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1. INTRODUCTION

Today, the development of modern drive systems has led to the use of speed observers as substitutes
for speed sensors. A control system with a speed estimator is referred to as a sensorless system. The speed
estimation method of a sensorless system can be divided into three: rotor slot harmonic, frequency signal
injection, and machine model-based. The last method is known to be simpler and has a better performance at
a high speed, yet it has a low accuracy at a low speed as a result of parameter variation.

The comparison between the performance of each model-based method has been reported in [1]. It is
shown that the Kalman filter solves noise best among the methods. However, its dynamic behavior, complexity,
and computation time are worse than the adaptive flux observer (AFO). On the other side, artificial intelligence
(Al) excels at almost all criteria, but its complexity and computation time are not better than the AFO and
sliding mode observer. It is shown that the observer offers a potential solution.

The observer for the induction motor speed estimator is built to estimate the state variables. The
estimated state variables are the rotor fluxes flux and the stator current. Sometimes, in the estimator, the rotor
speed is treated as an additional parameter instead of the estimated state variable. A good observer should be
able to reconstruct these state variables with minimum steady-state errors and dynamic-state errors so that the
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estimator can estimate the speed accurately. The main problem that occurs in the sensorless system is the
accuracy in estimating flux values with variables that are only current and voltage. The problem is encountered
at low induction motor speeds so that the estimator performance is not good. Therefore, the development of a
sensorless system is quite challenging research.

The most popular observer is the Luenberger observer and its derivations as in [2]-[4]. Luenberger
observer is arranged by using nextended state-space model that uses an additional state variable. Compared to
the Kalman filter as in [5]-[8], this observer requires a lighter computational load [9]. Another group of
observers uses artificial intelligence methods such as fuzzy logic or neural networks [10]-[13] and model
reference adaptive systems (MRAS) [14]-[17]. According to Morawiec [18], a control theory approach based
on the separation of new variables on control objects is proposed. In this case, the extended state-space method
described in [2], [3] is used together with the adaptive backstepping method in designing an observer referred
to as a Z-type adaptive observer.

The extended state-space has been used in [2], [3], which treats new (additional) variables as
disturbances. In this research, the multiplication between rotor speed and rotor flux is treated as a disturbance
signal in the induction motor model. The dynamic equation for the exact disturbance is added to the observer
structure. This method causes an additional number of observers gains to be determined. Moreover, there is
also an additional gain parameter in the adaptation law equation which is used to estimate the speed value.
Thus, this method requires more estimator gains. This method is applied to the controller in [19], and
implemented in real time in [20].

The use of a disturbance observer which is integrated with the control algorithm has been proposed in
[21]. The algorithm for the estimation of the rotor speed is obtained from the disturbance used in the current
control loop. The adaptation law derived from the disturbance observer is used to estimate the rotor speed. The
principle used is that the observer's results are used in the control law as a feedforward action that aims to
mitigate the coupling between the d-q axes. Thus, the performance of the observer depends on the performance
of the controller. In other words, the performance of the observer is not independent.

This paper focuses on the extended state-space approach which is used to improve the disturbance
observer technique in estimating the induction motor state variables (current and flux) and then speed more
easily. In this case, the separation principle in control theory can be applied, so that the observer is independent
of the controller. Furthermore, this approach can be applied to a wide operating speed range so that the
nonlinearity problem stated in [22], [23] can be handled. Another advantage proposed is that the number of
observer gains determined is not too large and the determination is carried out systematically using the principle
of duality of observer and controller as described in [24].

2. BASIS OF EXTENDED STATE OBSERVER

The main idea of the extended state observer (ESO) is to combine disturbance signals as additional
state variables of the system so that an extended state variable vector is obtained. A simultaneous estimation is
carried out with an observer for the extended system. Estimation of disturbance and state variables is carried
out in one design, as long as the robustness and boundness conditions are fulfilled.

