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Abstract—This paper presents the study and imple-
mentation of a hybrid position controller for an indirect
field-oriented induction motor drive. In order to improve
the position tracking performance of an induction motor
drive, a design procedure of a hybrid controller is devel-
oped based on the conventional Proportional (P) controller
and the Generalized Predictive Control (GPC) controller.
The fuzzy logic is utilized to achieve the hybridization
between the P and GPC controllers. The P is adopted
because its parameter values can be simple chosen with an
aggressive tuning (fast response), while the GPC controller
enhances the robustness and has a moderate controller
action. Then, the position control loop is regulated with
the hybrid controller, while the speed and currents loops
incorporate PI (Proportional Integral) controllers. The
proposed controller, simulations, implementation data,
and test results with step, trapezoidal, triangular position
profiles and step change in load, are given, discussed and
verified. It is shown that the proposed position hybrid
controller has a fast tracking capability to industrial
robotics applications and it is robust to load disturbance.

Keywords—Field-Oriented Control, Fuzzy Logic, Hy-
brid Control, Predictive Control.

I. INTRODUCTION

Nowadays, the industry automation is the key technology
in factory automation, thus the motion control plays a big
role in high precision applications. The Induction Machines
(IM) are widely used in the industry due to simplicity, lower
cost, reduced need for maintenance and greater robustness,
if compared to other types of electrical machines. The main
issue of using the IM as a high-precision servo motor drive is
its non-linear mathematical model and the parametric uncer-
tainties, e.g. load, rotor resistance and inductance. Typically,
the position control of the motor shaft is performed by
employing direct current (DC) motors or permanent magnets
synchronous motor [1]. In general, the two basic performance
requirements for every motor drive are: high disturbance
rejection and fast tracking set-point without overshoot [2].

In the last two decades, advances have occurred in the
study of principles that govern the field-oriented control
applied to alternating current (AC) machines. Therefore, the
control of induction machines could achieve performances
similar to DC motors. The machine currents and voltages
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using the field-oriented control allow the direct control of the
spatial orientation of the electromagnetic fields, resulting in
the use of the term field-oriented for this type of controller. In
this type of control, a direct analogy can be established with
the control of a separately excited DC motor [1].

Studies of current controllers applied in the IM are very
widespread, having distinct approaches as could be seem in
the following works. [3] proposes a Fuzzy Logic Current
Controller (FLCC) applied to the IM. A robust current
controller based in linear matrix inequality used in a Doubly-
Fed Induction Generator (DFIG) is reported in [4], and,
with variable structure control (VSC) aproach, [5] proposes
a sliding mode controller (SMC) for the IM current loop
applied to robotic arm applications.

In speed loop applications for IM drives, several studies
presented predictive control strategies in order to modelling
the loop dynamics, for instance [6]. A sensorless adaptive
speed estimation which uses the strategy named Model
Reference Adaptive Control (MRAC) is presented in [7].
Additionally, a nonlinear model predictive controller is used
in the speed tracking of a linear induction machine [8].

Recently, structures mixing various types of controllers
known as hybrid controllers have been proposed by several
researchers in order to achieve the best performance for each
strategy. In [9], a hybrid PID controller is presented, which
has the advantage of being easily tuned by a fuzzy controller,
improving the system robustness. A new robust MRAC using
a hybrid strategy is proposed in [10].

In order to precisely control the shaft position in IMs
with encoder sensor, a proper strategy is necessary. A design
method based on the internal model control (IMC) theory
was developed in [2] to achieve a high-performance motion
control of a IM. Moreover, a variable structure control (VSC)
with adaptive gain is used in the speed loop for the IM
positioning [11]. In [12], a robust position controller with
the fuzzy logic control is described.

Therefore, this paper deals with the design of a hybrid
controller which acts on the position control loop, in order
to achieve the best position tracking performance of the IM
shaft. At first, a conventional P controller with fixed gain
was tuned, where fast changes in the position reference are
considered. Then, a GPC controller is proposed to increase
the robustness of the control. However, additional time is
necessary to reach the shaft position reference, if compared
with the P controller.

In order to take de advantage of the properties of both
controllers, the fuzzy logic was used to combine the P
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Fig. 1. Block diagram representing the field-oriented induction motor drive with proposed hybrid position controller mixed with the classical

speed and current controllers.

and GPC controllers for a robust and fast position tracking
performance under load torque disturbances.

