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Sensorless DTC-SVM for Induction Motor Driven
by a Matrix Converter Using a Parameter
Estimation Strategy
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Abstract—This paper presents a new direct torque controlled
space vector modulated method to improve the sensorless performance of matrix converter drives using a parameter estimation
scheme. The flux and torque error are geometrically combined in
a new flux leakage vector to make a stator command voltage vector
in a deadbeat manner. A new sensorless method of estimating the
rotor speed, flux, stator resistance, and rotor resistance is derived
and verified with experimental results. Common terms in the error
dynamics are utilized to find a simpler error model involving some
auxiliary variables. Using this error model, the state estimation
problem is converted into a parameter estimation problem assuming the rotor speed is constant. The proposed adaptive schemes
are determined so that the whole system is stable in the sense of
Lyapunov. The effectiveness of the proposed algorithm is verified
by experiments.
Index Terms—AC–AC power conversion, AC motor drives,
observers.

I. I NTRODUCTION

T

HE INDUCTION motor drive fed by a matrix converter
is superior to the conventional inverter because it does
not have bulky dc-link capacitors with limited lifetime and offers bidirectional power flow capability, sinusoidal input/output
currents, and an adjustable input power factor. Furthermore,
because of the high integration, the matrix converter topology is recommended for extreme temperatures and critical
volume/weight applications [1], [2]. The direct torque control
(DTC) scheme for matrix converter drives was initially presented in [3]. The generation of the voltage vectors required
to implement the DTC of induction motors under a unity
input power factor constraint was allowed. However, the DTC
scheme using a switching table has some fatal drawbacks.
Switching frequency varies according to the motor speed and
the hysteresis bands of torque and flux, a large torque ripple is
generated in a low speed range because of the small back electromotive force (EMF) of the induction motor, and high control
sampling time is required to achieve good performance [4].
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Although several methods to solve these problems have been
presented [5]–[7], these methods are designed for a conventional inverter drive system. On the contrary, research results to
solve these problems for matrix converter drives have not been
reported in the literature.
To realize high performance sensorless control of induction
motor drives, several observer-based methods are very attractive and give good performance in a large speed range [8]–[12].
Observation algorithms make use of the analytic model of
the induction motor and allow the estimation of both rotor
speed and flux from the stator currents and voltages. These
are relatively simple to implement. Among the observer-based
methods, the extended Kalman filter appeared to be the ultimate
solution for speed sensorless drives [8] for a certain period.
Unfortunately, this stochastic observer has some inherent disadvantages such as the influence of noise characteristic, the computational burden, and the absence of design and tuning criteria.
This has led to a renewed interest in deterministic approaches,
where the structure of the standard Luenberger observer for
a linear system is enhanced to permit the simultaneous estimation of rotor flux and speed [9]–[11]. In the schemes by
Kuboda et al. [9]–[11] the observer gain matrix is related to
the immeasurable rotor speed and the observer needs motor
parameter estimation to obtain good sensorless performance in
the low speed operation. This makes the observer inappropriate
for practical applications. There are other schemes which use
a time-scale separation property of the induction motor model
[12]. In these schemes, however, coordinate transformations
involved are functions of the rotor speed.
In this paper, a new stable method of estimating rotor speed,
flux, stator resistance, and rotor resistance has been derived.
Common terms in the error dynamics are utilized to find a
simpler error model involving some auxiliary variables. Using
this error model, the state estimation problem is converted
into a parameter estimation problem assuming that the rotor
speed is constant. The speed and parameter adaptation laws
are designed so that the estimated stator currents converge to
the measured ones. Some stability properties are given on the
basis of Lyapunov analysis. The proposed control scheme of
the sensorless DTC for induction motor drives using a matrix
converter is shown in Fig. 1. The scheme consists of a flux
deadbeat controller with overmodulation strategy, displacement
angle calculator, indirect space vector modulation (ISVM), the
proposed estimator for speed, parameter estimation, and compensation of nonlinearities of the matrix converter [14]. The
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Fig. 1. Proposed sensorless DTC-SVM for matrix converter drives.