A linear time-invariant (LTI) system with disturbances in the input and output sections is given as
(1) and (2):

x(t) = Ax(t) + Bu(t) + D, f,(t) €))]

y(t) = Cx(t) + Dy £, (1) 2
With x(t) € R, u(t) € R™, y(t) € RP, (1) € R, fy(t) € NI are vectors of states, inputs, measurement outputs,
input disturbance, output disturbance (measurement noise), respectively. A, B, C, Dy, Dy are constant real

matrices with appropriate dimensions. It is assumed that the pair (A, C) is observable. To shorten the writing,
all variables that depend on time are written without using t. We introduce the new state vector x, € RP as (3):

X, =A,(y —x;) = —A,x, + A,Cx + A,D,f, 3)

where A, is a matrix with the appropriate dimensions. By defining an augmented state X as X = [x x,]7, then we
get the new state-space equation — called augmented state equation — from (1) and (3), i.e:

{X=AaX+Bau+Eaf @)

Y = C.X

with
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[AC —A]' B—[B]E‘[O AD] f= []C—[O 1]

I and O are an identity matrix and a null matrix with appropriate dimensions. From (4), it can be
concluded that the transformation of the LTI system model into an augmented state equation causes noise not
to appear in the equation of output Y, yet appears in the equation of state variable X. In other words, output Y
is free from noise, so it allows an estimation process without noise amplification, even though the estimation
equation still uses the multiplication of observer gain with the output variable Y.

An observer with proportional-integral (P1) structure can be obtained from the augmented state (4), in
the form of as (5):

X = AR + Bau+ Eof + Ly(Y — 7)
f=1L(y-7) (5)
Y =cCX

With X, £, ¥ are the estimation result of the augmented state, the disturbance, and the output. In (5), the second
line explains an integral loop added to the first line, beside the proportional loop. Therefore, this type of
observer is called a Pl observer, with a structure as shown in Figure 1. Lx is the proportional gain of the observer
and L is the integral gain of the observer, both of which need to be determined. These observer gains are used
to ensure the dynamic stability of the estimation error. Denoted ey = X — X, ef=f— f. The dynamics of the
P1 observer error for system (5) is (6):

€y = (Aa - LxCa)ex + Eaef (6)
ér = —LiCoer + f
or can be written in a more concise form as (7):
8= (A, — LC)e + Baf 0

with

e =[] da=[Ae Ee] 1= i’f(],éf[ca 01, By = Y]

To estimate the system state accurately, the problem to be solved is to calculate the observer gain L
so that the dynamics of observer error € is getting closer to zero. The determination of observer gain can be
done through several methods, such as pole placement and linear quadratic regulator (LQR) technique. In (5)
may be realized if these conditions are fulfilled:

R1.rank(C)>r +q
R2. rank(C.Dy) >r
R3. rank(obs(4,, C,)) = dim(4,)

Figure 1. The structure of ESO
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It should be noted that (5) is the ESO equation for systems (1) and (2), where there are disturbances
at both input and output. If there is only input disturbance, then (5) remains valid by only changing the
augmented state (4) to the original state-space (1) and (2). This case occurs in induction motors as described in
the next section.

3. NEW DISTURBANCE OBSERVER FOR INDUCTION MOTOR
The state-space model of an induction motor using a stator reference frame is nonlinear one, it is
written as (8):

{XIM = AQm)xm + Bu ®)
y=Cxy

with x;,, € R%*Y and u € R?*? defined as:

] [
lgs [ ] v
o R

Pqr Xa
[ Xs

where igs, igs are stator currents; and ¢ur, gar are rotor fluxes in dqg axes respectively; while ax is the rotor speed.
The matrix A € R>*® is a function of the rotor speed and the rotor fluxes, whereas the matrix
B € R°*? is a constant. They are formulated as:

_Al 0 A2 A3 (1)7- 0—
0 -4, —Azw, A, 0 [Bl 0 1
_ _, | 0 B1|
4= A, 0 As D > B=lo o
wr 0 O J
0 A -p— A [
4 p 2 5 0 0
_A6§0dr A6§0qr 0 0
with
12, Ln?R, + L,*R Lm R, p L
o=1- 1 > A = 2 37 26l L
Lr Ls o Lr LS 9 LT LS o
L, R, R, pLn 1
A, = Ag = — Ag = B, =
T, >T L, 67 31, 7oL,

And symbols that represent the parameters of the induction motor have been described in Table 1. The
measured state is only the stator current. Hence, the output matrix C € %%**is defined as follows:

[0 00 0
C[1000

A disturbance observer is a modification of the Luenberger observer with additional state vector d that
is referred to as disturbance. The matrix A, which is the state function, is transformed into a constant matrix by
removing the multiplication of rotor speed and flux so that the induction motor state equation becomes as (9):

[ias] [~4 O Ay 0 7[ig [ B,

s |_| 0 -4 0 4 igs [ ] 0 vds

= p ©)
Par Ay 0 —As 0 Par [ 5 Jd 0 [qu

ool LO A 0 —Asllea 0

with
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{dd = Wy (qu (10)
dq = Wy Pgr
or to be written in a more concise form as (11):
X =Ax+Bu+ D,d (11)
with
fas A, 0 A, 0 |[f;3 21 1| B, 0
_ | igs _ [dd] 10 —A; 0 A, _ 3 |10 B
x = ,d = VA = ,Dg=1 P ,B =
Par dq Ay 0 —Ag 0 |PATI—S > 0 0
Pqr 0 A, 0 —A4s; 0 2 0 O

It should be noted that the nonlinear dynamics from the induction motor in (8) has been already shown
in (11), which has a linear dynamic model structure such as (1). Here, d is the input disturbance notated fy in
(1). If assumed the dynamics of change in d is very small, then d = 0. Next, (11) can be rewritten as follows:

[Z] = g %d HE [g] v (12)

or can be written in a more concise form to obtain an extended state-space equation, i.e.:
Xq = Agxq + Byu (13)

with

= la=[ %)=

The disturbance observer algorithm is derived by referring to (13), which is written as (15):

£q = AgRy 4 Bgu + L(is — i) (14)

=[5 Il = Caxe (15)

Notice that (14) — (15) are the compact form of (5).

The observer gain L is determined through the LQR method to avoid a time-consuming trial and error.
In the LQR method, the matrix Q € R°*® and R € R*** are needed to find the value of L with optimization
techniques. To avoid singularity, the matrix A, needs to be written in (16):

_[A Dy

4a 0 ¢l

(16)

with ¢ is a very small real number. The results of the disturbance and flux estimation are then used to estimate
the value of the rotor speed using as (17):

. _ a’p [la*
= —= — 17
TR (17)

|d] =1/ﬁ§+&5 1ol = /¢§r+¢5r

In addition, the current and flux estimation results can be used to estimate the motor electromagnetic torque
value T using as (18):

with
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Lmra * A %
T, =3 T ((pdrlqs - (pquds) (18)

The improvement of the estimator algorithm in Figure 2 offers the advantage of a simpler structure
with a systematically determined observer gain. Unlike in the previous disturbance observer algorithm where
the adaptation law was still used, in this modified disturbance observer, the adaptation law is no longer used.
This observer is then referred to as an ESO.

Motor
Induction

Disturbance [

¥

Observer |
dv Yo
Speed
Calculator

Figure 2. The speed estimator with ESO algorithm-based disturbance observer

4. DISCRETE FORM OF THE ESTIMATOR

The application of the estimator algorithm in real-time with a computer/microcontroller needs a
discrete-time approach. Therefore, the estimator algorithm is required to be expressed in the discrete-time
domain or also known as the discrete-time estimator. In this case, the new disturbance observer also needs to
be expressed in the form of a discrete-time observer.

The representation of the new discrete-time disturbance observer is as (19) and (20):

£alk + 1) = FuRa(k) + Gau(k) + 4 (i,(k) — £,(k)) (19)

Y(k) = CaXa(k) (20)

with k representing the time index, and F,, G is the discrete forms of A, and B,, which can be determined
through in (21) and (22):

F, = (I + A,Ty) (21)
Go = B, T (22)

with Ts as sampling time. The determination of discrete observer gain, A, can be done using the discrete LQR
method.

5.  SIMULATION RESULTS

The performance of the estimator proposed in this paper is tested by numerical simulation. The
parameters of the induction motor model used in the simulation are shown in Table 1. The tests were carried
out for both the continuous observer and the discrete observer.

