WSEAS TRANSACTIONS on SYSTEMS
DOI: 10.37394/23202.2024.23.59 Djamila Cherifi, Yahia Miloud

Sensorless DTC of Induction Motor Drive based on Full Order
Extended Kalman Filter Observer

DJAMILA CHERIFI, YAHIA MILOUD
Department of Electrical
Engineering University of
Dr.Tahar Moulay
P. O. B. 138, 20000 Ennasr, Saida
ALGERIA

Abstract: - The induction motor is by far the most popular motor in the industry because of its benefits, which
include low cost, ease of design and maintenance, and most importantly, the lack of a brush-collector assembly.
However, high-performance power semiconductors, which make up the static converters connected to the
control systems, have made it feasible to design systems that use induction motors running at varying
frequencies. A new frontier in control was made possible by the introduction of direct torque control (DTC) in
the middle of the 1980s. Direct torque management for an induction motor without a mechanical speed sensor
is the primary focus of the work reported in this paper. Control strategies without mechanical sensors aim to
develop high-performance drives, by freeing themselves from direct measurement of speed or position, which
is then replaced by a calculation algorithm to reconstruct the motor speed from measurable electrical quantities.
This work focuses on leveraging the high-gain Kalman filter observer to create an IM speed observation
algorithm driven by a voltage inverter. After the endeavor, we will give simulation results to demonstrate the
effectiveness of this approach.
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1 Introduction Numerous studies have been conducted on scalar
Variable speed has become a desired feature in all and vector controllers, resulting in a wide range of
industrial areas. The recent development of variable industrial apphcatl(.)gs,' (6], [71, [8], [9]. To aV?lq the
speed drives has led to the gradual replacement of problems of sensitivity to parametric variations
direct current machines by alternating current experienced by vector control, other control methods
machines connected to static converters, [1], [2]. have been c.ons1dered m Wthh the flux and

Induction motors are desirable in many electromagnetic torque are estimated from the only
industrial applications due to their durability, low electrical quantities accessible to the stator, and this
cost, performance, and ease of maintenance. The is without the use of mechanical sensors. Among
advancement of power electronics and digital these methods, the direct torque control, based on

electronics now enables variable speed axis control the orientation of the stator flux and which was
in low-power applications, [3]. With the introduction introduced in 1985 by [10] and [11].

of  quick-switching components and  the Machine control requires accurate information
advancement of digital control technology, it is now from the processes under qontrol in ord'er. to function
possible to use a considerably more complex control properly. This information can originate from
structure. Thus, we may highlight control concepts electrical or mechanical sensors, the latter of which
that can achieve performance levels comparable to are expensive and brittle, Weaken-ing electrical drive
those of direct current machines, [4], [5]. systems, [12], [13]. To address this issue, we choose

Currently, AC machines' speeds are controlled a control without a mechanical sensor that is based
via scalar or vector controllers. In these approaches, on the design of a software sensor for the estimation
control algorithms are based on a model of the of variables inaccessible to measurement or whose
machine to be controlled, with the inverter acting as measurement requires r'elat.ively expensive SEnsors
a voltage source that does not change them. compared to the objective of the envisaged

application, such as rotation speed, [14], [15], [16].
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This paper describes the implementation of a
method for measuring the speed of an IM powered
by a voltage inverter using a high-gain Kalman filter
observer. We conclude this research with simulation
results that demonstrate the performance of this
strategy.

2 Induction Motor Model and the

Principle of the DTC

A dynamic model of the induction motor in the
stator coordinates frame can be expressed by [17]:

di, . . R o, 1
—L =i, -, I, +— +—F +—uU
dt sa r'sp O'Ler ¢sa O'Lr ¢s/3 O'Ls sa
dig, . . R o, 1
=—Al+w 1, +—> — +—u
dt sp r'sa . LS Lr ¢Sﬂ . Lr ¢Sa GLS sp
dg,, .
% “Ysa T RSISa
de. .
diﬁ = usﬁ - Rslsﬁ
(1
with 1= R +i
oL, oL,
The torque equation is:
Tem = p(¢saisﬂ _¢Sﬂisa) (2)
The mechanical relationship is given by:
J%—?:Tem—TL—fQ 3)

Vector expression of the voltage delivered by the
voltage inverter is:

2 4
- |2 = i
Vsz\/;vdc S,+Spe 3 +Se 3 (4)

Ve : represents the direct voltage.