The technologic contribution of this study lies in the
possible applications to robotics, i.e., the use of IMs in the
joint of a robot arm. The main scientific contribution consists
in the study of a hybrid control that mixes the advantages of
two control techniques well known in literature, in this case
the P and GPC controllers.

Finally, this work presents simulations tests and experimental
results in order to demonstrate the main features of the
developed system, thus validating the employed methodology.
The paper is organized as follows. Section II describes the
mathematical model of the decoupled IM. The conventional
P and GPC controllers design are presented in Section
III. Section IV presents the experimental implementation.
Simulation and experimental verifications are also included
in this section. Finally, the conclusions are given in section V.

II. MOTOR MODEL

The block diagram of the indirect field-oriented induction
motor drive is shown in Figure 1.

The state equations of the induction motor in the rotating
dqg- reference frame are given as follows [1]:

= Ax + Bu (1)
where:
ids Vds
T = lqs Bu = ! Yas
| Aar CoLg | O
Agr 0
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The torque is given by:
3P L, .. .
Te - Tf(zqudr - st/\qr) (2)
where,
T. - Electromagnetic torque;
Rs - Stator resistance per phase;
Ls - Stator self inductance per phase;
R, - Rotor resistance per phase;
L, - Rotor self inductance per phase;
L., - Magnetizing inductance per phase;
P - Number of poles;
we - Electrical angular speed;
ws - Slip angular speed;
vgs - d-axis stator voltage;
Vqs - q-axis stator voltage;
igs - d-axis stator current;
igs - (q-axis stator current.
In addition,(3)-(5) give the following parameters:
L?
c=1——— 3
T 3)
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)\qr - Lmiqs + Lridrv (4)

Aar = Lpigs + Lriqr. (5)

In ideally field-oriented technique, the decoupling between
d and g-axis can be achieved, when the rotor flux linkage is
forced to align with the d-axis. Then, the flux linkage and its
derivative in the g-axis are set to zero as:

gy
oar — ), 6
7 (6)

Then, from (1) the stator voltage equations are given by
equations (7) and (8), then:

Agr =0 and

= (RS + L;S)iqs + weLsids (7)
Vis = Tslds — weL/siqS (8)
where:
: L?
L,=1L,— == 9
i - ©)

The rotor flux linkage can be found from the third row in
(1) and by using (3) as:
Lmids

Adr = ———. 10
d 1+Sé—: ( )

The stator current changes with a short time constant, if it
is compared with the mechanical system time constant, thus
the latter is assumed as negligible. During the operation, the
amplitude of the rotor flux linkage is generally held constant
igs = 1. Then, the rotor flux linkage from (10) becomes:

Adr = Lini,. (11)

Finally, using (6) and (11) into (2), the electromagnetic
torque can be rewritten as follows:

3P L2, . -
Te - 4 L qs Las (12)
where g, denotes the torque current command generated

from the torque controller G (s).

The slip angular speed is necessary to calculate the rotor
angular position. Substituting (4) and (10) into the fourth row
of (1), and considering that the rotor flux linkage is kept
constant, the slip angular speed is obtained, thus:

-y s
LmerqS B RTqu
Lr)\dr Lrizs

(13)

Wsl =

Once the slip angular speed is determined, the rotor flux
linkage position is equal to:

Ry,
6, = 6, + / e gy (14)
erds
0s1

As the rotor mechanical position 6, is converted by the
encoder, the slip angle 6, is determined using (14).
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I1I. CONTROLLERS DESIGN

A. Systems Modelling

The transfer function of a given system can be found
by using several identification methods. The well-known
approaches used to identify a closed-loop real industrial
process (see Figure 2) are the relay and Ziegler-Nichols
methods [13], and Yuwana and Seborg$ method [14].

R(s) Y(s)
G(s) H(s)

A 4
v

Fig. 2. Configuration structure of a closed loop system for the
aforementioned identification methods.

The large majority of industrial process units to be
controlled can be adequately approximated by a first-order
plus time delay (FOPTD) model [15] and it is given by:

KedeS
1+7s

H(s) = (15)
where:

K - Gain of the process model,;

7 - Time constant of the FOPTD process model;

74 - Time delay.

