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Abstract
In this work, the possibilities offered by the additional switching states present in an asymmetric three phase converter
(compared with the existing states in the conventional three phase inverter) are studied in order to improve the performance of Direct Torque Control induction motor drives. The proposed algorithms make use of these additional switching
states sets in order to increase the operational range of the asymmetric converter and to reduce the ripple in the system
variables. Simulated and experimental results obtained for different switching sets are presented and compared.

Introduction
Asymmetric converters are usually found in the power stage of
highly non-linear machines such as stepper-motors and switch
reluctance motors. Due to its structure these converters present
more switching states than conventional inverters. However, few
control strategies exploiting the presence of those additional states
have been developed. A control scheme using the Direct Torque
Control (DTC) philosophy was presented in [1-4] for the switched
reluctance motor drives, where flux and torque are directly controlled through the stator voltage. The DTC technique can also be
applied on induction motors driven by asymmetric converters,
limiting flux and torque ripples to pre-calculated hysteresis bands.
The DTC scheme has many advantages over conventional control
techniques, such as a fast dynamic response, simplicity and
robustness, but their disadvantages are variable power stage commutating frequency and inherent ripples in stator flux, current and
generated motor torque.

In this work, the capability of employing the previously unused
asymmetric converter control vectors is investigated in order to
perform improved DTC algorithms for induction motors with
independent stator windings. Simulations, performed using an
induction motor model in space vectors running in a Digital
Signal Processor ADSP-21369 from Analog Devices, as well as
experimental results, obtained using a test rig called "Plataforma
III", developed by the Industrial Systems and Power Electronics
Group (GSIEP) at Simón Bolívar University, are presented for
several cases.

Asymmetric converter
Fig. 1 shows the diagram of the three phase asymmetric converter
used in this work. Any converter with six independent and controlled switching devices, each of which can be ON or OFF (2
states) has 26 = 64 possible switching states, however is very

For induction motors, the asymmetric converters are a possible
solution to avoid operation faults due to short-circuits (in one or
more phases) that can occur when conventional inverters are used
to drive these kind of motors [5]. In this case is necessary to use
an induction motor with independent stator windings in order to
make a proper connection between the motor and the converter, as
shown in Fig. 1. With this topology, as explained in the next section, there are 64 possible switching states, which produce 27 different control vectors instead of the 8 basic control vectors
produced by the conventional inverter.
The most important characteristics of both converters types are
summarized in Table I. In general terms the first three items are
advantages of the asymmetric converter while the last three are
advantages for the conventional inverter.
Fig. 1: Circuit diagram of the three phase asymmetric converter
Table I: Comparison between Asymmetric and Conventional Converters characteristics
1
2
3
4
5
6

Characteristics

Asymmetric

Conventional

Switching states
Commutation failures
Fault tolerant operation
Current motor de-rating
Machine windings
Device casing

27 possible switching states
Non possible
Up to 2 faulty devices
Required due to unidirectional currents
Open winding required
Independent access to all terminals required

8 switching states
Possible
Impossible
No required
No special requirements
All cases acceptable
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important to determine the validity of these states in order to
define the number of valid space vectors for control purposes.
In the conventional three phase converter, 37 out of the 64 switching
states are forbidden states due to short circuits of the DC link.
There are only eight valid states that produce the corresponding
space vectors, two of which correspond to space vector zero. The
remaining 19 unused states have a corresponding valid state, so no
additional space vectors can be obtained from these unused states.
In the asymmetric converter, all of the 64 possible states are valid
states (do not produce operation faults due phase short circuits).
These 64 switching states produce 27 valid voltage space vectors,
that can be categorized in five different sets. To define these sets,
it is necessary to analyze the possible states for each one of three
branches of the asymmetric converter. Each branch has the following three possible states:
Branch state {1}: Obtained when both switches are turned on,
therefore the motor phase is connected to the DC link.
Branch state {0}: Obtained when one switch is turned on and the
other is turned off, therefore both terminals of the motor phase are
connected to the same electrical point (upper or lower bar, through
one active switch and one diode) if the current in the branch is
larger than zero.
Branch state {– 1}: Obtained when both switches are turned off,
therefore the motor phase is connected to the DC link with reverse
polarity (through the diodes) if the current in the branch is larger
than zero.

Fig. 2: Space vectors sets for the asymmetric converter
Table II: The state of the asymmetric converter switches for
the medium space vector set
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The combination of these three branch states for each one of the
symmetrical converter branches produces the previously mentioned 33 = 27 voltage space vectors.
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Those voltage space vectors are obtained using the following
expression:
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where Sph1, Sph2, Sph3 are the switching states of each branch.
Using (1), the obtained space vectors are shown in Fig. 2. These
vectors can be classified in the following sets:
a) Three zero magnitude space vectors: {(– 1, – 1, – 1), (0, 0, 0),
(1, 1, 1)
b) Six space vectors obtained with the combination of branch
states {0} and {1}, including at least one {0} in each combination.
This is the same set produced by the conventional inverter. Given
these vectors magnitude when compared with the other vectors,
this will be called the small positive space vectors set. The {0}
vectors requires a branch current larger than zero, that will circulate through the diodes
c) Six space vectors obtained with one branch in {1}, other in {0}
and the third one in {– 1}. This set will be called the medium
space vectors set. The {0} and {1} vectors requires a branch current larger than zero, that will circulate through the diodes
d) Six space vectors obtained with the combination of {– 1} and
{1} in each converter branch, without a zero state. This set will be
called the large space vectors set.
e) Six space vectors obtained with the combination of branch
states {0} and {– 1}, including at least one {0} in each combina-
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0 = OFF

tion. These vectors have the same magnitude that the positive
small space vectors set, but requires a branch current larger than
zero, that will circulate through the diodes. This set will be called
the small recovery space vectors set.
As an example, Table II shows the state of each switch when the
medium space vectors set is applied.