effectiveness of the proposed scheme is demonstrated through
experimental results.
II. N OVEL U NIFIED DTC-SVM FOR M ATRIX
C ONVERTER D RIVES
The basic DTC method for matrix converter drives allows
for the generation of the voltage vectors required to implement
the DTC of the induction motor under a unity input power factor
constraint. However, the switching frequency varies according
to the motor speed and the hysteresis bands of torque and
flux, a large torque ripple is generated in a low speed range
because of the small back EMF of an induction motor, and high
control sampling time is required to achieve good performance
[4]. To cope with these problems, a new DTC is proposed.
The proposed scheme consists of a deadbeat controller with
an overmodulation strategy and a detector of the input voltage
angle.

current vectors in a general reference frame, vgs is the stator
voltage vector in a general reference frame, ωg is the reference
frame speed, and ωr is the rotor speed.
If the referred values are used with a referring factor a =
Lm /Lr to remove rotor leakage inductance, the flux and voltage
equations can be rewritten by
λgs = Ls igs + Lr igr
λgr = Lr igs + Lr igr
d
λgs + jωg λgs
dt
d
0 = Rr igr + λgr + j(ωg − ωr )λgr
dt

vgs = Rs igs +

λgσ = Lσ igs = λgs − λgr

λgs = Ls igs + Lm igr
λgr = Lm igs + Lr igr
d
λgs + jωg λgs
dt
d
0 = Rr igr + λgr + j(ωg − ωr )λgr
dt

(1)

vgs = Rs igs +

(2)

where λgs and λgr are the stator and rotor flux vectors in a
general reference frame, igs and igr are the stator and rotor

(4)

where λgr = aλgr , igr = (1/a)igr , Lm = a2 Lr , and Rr =
a2 Rr .
Here, the leakage flux vector λgσ is defined as follows:

A. Induction Motor Equations
An induction motor can be described in a general reference
frame, denoted by the subscript “g,” by the following flux and
voltage equations:

(3)

(5)

where Lρ = σLs = Ls − Lr .
The leakage flux vector λgσ can be calculated from current
measurement with the knowledge of Lρ . Rearranging the equations, the following state equation is obtained:

 

d λgs
− (1/τs ) I − ωg J
(1/τs ) I
=

− (1/τr ) I − (ωg − ωr )J
((1 − σ)/τr ) I
dt λgr
  

I
λgs
+
v
×
0 gs
λgr
= Ag xg + Bvgs
λgσ = [I

− I]xg = Cxg

(6)
(7)
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τs

τr


1 0
= στr , I =
, and
0 1

where
= Lr /Rs = σLs /Rs ,


0 −1
J=
.
1 0
By introducing another set of space vectors x̃g , defined by
 


I 0
λgs
=
x ,
(8)
x̃g =
I −I g
λgσ
the stator equation can be written as


d
−ωg J
− (1/τs ) I
x̃g =
(1/τr )I − ωr J − (1/τs + 1/τr ) I − (ωg − ωr )J
dt
  

I
λgs
+
v . (9)
×
0 gs
λgσ

Since the voltage drops by stator and rotor resistances are
much smaller than the input voltages, (9) can be approximated
in the stator flux reference frame as


 
d
−ωe J
I
0
x̃dq =
x̃dq +
v
(10)
I dqs
−ωr J −(ωe − ωr )J
dt
where ωe is the angular speed of the stator flux vector.
This is much simpler than (9) since the system matrix
contains no time-constant related elements. It follows from
(10) that:
d
|λs | = vds
dt
0 = −ωe |λs | + vqs

(11)

3
3
p|λs | |λr | sin δ/Lσ = p|λs |λqσ /Lσ .
2
2

(12)

Ideally, a deadbeat controller would establish zero torque and
flux error within one sampling period, tsp . In a digital control
system, the controller algorithm computes the required stator
voltage vector such that the torque and flux error are eliminated
in the next sampling instant. Referring to (11) and (12), the
required stator voltage in discrete form can be obtained [16]

∗
vqs,k+1
=

tsp

∗
)/((3/2)p|λs,k |∗ ).
where λ∗qσ,k = (Lσ Te,k

∆Te,k+1 = Te,k+1 −Te,k

+ ωr,k |λs,k |

3
p{λqσ,k vmax,ds,k +λdr (vmax,qs,k −ωr |λs |)}tsp .
2Lσ
(14)