5.1. The continues observer

The noise power from measurement for both current and voltage was 10°®. In the high-speed test, the
induction motor was loaded with a torque of 11.9 Nm at the start-up stage. Here, there are two test scenarios
carried out, i.e., change in speed command and change in load torque command. The values of Q and R used
to determine the continuous observer gain were:

01 O 0
0o 011 0 |,R=0.11
0 0 107

Q=

New disturbance observer-based speed estimator for induction motor (Katherin Indriawati)



3516 O ISSN: 2252-8938

The scenario of change in rotor speed was started at 0.8 seconds, i.e., from 361 rad/s (1 p.u.) to -216
rad/s (-0.6 p.u.). The negative value indicates that the motor rotated in a reverse direction. This scenario
represents a field-weakening phenomenon. The test result is shown in Figure 3. It can be observed that the
results of the estimated speed and magnitude of the rotor flux and stator current are close to their true values.
The speed estimation error is only seen when the field weakening is shown by the arrow. At that time, changes
in the magnitude of the rotor flux are quite large. Nevertheless, the proposed continuous observer can overcome
this change quite well so that the estimated flux rotor and current are close to the true values. The oscillating
current value is denser than the value of the flux and still can be estimated accurately as shown in the zoomed
stator current graph.

Table 1. Parameters of the induction motor used

Parameter Symbol Value
Rated power Prom 3kw
Rated speed ®nom 361.1 rad/s
Voltage (line-line) Vi 220 volt rms
Frequency f 60 Hz
Mutual inductance Lm 0.069 H
Rotor inductance L, 0.071H
Stator inductance Ls 0.073H
Rotor resistance R, 0.816 Ohm
Stator resistance Rs 0.435 Ohm
Rotor inertia J 0.089 kg.m?
Number of pole p 4
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Figure 3. The test result of the proposed continuous observer when field weakening occurs

The load torque change test is shown in Figure 4. The load changed from 11.9 Nm to 30 Nm at 1
second as shown by the arrow. The load addition caused the speed to drop because there was no feedback
control here. The results of this test prove that the proposed estimator can handle changes in load torque so that
the estimated rotor speed is still in line with its true value. Moreover, this estimator can estimate the
electromagnetic torque accurately as shown in the zoomed version of the electromagnetic torque graph.

The proposed continuous observer was also tested for induction motor operation at low speed and
without load torque (idle run condition). The change in rotor speed from 7.2 rad/s (0.02 p.u.) to -3.7 rad/s
(-0.01 p.u.) occurred at 1.8 seconds. The estimation result for this case is shown in Figure 5. It is shown that
although its performance is not as good as at high speeds, the estimator can still estimate the rotor speed with
the root mean square (RMS) value of the residual speed of about 0.1. The state estimation results by the
observer, both rotor flux and stator current, are close to the true value. The results of the stator current
measurement, which has a noise power of 10, are almost the same as the estimated result. The error of the
estimator at low speed is caused by the noise in the voltage measurement. It can be concluded that the observer
performance at low speed depends on the measurement noise value because of the small voltage value in this
operation.
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Figure 4. The test result of the proposed continuous observer when changes in load
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Figure 5. The test result of the proposed discrete observer at low speed

Further, the comparative values of speed estimates under no-load condition for different speed
estimation techniques namely improved adaptive extended Kalman filter (IEKF) and MRAS reported in [25]
as well as the proposed estimator are presented in Table 2. These results confirm that the capability of the
proposed estimator in estimating the rotor speed of induction motor over a wide speed range demanded are
better than other techniques. Although IEKF is able to estimate at high speed while MRAS is not, its estimation
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error is larger than the proposed estimator one. The proposed estimator has a lower RMSE value, that is 60.75%
of the RMSE value of IEKF.

Table 2. Parameters of the induction motor used

Speed demand (rad/s) MRAS results (rad/s) IEKF results (rad/s) The proposed estimator results (rad/s)
30 29.6 29.87 29.98
60 59.42 59.76 60.10
100 98.67 99.02 100.30
120 not achieved 119.23 120
139 not achieved 138.75 138.60

5.2. The discrete oberver

The discrete observer test was carried out in three cases: first, the load change test and the speed
command at the same time; second, measurement noise test; third, motor parameter uncertainty test. The last
two test scenarios are intended to represent technical things when implementing the estimator in real time. The
values of Q and R used to determine the discrete observer gain were.