DTC algorithm
The conventional DTC algorithm was proposed by Takahashi et
al. [6], uses a calculator block to obtain the computed values for
the instantaneous stator flux and electric torque in the machine.
The calculated torque and flux values are compared with the corresponding reference values and their error signals are fed to hysteresis comparators. The output of these comparators, together
with the information of the angular flux location, are used to
address the switching table. In [6], the stator flux space vector
plane is divided in six regions and Table II shows the corresponding
look-up table for the classical DTC algorithm. The stator flux
linkage can be derived by integrating the electromotive force in
the stator winding using the following expression.
r
r
r
(2)
Ψ s = vs − Rs is dt

∫(

)
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Fig. 3: Block diagram of the classical direct torque controller
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Table III: DTC space vector selection
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The system was simulated by programming the induction machine
equations and the DTC vector selection algorithms using C language, running on an Analog Devices digital signal processor
(ADSP-21369) [7]. The differential equations modelling the
induction machine were solved by using a standard fixed step
fourth order Runge-Kutta Ordinary Differential Equations (ODE)
integrator, the integration step was 10 µs. The simulations are
simplified by using a fixed voltage DC link; the electrical parameters for the induction machine are given in Table IV.

S(6)

v0
v1
v4
v7
v6

v7
v2
v5
v0

For the experimental part, the DTC algorithms were implemented
on a custom build floating point DSP based test-rig (ADSP-21369
at 320 MHz), developed by the Industrial Systems and Power
Electronics Group (GSIEP) at Simón Bolívar University [8]. The
power stage uses six 27A, 600V, IGBTs with one 2200 µF 450 V
capacitor in the DC link. The switching signals where synthesized
with an on-chip PWM operating at 10 kHz. The sampling frequency was synchronized with the beginning of the control cycle.
Fig. 4 shows the actual test rig used for the simulation and experimental tests.

v1

The electric torque is obtained multiplying the stator flux linkage
and the stator current space vectors.
r
r
(3)
τ e = Ψ s × is
The electric torque and the stator linkage flux are adjusted by the
DTC algorithm applying the stator voltage space vector that compensates both errors. In the case of the conventional converter
there are only five possible stator voltage space vectors available
in each region for the compensation. In the asymmetric converter
there are many more available choices. The optimum switching
table for equal size space vectors with π/3 phase lag between
them, used in the classical DTC algorithm, can still be applied in
this general case.

Simulation and experimental results are presented including space
vector flux, phase ‘a’ current and electric torque for each study
case. In all cases the flux reference is 0.7 Wb.

Application of the small positive state vectors set

The block diagram for the classical DTC algorithm is shown in
Fig. 3 and the same control block can be used together with Table
III with the asymmetric converter, but the sector selection will
depend on the set of vectors used for the implementation of the
algorithm.

The first experiments were done applying the small positive space
vectors set in order to analyze the system performance when the
asymmetrical converter is used to drive an induction motor with
this vector set [9].
Controlling the asymmetric converter, using the positive small
vectors or the negative small vectors alone, will require the adjustment of the zero sequence component in the stator voltages for
proper operation. For the small positive vectors, a negative value
of the zero sequence component is required to reduce the DC
component in the stator currents, while for the small recovery vectors a positive value of the zero sequence component will be
required to provide enough current to produce the regenerative
vectors.

In the following sections, simulations and experimental results for
several cases are presented.

Simulated and experimental results
For the simulations, the induction machine was modelled in the
stator coordinates frame using the following equations.

Table IV: Electrical parameters for the induction machine
Model

Pn

SKI80-43

1 HP

Vn

In

nn

220/380 V 3.3/1.92 A 1400 rpm
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Rs

Rr

Ls

Lr

Msr

50 Hz

8.2 Ω

10.6 Ω

0.866 H

0.866 H

0.083 H
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verter to produce a circular flux vector as shown in Fig. 5a and
Fig. 6a, using unidirectional phase current presented in Figs. 6b
and 6b. By comparing Figs. 5c and 6c it can be concluded that the
simulated and experimental electric torque ripple obtained using
this vectors set are similar. The observed differences could be
easily explained by model simplifications. These results prove that
the asymmetric converter can be successfully applied on induction
motor drives when a tolerant fault system is required. However,
this configuration requires a bias DC current which increases the
rms current, the cooper losses and reduces the rated power.