As the time delay is the sampling time (0.1 ms), the
parameter 74 will be neglected. Considering that the afore-
mentioned parameters for H(s) are properly determined by by
the following expressions [15]:

Yoo

K=———, (16)
Kc (A_yoo)
Yp2Upl — Ym”
p2Jdp m
Yoo R —R2IPL T (17)
Yp2 + Yp1 — 2Ym
K; = K.K, (18)

Aty/(1—¢?) (Kf+1 <\/7+
=B KD (19
SV Ry +1) + Ky

o il o0
1 = 2;

Yo (n [rmz))
AL e I

2
2 Yp2 =Yoo
Y (i [

The variable ¢ in (19) is the mean value mean value
of the values computed from (20) and (21). One can use
the Yawana and Seborg’s identification method, that apply
the step response to obtain the model. Figure 3 shows the

position step response for the proposed IM drive system.
Therefore, the parameters for the Yawana and MATLAB™’s
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identification method are found by using this figure. i.e.
ypr = 1.1 ypo = 1.01; Ko = 5; ym = 0.96; A = 1;
At = 0.06; yoo = 0.9968; K = 63.13; Ky = 315.67;
gst = 0.282; 7 = 7.7569.

1.5

Position (rad)

0.8 1 1.2

0 0.2 0.4

0.6
Time (s)
Fi%. 3. Step response in the time domain using the Yawana and
Seborg identification method.

By using (15) and the found parameters, the equivalent
open loop transfer function in continuous-time for the
position loop is obtained as:

63.13

H(s) = — o2
() = S a57s 1 1

(22)

The transfer function in discrete-time by assuming a sam-
pling rate of 0.1 ms and using a zero-order-hold equivalent
system is given by:

~0.0008139z1

H(z) =

(23)
This model presents a integral with a gain which facilities
the implementation of the propose controller.

B. Proportional Position Controller Design

There are several methods for tuning PID controllers with
fixed gain that are used in the industry with great success
rate. The Ziegler-Nichols method in [16] is adopted for
designing a PID controller because its design rule is simple
and systematic.

Generally, the classical literature uses a PI controller
structure for the current and speed control loops, while a
simple P-type controller is employed in the position control
loop. The step response of the obtained transfer function
model (23) is shown in Figure. 4. Figure. 4 shows the step
response from the Ziegler-Nichols method [16], as result, it
is possible to determine the parameter Kp = 0.65477 for
the position controller. The other parameters of the current
and speed controllers were calculated in [5], where was used
to these loops the modified Ziegler Nichols method. The
parameters of the current controller were K, = 44.5 and T; =
5.6 ms and for the speed controller were K. = 3.7 and T} =
13.52 ms.

C. Generalized Predictive Controller Design

For the implementation of the predictive controller, it is
necessary to compute the process prediction horizon, and
then it requires a preliminary study to determine a time-series
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Fig. 4. Step response in the time domain of the system in open loop
condition.

structure that best matches the system. Thus, this section
describes the time-series modelling for the system and the
predictive controller.

1) GPC-Based I+P controller design - A predictive
strategy first requires the definition of a time-series model.
A commonly used model is the CARIMA (Controlled Auto
Regressive and Integrated Moving Average model) [17]:

C(z™h

where A, B and C' are polynomials in the backward shift
operator z~! (that will be omitted in the following equations)
corresponding to the plant output, the control input and the
systems noise. The polynomial A is monic and coprime in re-
lation to B, d represents the system delay in samples of time,
while (k) is an uncorrelated zero mean random sequence, A
denotes the differencing operator defined by A = 1 — 271,
u(k) is the input and y(k) is the output signal. From
(24), we can find the correspondent polynomials of (25):
A(z7Y) =1-271 B(271) = 0.00081392~ 1, C(271) = 1.

The I+P control schemes have been widely used in
industrial process. All the controllers uses RST structure
presented in [16], as show in Figure 5, where y,.(k) is
reference, u(k) control input, and y(k) output of process,
din(k) and doy:(k) are perturbations of input and output,
respectively and 7(k) is a noise.

Az Yy(k) = 27B(z7u(k) + (24)

dm(k) dauz(k)

J'r(k)

—T(=)

e(k)

() Y

Fig. 5. RST predictive controller structure used in the design
procedure.

From Figure 5 the controller structure is given by:

R(z"")Au(k) = Z(z"" )y, (k) — Sz~ y(k),

(25)

where R(z71),S(27!) and T'(2~!) are polynomials to be
designed, to ensure that the system output y(k) will tracks
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changes in the reference signal y,. (k) in an acceptably fast
way. Usually, it is required in steady state that the output y(k)
be equal to the reference setpoint (when y,.(k) is constant).
Therefore, this demands is satisfied with the polynomial
R(z71) equal to the unity.