The flux-linkage space vectors are shown in Fig. 2. The
electromagnetic torque can be expressed in terms of the flux
components as

|λs,k |∗ − |λs,k |
tsp



|λs,k |∗ λdr,k λ∗qσ,k − λqσ,k

Without energy storage in the matrix converter, the output
voltages have to be generated from the input voltage. This
means that the desired output voltages have to fit within the
enveloping curve of the input voltage system at any time.
Fig. 3 shows that the minimum of the enveloping curve equals
0.866 times the peak input line voltage. This value for sinusoidal operation is a theoretical limit because step-up operation
is not possible without changing the modulation method.
From (11) and (12), the change in electromagnetic torque
during one sampling period can be described as

=

d
λdσ = (ωe − ωr )λqσ + vds
dt
d
λqσ = −ωr |λs | − (ωe − ωr )λdσ + vqs .
dt

∗
=
vds,k+1

Flux-leakage space vectors for induction motor.

C. Improvement of Transient Response

B. Novel Uniﬁed DTC Using a Deadbeat Scheme

Te =

Fig. 2.

(13)

However, the largest output magnitude can be expected if
the edges of the hexagon for 60◦ are used instead of the
circular locus diagram as shown in Fig. 4. When the torque
error, ∆Te = Te∗ − Te , exceeds the maximum allowable change
of electromagnetic torque value in (14), an alternative torque
control method must be derived instead of a flux deadbeat
control scheme. To cope with this problem, an overmodulation control scheme for matrix converter drives is proposed. In
this way, the drive combines advantages of the smooth steadystate operation and rapid transient response to the control
reference.
D. Detection of Input Voltage Angle
To implement the ISVM, the input reference current vector
is given by the input voltage vector for an instantaneous unitary
power factor. Under balanced conditions, the angular velocity
and the magnitude of the input voltage vector is constant. In
this situation, the determination of the input current reference
angle is quite straightforward. Unfortunately, with unbalanced
supply voltages, the negative sequence component of the voltage causes variation in magnitude and angular velocity of the
input voltage vector. In this case, a different modulation strategy
should be considered (see Fig. 5).
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Enveloping curve of the input voltages and output phase voltages.

Fig. 6. Block diagram of the input voltage angle calculation.

voltages in the synchronous frame as

Fig. 4.
stage).

Output voltage vectors using ISVM in a matrix converter (inversion




va
−1/2 −1/2
√
√
 vb 
2/3 − 2/3
vc
 e 
 s 
vd
vd
cos θ̂ − sin θ̂
=
.
vqe
vqs
sin θ̂ cos θ̂



vds
vqs




2 1
=
3 0



(15)

In (15), vqe is set to zero for the unity power factor control
and vde is constant under the balanced input voltage conditions.
However, under the unbalanced input voltage conditions, vqe
and vde cannot be kept constant because they both contain the
second-order harmonic component by the negative sequence
voltage and degrade input power quality. To alleviate this
problem, they can be separated into a dc part and an ac part
by simple low-pass filters, followed by a reconstruction of
the virtual balanced input voltages using only the dc part. By
using these reconstructed voltages, a constant magnitude input
voltage vector that rotates at a constant angular velocity can be
developed and the result can be seen in Fig. 7.
Fig. 5. Input phase currents in a matrix converter (under 20% input voltage
unbalanced condition).

A block diagram of the proposed detection of input voltage
angle is presented in Fig. 6. The three-phase input voltages
(va , vb , vc ) are converted into the values of d- and q-axis

III. E STIMATOR D ESIGN FOR S PEED AND P ARAMETERS
The previous discussed observer estimates the motor speed
except zero-frequency condition, when the observer gain is
properly designed. However, the gain should be reselected for
the regenerating operation [9], [10]. In this section, a new
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where uds and uqs are the observer compensation voltages to
be designed. Let us introduce the error variables
ĩds = ids − îds ,
λ̃dr = λdr − λ̂dr ,

ĩqs = iqs − îqs
λ̃qr = λqr − λ̂qr

ω̃r = ωr − ω̂r .