Application of the small recovery state vectors set
The next step is to test the small recovery space vectors performance [10]. As said before, controlling the asymmetric converter
using the small recovery space vectors alone, will require the
adjustment of the zero sequence component in the stator voltages
for proper operation. A positive value of the zero sequence component will be required to provide enough current to produce the
regenerative vectors.

Fig. 4: Test rig used for the simulation and experimental tests
Fig. 5 shows the simulation results and Fig. 6 the experimental
results for the small positive space vectors set. The results show
that the flux is maintained within the selected hysteresis band, and
the current and torque have the typical ripple present in DTC algorithms. These results prove the capacity of the asymmetric con-

Fig. 7 shows the simulation results and Fig. 8 the experimental
results for the small recovery space vectors set. As in the previous
case, the results show that the flux is maintained within the selected
hysteresis band. The current and torque have the typical ripple
present in DTC algorithms and the asymmetric converter produces
a rotating field as shown in Fig. 7a and Fig. 8a, using unidirectional phase current as in Figs. 7b and 8b. Figs. 7c and 8c show that
experimental electric torque ripple is smaller than the simulated
one. Summing up, there are not significant differences between
positive and recovery vectors set behaviour when controlling an
asymmetric converter for driving an induction motor.

(a) Stator flux
(b) Phase ‘a’ current
Fig. 5: Simulation results for the DTC with small positive space vectors set

(a) Stator flux

(b) Phase ‘a’ current

(c) Electric torque

(c) Electric torque

Fig. 6: Experimental results for the DTC with small positive space vectors set
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(a) Stator flux

(b) Phase ‘a’ current

(c) Electric torque

Fig. 7: Simulation results for the DTC with small recovery space vectors set

(a) Stator flux

(b) Phase ‘a’ current

(c) Electric torque

Fig. 8: Experimental results for the DTC with small recovery space vectors set

(a) Stator flux

(b) Phase ‘a’ current

(c) Electric torque

Fig. 9: Simulations for the DTC with medium size space vectors set

(a) Stator flux

(b) Phase ‘a’ current

(c) Electric torque

Fig. 10: Experimental results for the DTC with medium size space vectors set
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(a) Stator flux
(b) Phase ‘a’ current
(c) Electric torque
Fig. 11: Simulations for the proposed combination of small positive and recovery space vectors sets

(b) Phase ‘a’ current
(c) Electric torque
(a) Stator flux
Fig. 12: Experimental results for the proposed combination of small positive and recovery space vectors sets

Application of the medium space vectors set
The work with the medium space vectors set was reported initially
in [11]. Figure 9 shows the simulation results and Fig. 10 the
experimental results for the medium space vectors set. In this case,
an additional control loop is added to the system to limit the phase
currents magnitude. This is achieved by reducing the voltage
space vector if the current is large. As before, the results show that
the flux is maintained within the selected hysteresis band, the current and torque have the typical ripple present in DTC algorithms
and the asymmetric converter produces a rotating field as shown
in Figs. 9a and 10a, using unidirectional phase current presented
in Figs. 9b and 10b. Figures 9c and 10c show that the experimental
electric torque ripple is bigger than the simulated one because the
larger vectors size affects the induction motor saturation. Finally,
with the medium vectors set, the DC link voltage is better utilized
allowing higher speeds and a better dynamic response.

The experimental results for the combination of small positive and
recovery space vectors sets are shown in Figs. 11 and 12. In
Figs. 11b and 12b the phase current is kept positive by switching
between the two sets of small voltage space vectors, and this control action provides enough zero sequence current component in
the stator windings without the need to add any additional component to the phase voltages. Figs. 11a and 12a show the evolution
of the stator flux, following a circular trajectory similar to the one
obtained with all the other space vectors sets. Figs. 11c and 12c
show the electric torque, where it is possible to observe the
significant ripple reduction when this strategy is applied. This
combination gives the lowest ripple torque of the all tested strategies for both simulated and experimental results.
Fig. 13 presents steady state currents oscillogram for the three
phases. As can be seen, the currents have always positive values
with the corresponding phase shift. The combination of the three
DC components produces a null flux in the machine airgap.

Combination of the small positive and recovery
space vectors sets
A new DTC strategy was tested combining the positive and recovery
small vectors set [12]. In the proposed algorithm the main idea is
to guarantee enough energy in the phase leakage inductances to
maintain the regenerative states when a state is required. To attain
this, the algorithm tries to use the negative set of vectors whenever is possible, and the positive set of vectors if the conditions are
not appropriate for the former. So, if the current in any phase falls
below a pre-selected minimum value, the algorithm will synthesize the required voltage space vector with the positive set, otherwise it will use the negative set.
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Conclusions
All the previous results show that the asymmetric converter can
be successfully applied on induction motor drives when a fault
tolerant system is required using any of the possible state voltage
vectors sets available for this converter configuration. Single
space vectors sets require a bias DC current, which increases the
rms current, the cooper losses and reduces the rated power losses.
However, when different space vectors sets are used together, as
in the combination of the small positive and recovery space vectors sets, additional states can be used to add more entries to the
switching table. A reduction of the current and torque ripple is
obtained with the use of the additional states because this control
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