The controller [+P (gray blocks) is shown in Figure 6.

Fig. 6. I + P controller structure used in the system design
procedure.

The Polynomials R(z~!) and S(z~!) given by,
R(z7hH =1

S(z7Y) =50+ 51271, (26)
T(z71) =501
where sg, and s are:
51 = 7KC

One of the GPC criteria, which has been proposed by [17],
is given by:

J=E Z [y(k+1)—w(k)]2+AZu Au(k+i—1)]*| (28)

Where A denotes the control weighting factor, w(k) the
reference signal given by piecewise constants. Furthermore,
the period from N; through N, denotes the prediction
horizon, and N,, denotes the control horizon. For simplicity,
they are respectively set as Ny = 1, N, = N and N, = N,
where N is designed considering the time constant of
the controlled object. Minimizing (28) yields the following
control law [18]:

N N

> )+ {6 Au(h
z:lN =1 (29)
- z:l kiyr (k ) =0

where Fj(z7!) and G;(z7') are obtained by solving the
following Diophantine equations:

1=Ei(z")AA("") + 27 Fi(z) (30)
E;j(z"")B;(z7") = Rj(z7 ) + 27185z 71), 31)
where:
Ei(zfl) =1+ 31271 4+ 61'7127(1.71) (32)
Fi(z"Y = fio+ firz '+ o+ finaz™™
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and the polynomials R(z7'),S(271) and T'(27!) of GPC
controller in RST are:

N
R(z"hH =1+ 271 ;Gi(z_l)

(33)

n
~
L
|
™=
&

s
Il
—

'Fi(Z_l)

S
0
L
|
M=
&

s
Il
—

where R(z7!) is approximated by a static gain, v defined:

Ny

(34)
’i:Nl
Then, (29) can be rewritten as:
1 1
_ _ _ (1
Au(k)—;g kiyr (k) V; kiFi(z My(k) (39

The simplified polynomials R(z~1),S(z7%) and T(271)
of the GPC controller in RST are given by:

B(: 1) =1
§(2’71) :§0+§12’71 (36)
T(Zil) = zo
where the coefficients 5,5 and %, are:
Ny
So=1 3 kifio,
i=N,
Ny
51=21% kifi1, (37
’i:Nl
— Ny
to=2 > k.
J=N1

Finally, using (27) and (29), the parameters of the [+P
controller are given by:

K.=-5
. (38)
T = §0+é1 T
2) Structure of hybrid control using fuzzy logic - Using

the proposed structure displayed in Figure 7, the action of
two controllers can be mixed using the fuzzy logic. As it
can be seen, there are two outputs for the fuzzy logic block.
One goes directly to a multiplier block together with the
P block output and the second output is a complementary
fuzzy output and it is multiplied by the GPC block output.
This complement is employed, since the fuzzy logic typically
employs values ranging from zero to one.

By definition, the system error is the magnitude between
the actual position and the reference position. The linguistic
rules express the relationship between the input (errors)
variables and they are expressed as: Positive Big (PB),
Positive Medium (PM), Positive Small (PS), Zero (ZE),
Negative Small (NS), Negative Medium (NM) and Negative
Big (NB) errors.
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GPC

Position controller

Fig. 7. Structure of the proposed hybrid position controller block
based in fuzzy logic.

Table I shows the fuzzy rules used for the controller. As
displayed, the behavior of the weighting fuzzy action applied
to the P controller and the GPC controller, changes according
to the position percentage error, e.g., when the position
percentage error value is 0.45, the fuzzy action will be of
0.3 and the weighting of the P and GPC controllers will be
0.3 and 0.7, respectively, as shown in Figure 8.

TABLE I:
Fuzzy Rules Look-up Table
Position  Fuzzy  Proportional GPC
error action controller controller
wieghting weighting
NB PB PB PS
NM PM PM PS
NS PS PS PM
ZE ZE ZE PB
PS PS PS PM
PM PM PM PS
PB PB PB PS
0.9
0.8
E- v
= 0 6
° 05
03
"0 0.1 02 03 04 05 06 0.7 08 09

Position error

Fig. 8. Fuzzy control surface for the proper weighing of both
controller.