(18)

It follows from (16)–(18) that:

Fig. 7. Input phase currents in a matrix converter (under 20% input voltage
unbalanced condition with simple compensation).

estimator design method is explained. The proposed design
method is independent of the operating condition. In addition,
the stator resistance can also be estimated within the same
framework.
A. Induction Motor Model for Estimator Design
An induction motor can be described by the following state
equations in the stationary reference frame:
i̇ds = −

Rr
Rs
Lm
Lm
1
− λdr −ωr λqr +
ids −
ids +
vds
σLs
Lr
τr
σLs
σLs

i̇qs = −

Rr
Rs
Lm
Lm
1
− λqr +ωr λdr +
iqs −
iqs +
vqs
σLs
Lr
τr
σLs
σLs

λ̇dr = −

Rr
Rr
λdr −ωr λqr +Lm ids
Lr
Lr

λ̇qr = −

Rr
Rr
λqr +ωr λdr +Lm iqs .
Lr
Lr

Lm
ĩ˙ ds = −
σLs Lr

−

Rr
λ̃dr − (ωr λ̃qr + λ̂qr ω̃r ) + uds
Lr

Lm
ĩ˙ qs = −
σLs Lr

−

Rr
λ̃qr + (ωr λ̃dr + λ̂dr ω̃r ) + uqs
Lr

Rr
˙
λ̃dr = − λ̃dr − (ωr λ̃qr + λ̂qr ω̃r )
Lr
Rr
˙
λ̃qr = − λ̃qr + (ωr λ̃dr + λ̂dr ω̃r ).
Lr

The adaptation law for ωr and the design voltage vector
us = [uds uqs ]T should be designed so that ĩds and ĩqs tend
asymptotically to zero. However, deriving the design function
directly from (19) is not straightforward due to the unknown
state error terms multiplied by an unknown parameter such
as ω λ̃dr . To cope with the problem, the new variables are
introduced
zds = ĩds +

Lm
λ̃dr ,
σLs Lr

zqs = ĩqs +

Lm
λ̃qr .
σLs Lr

(20)

From (19) and (20), we obtain
żds = vds ,

(16)

On the basis of this model, a new method of estimating rotor
speed, stator resistance and flux is proposed. It is assumed that
only the stator currents and voltages are measurable and all
system parameters are known.

ζ̇ds = vds ,

To obtain a speed and flux estimator, we proceed as in [14].
The estimator, which observes the rotor speed and the rotor flux
together, is written by the following equation:
Rr
1
Lm
Rr
− λ̂dr − ω̂r λ̂qr +Lm ids +
vds −uds
î˙ ds = −
σLs
Lr
Lr
σLs
Rr
1
Lm
Rr
− λ̂qr + ω̂r λ̂dr +Lm iqs +
vqs −uqs
î˙ qs = −
σLs
Lr
Lr
σLs

(17)

(21)

ζ̇qs = vqs

(22)

so that
Lm
λ̃dr = A − ζds − ĩds ,
σLs Lr

Lm
λ̃qr = B − ζqs − ĩqs
σLs Lr
(23)

with A and B unknown constants depending on initial
conditions
A = ĩds (0) +

Rr
Rr
˙
λ̂dr = − λ̂dr − ω̂r λ̂qr + Lm ids
Lr
Lr

żqs = vqs

where the initial conditions are unknown. This is an advantage
over (19) in which the dynamics of the unknown variables,
(λ̃dr , λ̃qr ) are not known. This justified the introduction of the
variables (zds , zqs ).
Define the first-order filters

B. Design of Speed and Flux Estimator

Rr
Rr
˙
λ̂qr = − λ̂qr + ω̂r λ̂dr + Lm iqs
Lr
Lr

(19)

Lm
λ̃dr (0),
σLs Lr

B = ĩqs (0) +

Lm
λ̃qr (0).
σLs Lr
(24)

Substituting the expressions (Lm /σLs Lr )λ̃dr and
(Lm /σLs Lr )λ̃dr given by (23) into the first two equations
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in (19) we obtain

It then follows that:

Rr
Lm
λ̂qr ω̃r
ĩds − ωr ĩqs +
ĩ˙ ds =
Lr
σLs Lr
Rr
Rr
+
A + ωr B +
ζds + ωr ζqs + uds
Lr
Lr
Rr
Lm
λ̂dr ω̃r
ĩqs −
ĩ˙ qs = ωr ĩds −
Lr
σLs Lr
Rr
Rr
+
B − ωr A − ωr ζqs +
ζqs + uqs .
Lr
Lr

