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Abstract: This paper proposes RT-LAB platform for real-
time implementation of Luenberger observer based on
speed sensorless scalar control of induction motor. The
observed shaft speed is derived from lyapunov’s theory.
It is shown by an extensive study that this Luenberger ob-
server with Pl anti-windup speed controller is completely
satisfactory at (nominal, variable, reverse) speed refer-
ences and it is also robust to load torque disturbance.
The sensorless control algorithm along with the pro-
posed Luenberger observer is modeled, built in the Host
PC and successfully implemented in real-time using digi-
tal simulator OP5600. The experimental results observed
in the GW-Instek digital oscilloscope’s screen validate
the effectiveness of the proposed Luenberger observer
for speed sensorless scheme.

Keywords: Digital simulator (OP5600), induction motor,
Luenberger observer, RT-LAB platform, speed sensorless
control, Pl controller, Pl anti-windup controller

1. Introduction

The three-phase induction motor is one of the
most widely used machines in the world due to its
high reliability, relatively low cost and modest main-

tenance requirements [1]. The sensorless control of
induction machines in variable speed operation is
more complicate than DC machines. The main rea-
sons are that they have more complex dynamics and
they more request of complicated calculations.

A high performance sensorless control of AC ma-
chine drives require speed information. Generally the
mechanical sensors such as shaft encoders or resolv-
ers provide this information [2]. In aggressive envi-
ronments, the sensor might be the weakest part of the
system, thus degrades the system’s reliability. This
has led to a great many speed sensorless methods.

A lot of senseless control of induction motor strat-
egies have been proposed in the last few years for
rotor speed observation. In general, these observers
divided into five main schemes: Adaptive Observers
[3]- Sliding Mode Technique [4]. Extended Kalman Fil-
ter [5]. MRAS observers [6]. Fig. 1 shows a chart of the
different speed sensorless estimation strategies:

This paper implements a Luenberger observer for
rotor speed estimation using RT-LAB platform. The
observer and scalar control models are initially built
offline using Matlab/Simulink blocksets and imple-
mented in real-time environment using RT-LAB soft-
ware and an OP5600 digital simulator. This observ-
er is designed to simultaneously estimate the rotor
speed and fluxes also the stator currents, the speed
observer stability is ensured through the Lyapunov
theory. Experimental validation of the concept is also
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provided in this paper to demonstrate the effective-
ness of the proposed sensorless control algorithm
with PI anti-windup speed controller at (nominal,
variable, reverse) speed references with load distur-
bance application.

2. Induction Motor Model

The dynamic model of induction motor in two-
phase stationary frame with assuming that the stator
current and the flux as state variables. It is described
as follows [7-8]:
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where: i, iy are stator current vector components
in [o,B] stator coordinate system, V,, V; are stator
voltage vector components in [o,] stator coordinate
system, ¢,,, ¢,z are rotor magnetic flux in [a, ] stator
coordinate system, L,, is magnetizing inductance, L,
is rotor inductance, L, is stator inductance, R, is rotor

resistance, R, is stator resistance, w, is rotor angular
2

speed, ois leakage coefficient o =1-

, Pis poles

Lr . rus
number, T, =— the rotor time constant.
T

The electromagnetic torque can be expressed by:

3.PL
T, = = radsp= QPrpdsa 2
2L, (Pradsp=Prpisa) (2)

3. Design of Luenberger Observer

The Luenberger observer, which estimates states
of the system (stator current and rotor flux compo-
nents), is described by the following equations:

X = AR+ BU +L(Y —CX) @)

Y =CX
Where X =[is, 1550 51" U=[Vo ViI%;
Y= [Isa s/i'] ; Y= [ sa sﬂ]
The symbol * denotes the estimated values, X(t)
is the vector of the states to be estimated and Y is
the vector with the desired outputs. L is the observer

gain matrix, which is selected so that the system will
be stable. The estimation error of the system sates
(stator current and rotor flux components) may be
obtained by:

é=(A-LC)e+(AA)X (4)

in which AA can be simply expressed as:
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where: Awy =wy —Wy is the rotor speed error and

e=X —X = [eim e, €, edrﬂ}T (6)

is the state estimation error, we should consider the
following Lyapunov function to obtain the adaptive
speed estimation scheme [9]:

V=ele +_(Awr)2
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where A is a positive constant. By deriving the expres-
sion (7) in relation to time, gives:
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The adaptation law for the estimation of the rotor
speed can be deduced as:

) Lm &
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The speed is estimated by a PI controller described
as:

V’[/r = KP(eisaérﬂ - eisﬂé}ra ) +
Ki.[ (eisa(brﬁ - eisﬂé’ra )dt (1 1)

where K, and K; are the proportional and integral
terms of the adaptive scheme. The feedback gain ma-
trix L is chosen to ensure the fast and dynamic perfor-
mance of closed loop observer [10-11]:

L1 -L2
| L2 ILa
L= L3 —La
L+ L3

(12)
with L,, L,, L, and L, are given by:
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where k is a positive coefficient obtained by pole
placement approach [12]. A block diagram illustrat-
ing the behavior of the observer is shown in Fig. 2.
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Fig. 2. Block diagram of the proposed Luenberger
observer

4. Sensorless Scalar Control Scheme

The scalar control (Volt/Hertz) is a simple tech-
nique used to control induction motors speed in both
open and closed loop. However, its dynamic perfor-
mance is limited, even in closed loop, particularly
when operating in regions of low speed [13].

The main concept is to keep the ratio between
voltage and frequency constant to maintain available
torque constant. If the voltage does not have a prop-
er relationship with the frequency. The machine can
operate in the saturation or field weakening region
[14]. From the relationship between the electromag-
netic flux and stator voltage the stator pulsation is de-
duced, expressed as:

R 2 Rs .-
(———awrTro) (I+HorTr—))
s * ¢s * Ws.Ls a)s.Ls
(a)r. r.O')

(14)
Indeed, in practice, we are usually satisfied with

a simplified control law, corresponding to the negli-
gence of the ohmic drop (Rs = 0) in (14), to give us:

VS:C()s*ws (15]

The block diagram of sensorless scalar control of
induction motor is shown in Fig. 3, the real-time im-
plementations of Luenberger observer and control
algorithm are evaluated by RT-LAB platform.
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Fig. 3. Block diagram of sensorless scalar control of
induction motor

5. Real-Time Platform Using RT-LAB

RT-LAB platform for validation of the proposed
controller and observer is shown in Fig. 4, this plat-
form was built using RT-LAB as real-time Platform,
and it contains OP-5600 OPAL-RT real-time simula-
tor used as a core of the hardware prototype system.
Currently, CAOSEE Laboratory at Bechar University is
equipped with one OP5600 OPAL-RT Simulator and
one

Drivelab OPAL-RT Board [15]. The scalar control
algorithm and Luenberger observer are created in
Matlab/Simulink software on the RT-LAB host com-
puter with two subsystems SM and SC, the SM sub-
system is converted into ‘C’ source code using Math-
works code generator Real-Time-Workshop (RTW)
and compiled using RT-LAB. This code is then upload-
ed into the OP5600 target via network connections
TCP/IP protocol.

The test bench is shown in Fig. 4 that is composed
of:

(1) Squirrel cage induction motor with the following
characteristics: A-connected, four poles, 125 W,
4000 rpm, 30 V, 133 Hz with the 1024 points
integrated incremental coder,

(2) DC generator motor,

(3) Resistive load,

(4) Inverter Drivelab Board,

(5) Hall type current sensors, voltage sensors,

(6) Auto transformer (0-450 V),

(7) OP5600 real-time digital simulator with Host
computer equipped by RT-LAB software,

(8) Numerical oscilloscope.
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Fig. 4. A hardware prototype system based on the RT-
LAB platform

The OP5600 real-time digital simulator has two
main sections (upper section containing analog and
digital I/0 signal modules and bottom section con-
taining one CPU with four cores Intel XeonQuadCore
2.40 GHz able to send and receive various digital and
analog signals via Xilinx Spartan-3 FPGA 1/0 card
FPGA Board).