The combination of the different states of the
inverter gives 2°=8 possible cases for the voltage
vector V including two zero vectors (Vo and V7) and
six non-zero vectors. Figure 1 shows the
representation in the complex plane of the 8
positions of the vector V generated by a two-level

voltage inverter.
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Fig. 1: Voltage vectors delivered by the two-level
inverter

To achieve high control precision, DTC
concentrates on adjusting torque and flux by
choosing voltage vectors and keeping these two
quantities in hysteresis bands, [18].

2.1 Stator Flux Estimation
According to the IM model, The stator flux is
estimated by:

b =\ Peo” + by (5)

The two estimated flux components are:

t
¢sa = j(VSa - Rsisa)dt
0

o ©)
¢sﬂ = I(Vsﬂ - Rsisﬂ)dt
0
with:
£, = arctg("fw J (7)

Figure 2 Diagram showing how the voltage model
estimates the stator flux.

La ™ ‘R:—"

Fig. 2: Block diagram of stator flux estimation in (o,
B) coordinates
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2.2 Electromagnetic Torque Control
The general expression of electromagnetic torque is
given by

M
T =Pl

S—Tr

4,.4,5in(5) ®)
where:
p is the number of pole pairs.

@,.¢, are stator and rotor flux vectors.
o0 angle between the stator and rotor flux vectors

From expression (08), it is clear that the
electromagnetic torque is controlled by the stator
and rotor flux amplitudes. If those quantities are
maintained constant, the torque can be controlled by
adjusting the load angle J.

- The torque is estimated by:

Tem = p(¢saisﬂ _&sﬂisa) ©)

3 Development of Flux and Torque
Controllers

3.1 Flux Hysteresis Controller
Its goal is to keep the flux vector's end in the circular
ring depicted in Figure 3.

To choose the appropriate voltage vector, the
corrector's output must show which way the flux
module is evolving. A straightforward two-level
hysteresis corrector is ideal for this and enables the
achievement of excellent dynamic performances,
[19].

¢sref

- A(I)s Ad)s

Fig. 3: Hysteresis flux corrector

¢sref - (I)s

3.2 The Torque Corrector

The torque corrector has the function of maintaining
the torque within the limits Ty, — To < AT, With
AT, the torque reference to the hysteresis band of

the corrector.
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The structure of Three-level hysteresis controller is
shown in Figure 4.

—
A

\ 4
1
—_

Fig. 4: Three-level hysteresis controller

It enables both positive and negative torque
control over the motor in both rotational directions.
The Boolean wvariable, which is the corrector's
output, clearly shows whether the torque amplitude
needs to be reduced (CTem = 0) or increased in
absolute value (CTem = 1 for a positive setpoint and
CTem = -1 for a negative setpoint).

3.3 Development of Switching Tables

The control table is constructed according to the
state of the variables Cflx and CTem, and the position
zone Zi of ¢ . It is therefore presented in the

following form, [20], [21]:

Table 1. DTC structure switching table

2one "Z*

| flux | Torgoe | ! 2|3 ' i | S 6 comparator
AN 5 1% 5w |
Cilx =1 ;(“r,_.,a»i V| Vo | V- [ Vo | v Il W, I level
CT ‘-ll Ve l vy | Vs I vV Vi IV l Three level
?;mmqi Vi v, |V i ve V|| v ]* Two |
Cllx=0 {CT ﬂl Vo | Ve || v [ v v, || V ] fevel ,‘
{CT o -~I§ Vel Ve lV ] v \ v, | Three level