In order to obtain the strategy mixing both controllers,
three different regions are developed from the control surface,
which are called SMALL, P-GPC, and LARGE, as shown in
Figure 9, where e is the normalized position error and y is the
membership degree.

The first strategy involves a pure GPC region with small
relevance relation. The output of this region aims to keep
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the steady-state error in a minimum value or eliminate it. It is
followed by a mixed region (P-GPC), which produces a single
output controller. The purpose of this region is to smooth an
eventual overshoot when the position reference is changed.
The third and last area involves more the P action than the
GPC action, and it is responsible to bring the system to the
reference as fast as possible.

The structure of membership function can be adjusted
empirically, which makes it more practical for the user, but it
should have three regions for the hybridization to occur.

o

“ /
1 SMALL _ P-GPC

\
GPC| ) P
\ e

0 1

Fig. 9. Membership functions used in fuzzy logic for the proper
weighing of both controller.

LARGE

IV. SIMULATION AND EXPERIMENTAL RESULTS

In order to simulate the position controller, the parameters
are chosen as follow: K, = 0.65477 for the P controller
and the GPC controller uses the user-specified parameters
included in the proposed method, which are N, = 10, N,, =
10, A = 0.1 and v = 1, resulting in the following parameters
to = 0.1309, s; = —0.1151 and s = 0.2460.

The fuzzy logic was used in order to mix the good results
of P controllers, which act instantly when the reference is
changed, with GPC controllers, which have a weighting in
the steady-state time. The software MATLAB™ was used to
adjust the suitable configuration for the fuzzy logic block.
Thus, the fuzzy inference algorithm Mamdami and defuzzi-
fication method were chosen for the central area illustrated
in Figure 9. The fuzzy block input is the normalized error
between the reference position and the actual position of the
rotor.

To further verify the validity of the implemented control
strategy, several simulations of position control are described.
Four types of reference signals were chosen: step, sinusoidal,
trapezoidal and triangular. The step reference is to verify
the controllers performance for an abrupt change in the
position reference. The sinusoidal reference is to verify the
controller$ performance when the position changes smoothly
over the time. The trapezoidal reference is to verify the
position tracking when the position increases linearly. The
triangular reference verifies the abrupt position changing,
when it reaches the maximum in either positive (or negative)
direction.

A. Simulation Results
The reference position is stepwise changed to 3 radians
at time ¢ = 2 s, as shown in Figure 10. The simulation
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results show a good transient control performance, taking
around At = 1 s to stabilize. Figure 11 presents a reference
trapezoidal profile. The position is increased linearly from
Irad at time ¢ = 4s in a ramp of 0.5 rad/s. Then, the position
is kept constant at time ¢ = 6 s and returns to 1 rad linearly at
time ¢ = 10 s. The response for the triangular command
is illustrated in Figure 12. At last, a periodic sinusoidal
command was used, to control the rotor to move +1 rad
periodically. The rotor tracking response is shown in Figure
13. Figure 14 shows the response of the controller during a
step in the load torque. The external torque with 0.2 Nm was
added at time ¢t = 2 s and removed at ¢ = 4 s. An increase in
the current ¢4, of —0.2 is shown in Figure 14. It is clear from
the Figure 14 that the hybrid controller position kept the rotor
at the reference position.

—Rotor position
---Reference position|

w2
T

Position (rad)
8
L

—
I

0 1 2 3 4 5 6 7 8 9 10
Time (s)

Fi}g. 10. Simulation results for the system using a step sign as
reference.

—Rotor position
---Reference position

Position (rad)

4 6
Time (s)

Fig. 11. Simulation results for the system using a trapezoidal sign as
reference.

B. Experimental Results

In our experiments, the controller is carried out by a DSC
from Texas Instruments™ TMS320F28335. The three-phase
squirrel cage IM has four poles, 0.25 HP and Y-connected
windings. The specifications and parameters of the IM are
given in Table II.

The schematics and one photo of experimental setup are
shown in Figure 15 and 16. The inverter is a 1 kVA in-
dustrial voltage-source three-phase inverter from Semikron™.
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—Rotor position

---Reference position|

Position (rad)

5
Time (s)

Fig. 12. Simulation results for the system using a triangular sign as
reference.

—Rotor position

Position (rad)

~{---Reference position

4 6
Time (s)

Fig. 13. Simulation results for the system using a sinusoidal sign as
reference.
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5
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Fig. 14. Simulation results for the system with a two different
conditions of load.