Now the Simulink model is executed via RT-LAB
software and it is made compatible for real-time con-
trol. RT-LAB model contains two subsystems as de-
picted in Fig. 5, the console subsystem (SC) contains
user interface blocks such as scopes and controls. It
allows user to monitor the system completely while
the simulation is running in real-time. On other hand,
all the computational elements are included in mas-
ter subsystem (SM), when executing the model in re-
al-time the subsystem that contains the calculation
part does not require any change because it is run-
ning on the simulator.

Roal Bimo targoet

Fig. 5. RT-LAB model for real-time control

The analog-in block is used to transfer exter-
nal sensed voltage and current signals (Ia,Ib,Ic and
Va,Vb,Vc) from current sensors and voltage sensors
into the real-time control environment. Each analog-
in and digital-in block can be used to access eight
analog or digital signals. The sensed analog signals
are applied to the analog-in card (Slot 1 Module B
subsection 1) as shown in Fig. 6. The digital signal
sensed from encoder sensor signal is applied to the
digital-in card (slot 2 Module A subsection 1). The
digital-out block is required to transfer real-time

simulation signals from OP5600 simulator to the
outside world. The signals exchanged between the
OP5600 simulator and drivelab board in the range
of (+/-5~+/-20) V.

Which can be implemented by A/D converters or
D/A converters with acceptable accuracy [16]. The
digital-out card provides digital output signals with
specific voltage conditioning. The galvanic isolation of
the digital-out card outputs make it ideal for environ-
ments, where voltage isolation is required. A push-
pull transistor isolated output can sink up to 50 mA
continuous, and up to +30 V applied at pin 18 of DB37
connectors this DC voltage defined according to user
requirements.

Slot 1 Module B Subsection1

©OPS5142 EX1 Analog_in

Slot 2 Module B Subsectionl

©OP5142 EX1 Digital_out
Slot 2 Module A Subsectionl -

©OPs5142 EX1 Digital_In

5

~ &
Encoder_Sensor_Signal

Output_Gating_Pulses

Fig. 6. OP5600 rear view

Sensed_Input_sSignals

Finally, the scalar control algorithm and Luenberg-
er observer are simulated on a real-time digital simu-
lator OP5600 using one of a dual-quad computer. The
gating pulses available at digital-out (slot 2 module
B subsection 2) are applied to the inverter switches
(MOSFETSs) through gate driver circuit.

6. Experimental Results

The performance of current estimator and closed
loop speed estimator are tested in our experimental
setup, the different waveforms are given those are ob-
tained from digital oscilloscope with 4 channels. The
sampling time for the acquisitions and for the calcula-
tion has been set at 400 ps.

6.1. Pl Controller

In this case the proportional-integral (PI) control-
ler is used for speed regulation. Fig. 7 shows the PI

diagram.
@,

Fig. 7. Structure of PI controller adopted in speed loop
control
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First the motor is started under no load with
nominal speed of 350 rad/sec, and after 2.5 sec,
arated load is applied, in 11 sec the motor is unload-
ed again.

Fig. 8 shows the behavior of induction motor at
nominal speed with disturbance load application.
The reference speed is set to 350 rad/sec. it is clear
that the PI controller exhibits good performances at
steady state but in dynamic regime, when the motor
started up the PI controller exceed the saturation val-
ue and generate inadequate performances to the sys-
tem as alarge overshoot and a long settling time as
shown in Fig. 8.

Real speed

Reference speed

Large overshoot Estimated speed
i : s

long settling time

..............................

: 125 (rad/sec)

2 (Sec)

Estimation error

<2Hz

Fig. 8. The reference, real and estimated speed, with
estimation error

3.46 (Amp)

2(Sec) -

@_an

Fig. 9. Stator currents: i,, i,, i. [A]

[t can be also seen that the observed speed tracks
the real speed even the load is applied, the estima-
tion error between the two speeds is approximately
neglected in steady state but this error increased at
starting time.