4 The Speed Control of the IM

It is commonly known that when the speed reference
varies significantly (large overshoot of the speed
response), asynchronous machines with PI
correctors  cannot achieve very  excellent
performances when their speed is regulated. In fact,
the PI corrector encounters a considerable deviation
when the speed reference varies significantly. This
leads to a strong proportional action of the corrector,
which causes the motor speed to overshoot, [22],
[23]. The solution to this issue is to use an IP
corrector in place of the PI (speed) corrector. Figure

Volume 23, 2024



WSEAS TRANSACTIONS on SYSTEMS
DOI: 10.37394/23202.2024.23.59

5 shows the block diagram of an IP corrector.

Fig. 5: An IP regulator-equipped external rotation
speed control loop

In a closed loop, we obtain a transfer function of the
form:

Kin-Kio-Kpe
e T (10)
a): Sz + (1+ Km'pr) S+ Km'Kia)'pr
Tm Tm

The IP corrector's parameters are obtained by
imposing the poles in a closed loop:loop with an IP
regulator, These parameters are cited in Table 2.

Table 2. The IP corrector's parameters

K K;

pa lo

Corrector IP (2lw, T, —1) / Kn a)osz/ KnK b

5 Kalman Filter Observer

The existence of noise is one of several
presumptions that make the Kalman filter a state
observer. This observer's guiding principle is to
minimize the variance of the estimation
measurement error depending on the state, [24],

[25].

The Kalman filter is expressed as:

%X=Ax+ Bu +U (t).w(t) (11)
y =Cx+V(t) (12)

with

U (t) = weight matrix of noise

v(t) = noise matrix of output model (measurement
noise)

W(t) = noise matrix of state model (system noise)
U(t), v(t), and w(t) are assumed to be stationary,
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white, and Gaussian noise, and their expectation
values are zero.

This noise's covariance matrices (Q) and (R) are
described as:

Q = convaiance (w) = E{ww } (13)

R = convaiance (v) = E{vv'} (14)

where E{.} denotes the expected value.

The following is a schematization of the Kalman
filter's general principle.

The configuration of the basic Kalman filter
observer is illustrated in Figure 6.

[Vsd Vsq] _ i =[ignig]"
T > Induction Motor

Fig. 6: The basic configuration of the Kalman filter
observer

The Kalman filter equation of state is provided by:
£ =(A—KC)X+Bu+Ky (15)

In the Kalman filter matrix, the noise covariance
"K" is a fundamental component. The following is a
gauge of the observation's quality:

L= S Efxt0- (0T [t -0 }=min ~ (16)
The discrete steps of the Kalman filter are given by:

(1) Estimation step (system state)

x(k +1) = x(k) + K()(y(k) = y(k)) (17)
(2) Renew of the error covariance matrix
Pkk+1)=Pk)- K(k)hT (k+1) P(k) (18)

(3) Calculation of Kalman filter gain matrix
K(k+1) =P (k+Dh" (k+1) [h(k +DP (k+DhT (k +1)+ RF

(19)
(4) Prediction of state matrix
0
k1) == (A BaVlucsenn (20)
(5) Estimation of error covariance matrix
P'k+D)=f(k+DPK)FT(k+1)+Q (21)
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Discretization of (10) and (11) yields

x(k +1) = Ay (K)x(k) + By (K)u(k) (22)

y(K) = Cq (K)x(k) (23)

A stochastic state observer called the Kalman
filter is used to jointly estimate the parameters and
state of a nonlinear dynamical system, [26].

The discrete system's state and output are
represented by x(k) and y(k), respectively, while the
input and output matrices are represented by Ad, Bd,
and Cd.

The IM's discrete model can be expressed as
follows:

x(k +1) = f(x(k),u(k)) +w(k) = Ayx(k) + Byu(k) + w(k)
y(k) = h(x(k)) +V (k) = Cy4x(k) +V (k)
24)

with w(k) is the measurement noise and V(K) is the
process noise.