V̇ = − ρds +

(25)

Now we define uds and uqs to partially compensate some of
the terms in the right-hand side of the two equations in (25)
Rr
= − ρds ĩds +
ζds + ω̂r ζqs + ξˆds
Lr

uds

uqs = − ρqs ĩqs +

Rr
ζqs − ω̂r ζds + ξˆqs
Lr

(26)

where ρds and ρqs are positive design parameters, and ξˆds
and ξˆqs are estimates of the term, (Rr /Lr )A + ωr B and
(Rr /Lr )B − ωr A in (25).
Substituting (26) into (25), the error dynamics become
ĩ˙ ds

Rr
= − ρds +
Lr
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ĩds −ωr ĩqs + ω̃r

Rr
ĩ˙ qs = ωr ĩds − ρqs +
Lr

ĩqs − ω̃r

Lm
ζqs +
λ̂qr + ξ˜ds
σLs Lr

Lm
ζds +
λ̂qr + ξ˜qs .
σLs Lr
(27)

Rr
Lr

Lm
− ζds +
λ̂dr ĩqs
σLs Lr
+ ξ˜ds

1 ˙˜
ξ + ĩds
γ2 ds

+ ξ˜qs

Rr
ĩ˙ ds = − ρds +
Lr
+ ω̃r ζqs +

Vs =

1
2

ĩ2ds + ĩ2qs +

R̃s
+ ξ˜ds −
ids
σLs

ĩqs

Lm
λ̂qr
σLs Lr

R̃s
+ ξ˜qs −
iqs
σLs

(32)

1 2
1 2
1 2
1
ω̃r + ξ˜ds
+ ξ˜qs
+ R̃s2
γ1
γ2
γ3
γ4
(33)

where γ4 is a positive design parameter and its time derivative is



1 ˙˜
ξ + ĩqs .
γ3 qs

For speed estimation design, we now assume that speed is
constant because the speed moves much more slowly than the
other electrical variables, and propose the estimation laws as
follows:

= V̇ +

˙
ξ˜ds = γ2 ĩds
˙
ξ˜qs = γ3 ĩqs .

Lm
λ̂qr
σLs Lr

where R̃s = Rs − R̂s .
A Lyapunov function Vs is defined as follows:

V̇s = V̇ +

ζqs +

ĩds − ωr ĩqs

Rr
ĩ˙ qs = ωr ĩds − ρqs +
Lr

(29)

ω̂r = γ1

(31)

The stator resistance and rotor time constant are varied due to
temperature changes during operation. In particular, the stator
resistance, which has a deep effect on the performance of
the low-speed operation in DTC, should be estimated under
operation [11]. The proposed observer can be extended to include stator resistance estimation. When the stator resistance is
treated as an unknown parameter of the observer, the estimation
error of the stator current is rewritten from (27) and is given by
the following equation:

(28)

where γ1 , γ2 , and γ3 are positive design parameters.
Its time derivative is
Rr 2
Rr 2
V̇ = − ρds +
ĩds − ρqs +
ĩ
Lr
Lr qs

1 ˙
Lm
+ ω̃r
ζqs +
λ̂qr ĩds
ω̃ r +
γ1
σLs Lr

ĩ2qs

C. Design of Stator Resistance Estimator

− ω̃r ζds +

1
1 2
1 2
+ ξ˜qs
ĩ2ds + ĩ2qs + ω̃r2 + ξ˜ds
γ1
γ2
γ3

Rr
Lr

which guarantees the boundedness of all the variables and the
convergence of ĩds and ĩqs to zero under the assumption of
constant speed. Note that as the speed estimate approaches the
real speed, the flux estimation errors tend to zero.

Consider the Lyapunov function
1
V =
2

ĩ2ds − ρqs +

Lm
Lm
λ̂qr ĩds − ζds +
λ̂dr ĩqs
σLs Lr
σLs Lr

(30)

R̃s
1
˙
(ids ĩds + iqs ĩqs ) + R̃s R̃
s
σLs
γ4
R̃s
1
˙
(ids ĩds + iqs ĩqs ) + R̃s R̂s .
σLs
γ4

(34)

The adaptive scheme for stator resistance estimation is founded
by equating the second and third term in (34)
˙
R̂s = −µ1 (ids ĩds + iqs ĩqs )
where µ1 is a positive design parameter.