The mechanical load is a dc-motor from the manufacturer
PHYWE™.

The DSC produces a PWM switching frequency of 10 kHz
and the actual position is given by an incremental encoder,
which is coupled to the motor shaft. The DSC is used to
count the transients of the encoder signals and converts to
radians. The sampling time is 0.1ms. The current sensors are
Hall-effect current sensor from LEM™.

The same control technique considered in the simulation
tests was implemented for the experimental setup.
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Fig. 15. Schematics of the proper systems interface among the main
computer and the DSC.

e

Fig. 16. Experimental setup for the system with the proposed
control technique.

TABLE II:
Specification and parameters of the IM

Rated Specifications

Rated power 0.25 HP

Rated speed 1725 rpm
Rated voltage 220V
Rated current 1.26 A

Number of poles 4
Machine parameters

Rotor resistance (R,) 87.44Q
Stator resistance (Rs) 35.5802
Rotor Inductance (L) 0.16 H
Stator Inductance (Ls) 0.16 H
Mutual Inductance (L) 0.884 H

Inertia constant (.J) 5.-10"%kg - m?

5.65 - 10-3kg - m* /.

Viscous friction coefficient (B)

Figure 17 shows the measured response of the rotor
position when a step reference was applied to the motor,
where the step command is 3 radians. This is a no-load test
and the rotor reaches the reference position at At = 3s.

In the results for the trapezoidal profile depicted in Figure
18, the rotor tracked the reference with similar behavior
observed in the simulations results. Moreover, the Figure 18
shows the current components ¢4, and ;.

Figure 19 shows the triangular test profile. The rotor
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follows the reference as expected. Therefore, we have shown
the validity of the proposed controller for this tracking sce-
nario. The detailed representation of the controlled currents is
shown too.

The tracking performance of the rotor position due to the
periodic sinusoidal reference trajectory at no-load condition
is shown in Figure 20.

It is verified form Figures 17 to 20 that there is a oscillation
in the results of ¢,s tracking profile. This characteristic is
due to motor acts in standalone causing the rotating field
oscillates more intensely and having the component related to
the torque, 4., compensating this oscillation.

From the experimental results, the good model-following
control performance is achieved by the proposed hybrid
controller.

—Rotor position
—---Reference position

S

Position (rad)
[3®]

OO

2 4 6 8 10

—q current
—d current

dq Currents (A)
e
o v
N
o0 ‘

6 10
Time(s)

Fig. 17. Experimental results for the system using a step position
reference.

—Rotor position
---Reference position|

m

2 4 6 8 10

N

Position (rad)
3]

OO

—q current
—d current

dq currents (A)
S
oo

_l; |-

ol

ool

Time(s)

Fig. 18. Experimental results for the system using a trapezoidal
reference.

Finally, Figure 21 shows the experimental result when a
step change in the motor load from 0 to 0.2 Nm is applied.
The DC-motor was coupled to the rotor shaft, as shown in
Figure 22.

When the load was applied the position had a small
overshoot, as shown in the enlarged position of Figure 21.
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Fig. 19. Experimental results for the system using a triangular
reference.
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Fig. 20. Experimental results for the system using a sinusoidal
position reference.

This result reveals that the hybrid controller is robust to
external disturbances and it will apply a larger and fast torque
command (increasing in the g-axis current component) in
order to reduce the unknown disturbance. The load value
was used to determine the initial behaviour of the proposed
application and then be used in mechanical systems, such as
a robotic arm actuator.

V. CONCLUSION

In this paper, it was illustrated the design and implemen-
tation of a hybrid position controller for an indirect field-
oriented induction motor drive. The fuzzy logic block weighs
the P and GPC controllers actions in order to reach a exact
and fast position tracking as well robustness. The settling time
was about 1 s without any overshooting in the simulation
and experimental results. The d-axis current remains in the
constant reference value for the machine magnetizing and the
g-axis current oscillates according to the position reference.
Which is expected from the system modelling. Thus, the
proposed technique has proven to fulfil the requirements for
robotic applications, e.g., the motor drive located at the joint
of a robotic arm.
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Fig. 21. Experimental results for the system when a load
disturbance is applied.
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Fig. 22. DC-motor load coupled to the IM motor shaft for the
disturbance tests.
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