The state vector is chosen to be:
Ay =e"Ts ~ | — AT,
T

B, :jeAr Bdz ~ BT, (25)
0
Cy=C
6 Application of the Extended

Kalman Filter to the MAS

6.1 State Model of the MAS in the (a,p)
Frame

It is appropriate to employ an axis frame connected

to the stator in order to implement the state

equations of the machine model that will be used to

create our observer. Consequently:

x:[isa isﬂ ¢Sa ¢sﬁ]T;U:[VSa VSﬂ]T
oy
o L
1
B=| 0 —|;
ol |’
0
(- O =

The following format can be used to express the
equations of state:
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. . . K 1

lse = _;“505 + wrlsp’ + T_r¢5a + wr-K¢sﬂ + ISVSa

. . . K 1

lsp =—Ols, — ﬂ“lsﬁ — ‘K¢Sa + f¢sﬂ + Isvsﬁ

¢sa = _Rsisa

¢s,8 = _Rsisﬁ

(26)
where:

Rr RS O.l_S. o Tr TS

5.2 The IM Extended State Model

We will utilize the model (1) acquired in section 2 to
estimate the induction motor's speed. The machine's
extended model in the reference frame connected to
the stator is as follows:

K 1
—AX + @ X +— X + Ko, X, +—V,
T, ol

— @, X —AXy — K., X +5.x4 +Lv
f= Tr O.LS
- Rsxl
- Rsxz

0

sp

' 27)
These are the stator states and voltages:

U = [Vsa Vsﬂ]T ;

X=[x % % x x[

= [isoc isﬂ ¢sa ¢S/3 a)r]T

The following is the deduction of the Jacobian
matrix "F":

1-t, A t.o te.T5 Kot +1.Kdy,
r
“t.w, 1-t.A —tKao te.£ —ti, —t K,
F- T,
R, 0 0 0
0 -t.R 0 0 0
| 0 0 0 0 |
(28)
The matrix of measurements H is provided by:
1 00 0O
H =
01 0 0O
(29)
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Selecting the appropriate values for the
covariance matrices (Q) and (R) is a crucial and
challenging step in the construction of the full-order
EKF. Both the dynamic and steady-state states are
impacted by changes in covariance matrix values.

The selected values for the covariance matrices
(Q), (R), and (P) can be initialized and modified as
follows to provide improved stability, convergence
time, and significant speed of the EKF.

P=diagfle? le? 1@ 1e? 15|
Q:diag[le’6 le® 1e? 1e? 1e2]
R=diagfle? 1¢?]

7 Simulation Results and Discussion
Two scenarios were simulated in order to show how
well the suggested estimation method worked when
integrated into a DTC-controlled instant messaging
speed modification system. These will be covered in
the sections that follow.

The assessment of speed in the presence of load
disturbances and rotational direction reversal,

Table 3 lists the specifications for the 1.5 kW
three-phase squirrel cage motor.

Table 3. IM motor parameters

Item Symbol Data
IM  Mechanical Pw 1.5 Kw
Power
Nominal speed w 1420 rpm
Nominal
Frequency
Pole pairs number f >0 Hz
Stator resistance P 2
Rotor resistance
Stator self- Ry 4.85Q
inductance R; 3.805Q2
Rotor self- L 274 mH
inductance
Mutual L
inductance g 274 mH
Moment of inertia
Friction Lo 258 mH
coefficient J 0.031 kg.m?
F 0.00114kg.m?/s
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The block design for an induction motor's
sensorless direct torque control with a full-order
Kalman filter observer is displayed in Figure 7. The
number of sensors utilized in this construction has
been reduced by the employment of full-order
observers.

sotching table

3 .
oA
o Full Py

Order
Extendnd

: x & o — 4
\ _' | Kalman a
; el sl e -5

| TP Speré Controlle

Fig. 7: Global induction motor sensorless DTC
technique with full order extended Kalman filter
observer is shown

7.1 Influence of Load Torque Variation

The system was simulated in this section with a
speed setpoint of 150 rad/sec and a load torque of 10
Nm applied between t = 1s and t = 2s. Figure 8
shows the data we obtained.