(35)
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Fig. 8. Estimated torque and estimated flux at 500 r/min with 15% of rated load. (a) Conventional DTC. (b) Proposed DTC.

IV. E XPERIMENTS
Experiments are carried out to confirm the validity of the proposed observer. The robustness of the speed response against
the parameter variation and low speed operation are especially
given focus in the experiment. The experimental setup of the
proposed control system consists of a three-phase, 380 V,
60 Hz, four pole, 3 kW induction motor and power circuit
using a matrix converter. The induction motor has the following
parameter values: Rs = 1.79 Ω, Rr = 1.8 Ω, Ls = 167 mH,
Lr = 174.4 mH, and Lm = 160 mH. A dual controller system
consisting of a 32-bit DSP (ADSP 21062) and a 16-bit microcontroller (80C167), in conjunction with a 12-bit A/D converter
board, is used to control the matrix converter-based induction
motor drive.
Fig. 8(a) and (b) show experimental results of the steady state
performance of the conventional DTC and modified DTC at
500 r/min. It can be seen from this result that the torque ripple

was reduced drastically by the proposed algorithm. The steady
state phase currents and their harmonic spectrums are compared
in Fig. 9(a) and (b).
From Fig. 9(a), high distortion in the current can be observed
and low order harmonics scattered from fundamental to 4 kHz,
which are not desirable. The current waveform of the proposed
DTC in Fig. 9(b) is smoother than that of the basic DTC and the
dominant harmonics are around 6.5 kHz, which is determined
by the SVM sampling period.
Fig. 10 shows the filtered input line current and the corresponding line-to-neutral voltage. The line current is in phase
with the voltage, confirming the validity of the control scheme
which allows unity input power factor operation.
In Fig. 11, comparison of the torque step responses of the
two algorithms showed a larger torque ripple in the basic
DTC. In Fig. 11(b), the response time of DTC-SVM with an
overmodulation strategy is 0.4 ms, which is almost the same
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Fig. 9.
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Phase current and harmonic spectrum at 500 r/min with 15% of rated load. (a) Conventional DTC. (b) Proposed DTC.

Fig. 10. Input voltage and filtered input current waveform at 1000 r/min.

as that of the basic DTC in Fig. 11(a). Fig. 12 shows the
speed and phase current responses of the proposed sensorless
vector control system in the forward and reverse operation. It
can be seen that the speed response for a ramp-speed reference
with a slope is 200 r/min/s. It is noted here that a smooth and
stable zero crossing of speed is obtained. Fig. 13 shows the
low-speed performance in a speed reversal process between
the values ±50 r/min. The torque is held constant at 40%
of rated value such that the drive operates in the generating
mode while the speed is negative. Fig. 14 shows speed and
phase current responses of the proposed observer-based DTCSVM, even though the stator resistance increases up to 150%
of rated value. The proposed scheme with stator resistance
adaptation shows good responses against the parameter
variation.
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Fig. 11. Torque step responses from 10% to 35% of rated load at 300 r/min (estimated torque and estimated stator flux). (a) Basic DTC. (b) Proposed SVM-DTC
with overmodulation strategy.

Fig. 12. Forward and reverse operation; speed and phase current.

Fig. 13. Reversal speed operation at ±50 r/min with constant torque (40%
rated value).
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Fig. 14. Response against stator resistance change (150% rated value) at
50 r/min with 30% of rated load.
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V. C ONCLUSION
A new and stable sensorless DTC-SVM method for matrix
converter drives has been derived and verified with experimental results. The proposed DTC-SVM method using a deadbeat
algorithm and an overmodulation strategy helped minimize
torque ripple and obtain the unity input power factor, while
maintaining constant switching frequency and torque dynamic
response. The presented sensorless scheme was independent of
the value of the rotor speed. The state estimation problem was
converted into a parameter estimation problem assuming that
the rotor speed is constant. the stator resistance could also be
estimated within the same framework.
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