Fig. 11 shows the measured and observed cur-
rents, the observed currents fsa,fsﬂ track the mea-
sured currents i, Iy. It can be seen that the current
waveforms are practically sinusoidal with low to-
tal harmonic distortion (THD= 53.20%) shown in
Fig. 12.

Fig. 13 shows the estimated rotor flux compo-
nents. So, globally it can be seen from these results
that the performances of the proposed Luenberger
observer are satisfactory with PI speed controller.

Fig. 10. Real and estimated current components i, i,
isa ’ isﬂ
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Fig. 11. Zoom of real and estimated current
components i, i, /m, Isﬂ
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Fig. 12. FFT analysis and spectrum of THD for stator
phase current i,
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Fig. 13. Zoom of Estimated rotor flux components @4, @rﬂ
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6.2. Anti-windup PI Controller

When occurs a large step change in the speed ref-
erence PI controller usually disregarding the physical
limitation of the system so this phenomenon known
by integrator windup that generate inadequate per-
formances as shown in fig.8 a large overshoots, long
settling time about 2 sec. Thus an anti-windup tech-
nique is used in this situation by cancelling the wind
up phenomenon which is caused by the saturation
of the pure integrator [17]. Fig. 14 shows the speed
anti-windup PI controller diagram block, where Ti is
tracking time constant gain.

Fig. 14. Structure of anti-windup PI controller adopted
in speed loop control
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Fig. 15. Rotor speed estimation under variable speed
reference with estimation error
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Fig. 16. Speed sense reversing: estimated and real
speeds

Speed variation test (3343, 2388,3822,3343 rpm)
in Fig. 15, the anti-windup PI controller rejects the

load disturbance very rapidly compared with the PI
controller, Fig. 16 rotor speed sense reversing (3343,
-3343, 3343 rpm) the anti-windup PI provide perfect
superposition and better tracking than PI by reducing
the overshoot and settling time. Fig. 17 shows speed
estimation error, always converge to zero, that is in-
dicate the effectiveness of the proposed luenberger
speed observer.

Generally the performances of the proposed ob-
server have been verified experimentally by compar-
ative study between the classical PI controller and
anti-windup PI. The next Table 1 summarizes the
comparative analysis of speed controllers.

100 (rad/sec) ]

Estimation error 2 (S

A —

L@ o

Fig. 17. Speed estimation error

Tab. 1. Comparative analysis between Pl and anti-
windup Pl controller

PI anti-windup PI

Rise time [sec] 0.53 0.53
Maximum overshoot [%] 7.14 2.28
Settling time [sec] 2 0.8

Speed dropping due to the
load application [%] 5.36 2.5

7. Conclusion

In this paper, we have validated the Luenberger
observer based speed sensorless control of induction
motor using RT-LAB platform. The overall control-
lers and speed observer were simulated in real-time
with time-step 4ps on one core of a 4 cores, including
digital and analog I/0 access time. The experimental
results obtained with PI anti-windup controller show
good performances in both dynamic and steady state,
with fast load disturbance rejection compared with
the results obtained with PI controller. The efficiency
of the designed observer allows us to conclude that
the speed sensor can be eliminated and replaced by
Luenberger observer to reduce the cost of the control
system.

The proposed technique was implemented suc-
cessfully in real-time with assumption that the induc-
tion motor parameters values are constants (Tab. 2),
but in fact during the very low speed operation the
induction motor temperature rise and generated loss-



Journal of Automation, Mobile Robotics and Intelligent Systems

VOLUME 13, N°4 2019

es (stator copper losses and rotor losses) affects the
induction motor parameters, the speed observer per-
formances are disregarding also, so further research
is open to test the observer robustness against pa-
rameters variation in real-time.

Tab 2. Induction motor parameters

P,[W] 120 R, [Q] 1.05

, [min-] 4000 R.[Q] 1.705

P 2 L,[H] 0.02939

J [kg/m?] 0.00037 L, [H] 0.02939

JAR)| 0.00006 L, [H] 0.02526
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