01 © 0
0 1071 0O
0 0 10°]

Q= JR =0.11

The first test was carried out to determine the ability of the discrete observer in handling changes in
speed and load torque. As with the continuous observer testing, the measurement noise for both current and
voltage has a noise power of 10 and the induction motor is loaded with a torque of 11.9 Nm at the start-up
stage. The test results are shown in Figure 6. When there is a change in load (to 30 Nm), which causes the
speed to decrease, and when there is a change in the speed command (from 1 p.u. to -0.6 p.u.), it is shown that
the estimator can estimate of the speed and electromagnetic torque according to their true values. In addition,
the discrete observer can also estimate the stator current and rotor flux that are close to their true values, as
shown in the zoomed graph.
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Figure 6. The test result of the proposed discrete observer when changes in load and speed occur
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The noise test was carried out by varying the noise power of the voltage and current measurements.
Variations are given in three values, i.e., 10, 10; and 10-2. The voltage measurement noise test result is shown
in Figure 7, while the current measurement noise test result is shown in Figure 8. It is shown that the voltage
measurement noise affects the rotor speed estimation results more significantly than the current measurement
noise. This result is in line with the results of the continuous observer test in the explanation above. The greater
the voltage measurement noise, the greater the RMS value of the rotor speed residual as shown in Figure 7.
On the contrary, the current measurement noise only causes a small offset in the estimated speed as shown by
the zoomed rotor speed graph in Figure 8. The gain observer used in this simulation is determined by using the
LQR method. If the measurement noise is large, the observer gain can be determined using the linear quadratic
Gaussian (LQG) method. This method is quite easy to do considering that no changes are made to the observer
equation. Only noise information needs to be added to apply the LQG method.

true ||
noise 0.0001
nolse 0.001
noise 0.01

Rotor speed (rad/s)

0 05 1 15 2 2.5 3
Time (seconds)

Figure 7. The test results of the proposed discrete observer for three variations of current noise
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Figure 8. The test results of the proposed discrete observer for three variations of voltage noise
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The motor parameter uncertainty test is carried out by varying the value of the stator resistance and
the mutual inductance value in the induction motor model. Each parameter is varied by two values, i.e., 5%
and 10% of the nominal value for the stator resistance parameter; and 0.1% and 0.2% of nominal values for
mutual inductance parameters. The results of the parameter uncertainty test are shown in Figure 9 for the
variation of the stator resistance parameter, and in Figure 10 for the variation of the mutual inductance
parameter. The impact of the uncertainty of the parameters of the induction motor model is that the estimated
results of the rotor speed oscillate residual. The greater the uncertainty, the greater the RMS value. In addition,
it is also shown that the uncertainty of the inductance model has a worse impact and greater oscillation
frequency than the uncertainty of the stator resistance model. The results of this test prove that the observer
proposed in this study is robust to the uncertainty of the parameters of the induction motor model to a certain
level. Although oscillating, overall, the estimation results tend to follow the true value. The mean value of this
oscillation is close to its true value. This information can be used as the basis for improving the estimator
algorithm in further research so that the problem of uncertainty in the parameters of the induction motor model

can be resolved. As in the noise test, the LQG method to determine observer gain might be tried to improve
the estimation results.

450

T
true
no uncertainty |4
uncertainty 5%
uncertainty 10%

)
[=}
[=]

-
15,
o

Rotor speed (rad/s)

-
(=}
[=]

w
o

(=]

&
=]

o 0.5 1 15 2 25 3
Time (seconds)

Figure 9. The test result of the proposed discrete observer for two variations of stator resistance value
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Figure 10. The test result of the proposed discrete observer for two variations of mutual inductance value
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6. CONCLUSION

The proposed new disturbance observer guarantees the correct result of the speed estimator for a wide
range of induction motor operation. Its simple structure is proven to overcome the nonlinearity problem of the
induction motor. The test results show that this observer is also able to operate well in conditions of field
weakening and load changes. The proposed discrete observer has been tested for implementation purposes,
where it is found that the influence of noise and the uncertainty of the induction motor model parameters can
be solved at a certain level. The improvement of the observer to increase its robustness can be a challenging
research topic. The observer application for speed sensorless drives for induction motors in real-time is also
potential for further research.
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