server is connected
to the user PC, on which the DTC scheme is implemented in
Matlab Simulink. This scheme is built on the Linux server.
This set-up allows to obtain measurement data and to change
control parameters on-line. The experimental set-up includes
a 4 kW , 230 V , 50 Hz, 2-poles standard induction motor.
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Fig. 6. Torque (a) and stator flux (b) with compensation scheme: simulation
results
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The hysteresis bands for flux and torque control Bψs
, Bin

and Bout are respectively equal to 0.0025Wb, 0.75Nm and
7Nm. The DC bus voltage Udc and stator flux reference ψ∗s are
respectively equal to 311 V and 0.5 Wb. In the experimental
set-up, the sampling frequency is limited to 10 kHz by the
time needed to process the measured data and to calculate
the appropriate decisions. Fig. 8 shows torque and stator flux
during acceleration when no compensation is made for the
time delay. A relatively large contribution to the overall torque
and flux ripple results from this delay. Fig. 9 shows torque and
stator flux when the compensation scheme is implemented.
The prediction scheme results in a significant reduction of
both torque and flux ripples.
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Fig. 8. Torque (a) and stator flux (b) during acceleration without compen-
sation scheme: experimental results

VII. ADDITIONAL TIME DELAY

In the experimental set-up the prediction scheme is extended
to raise the sampling frequency fs from 10 kHz to 20 kHz.
Therefore, an extra time delay is added in order to provide
the time needed for the data processing. The overall decision
process is depicted in Fig. 7.

The prediction scheme is extended to compensate for the
additional time delay. The effects of the two voltage vectors
~us[k−2] and ~us[k−1] have to be taken into account since the
decision d[k] is now based on the data measured at a time t[k]
and the overall time delay is 2 Ts. In this implementation, data
are sampled at 20kHz while the time delay is equal to 100µs.
The hysteresis bands can be lowered since the maximum
torque and flux variations depend on Ts. The hysteresis bands
Bψs

, Bin and Bout are respectively equal to 0.00125 Wb,
0.3Nm and 3Nm. Fig. 10 shows the torque and flux for the
implementation with the compensation scheme and additional
time delay. By extending the prediction scheme, both flux and
torque ripple can be decreased further.

Fig. 11 shows the stator currents when the motor is sub-
jected to load. The prediction scheme significantly reduces the
ripple on the stator currents. Fig 11c shows that the extended
prediction scheme with additional time delay and a higher
sampling frequency leads to a further improvement of the
stator currents and a lower current ripple.
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Fig. 9. Torque (a) and stator flux (b) during acceleration with compensation
scheme: experimental results
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Fig. 10. Torque (a) and stator flux (b) during acceleration with compensation
scheme and additional time delay: experimental results
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Fig. 11. Stator currents without (a) and with (b) prediction scheme with
fs = 10kHz and additional time delay (c) with fs = 20kHz: experimental
results

VIII. CONCLUSION

The simulation and experimental results show the effec-
tiveness of the proposed scheme intended to minimize both
flux and torque ripples. The ripples on both torque and stator
flux are reduced, instead of only one since both ripples are
important regarding the stator current ripples. It was shown
that when the width of the hysteresis bands for torque and
flux is comparable to the torque changes realized during one
sample period, a large fraction from the overall torque and
flux ripple results from this time delay. The prediction scheme
makes use of previous calculated incremental changes in stator
flux magnitude, stator flux angle and electromagnetic torque.
The extended DTC scheme is as robust to parameter varia-

tions as the basic DTC scheme. Furthermore, the prediction
algorithm does not need powerful digital processors due to
its computational simplicity; it only makes use of registers to
save the incremental changes.

The compensation scheme is able to reduce the torque and
flux ripples to a large extent. A further reduction is obtained
by raising the sampling frequency and providing an extra time
delay which is compensated by the prediction scheme. This
extension provides a mean to obtain a higher sampling and
switching frequency when no data processing time reduction
is possible.
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