With a very good rejection of load disturbance
and no deformation, the simulation results
demonstrate that the estimated speed precisely
matches the reference. It is also observed that the
estimation error is acceptable. Additionally, it is
observed that the torque and flux are decoupled and
that the stator flux is orientated correctly.

These findings demonstrate that the Kalman
filter observer can be effectively used to directly
adjust torque without a speed sensor in relation to
load fluctuation.
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Fig. 8: Complete Order Sensorless DTC
Command Responses Based on EFK
Observers
7.2 Influence of the Reverse Direction of

Rotation

We apply a shift of the speed setpoint from 150 rad/s
to —150 rad/s from time t=3s, while applying a load
torque of 10 N.m between periods t1 = 1s and t2 =
2s, respectively, to verify the resilience of the
control method related to the FKE observer. Figure 9
shows the data we obtained. The following
outcomes were attained by us:

We observe that the rotation speed estimation is
nearly flawless. With nearly 0% static inaccuracy,
the projected speed closely matches the real speed.
We find a comparatively short rejection time and
excellent sensitivity to load perturbations.

Additionally, we note that the stator flux is
excellently oriented. The electromagnetic torque is
affected by this. The flux's orientation is not
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weakened by the torque's direction shift during the
setpoint evolutions, especially during the rotation
inversion. We also observe a good estimation of the
stator currents and a flawless continuation of the

estimated stator flux components to their
corresponding real components.
100 /
Z
8 0 _ Qmes \
"8 Qref \
2.
@ 00— Qs HL
0 1 2 3 4
Time (s)
_a_
10
@
£ 5
=
o
5 }M\
- 0
3
(=¥
w2
-5
0 1 2 3 4
Time (s)
-b-
<
=
(o]
g
=3
O
0 1 2 3 4
Time (s)
_C_
40 r
P Tem
’é 20F TL T
Z
[} (0 ‘
=
2 -20
-40 -
0 1 2 3 4
Time (s)
-d-
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Fig. 9: Sensorless DTC control responses for load

torque variation and rotational direction reversal
based on Full Order EFK Observer

8 Conclusion

By eliminating the need for direct speed or position
measurement and substituting it with a computation
technique that reconstructs the motor speed from
quantifiable electrical characteristics, mechanical

Volume 23, 2024



WSEAS TRANSACTIONS on SYSTEMS
DOI: 10.37394/23202.2024.23.59

sensorless control schemes seek to provide high-
performance drives.

Sensorless control of mechanical speed is
developing. It seeks to do away with sensors'
shortcomings, including their cost, noise, and
fragility.

In this study, we used a full-order Kalman filter
to examine the observer. This method was applied in
the DTC to enhance the three-phase induction
motor's sensorless control performance when
connected to an IP controller.

The induction motor was initially introduced in
this paper from a modeling and control perspective.
By considering the simplifying assumptions, we
were able to develop a mathematical model of the
induction motor. By precisely maintaining the
decoupling between the torque and the flux, the
direct torque control approach enabled us to regulate
the induction motor and so make it easier to regulate
the machine speed.

When compared to the test of the controller with
a classic PI structure, the IP controller provided
better dynamic performance for the transient regime;
decoupling was preserved, and the induction motor's
response time and speed overshoot were
significantly better with IP than with a classic PI.

It may be inferred from the simulation results
that the suggested observation method is appropriate
for all operational circumstances. The suggested
observer (full-order Kalman filter), on the other
hand, has good robustness with regard to the
variation of the load and the pursuit, enabling good
functional performance with a low-cost and reduced
volume installation. This gives our control a
minimal structure (elimination of all sensors: speed,
currents, and flux), which supports the notion that
this observer is robust.
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