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MRAS BASED SENSORLESS AND SENSOR VECTOR CONTROL
AND SMOOTH TRANSIENT BETWEEN THEM

Dynamic control, like vector control is an essential feature of every modern AC drive. In some cases it might be very important to provide
continuous operation in case of encoder failure. It further means that the transient between sensor vector control and sensorless vector control
has to be smooth. To obtain that a modified vector and sensorless vector control algorithms were designed. To allow smooth transitions, both
sensor and sensorless control share common flux model. In this paper a novel robust MRAS-based speed estimator based on error between
current estimators output and measured current and modifications of direct sensor vector control are presented. Theoretical analysis of esti-
mators and design of adaptation loop is described. Finally, simulation and experimental results are shown.

1. Introduction

As known, induction motors are still the most commonly used
motors in the industry, thanks to their good performance and low
cost.

Kinds of dynamic control of Induction machines, like Vector
Control (Field Oriented Control) or Direct Torque Control have
become standard feature of industrial AC drives years ago. Original
structures require the using of mechanical speed sensors, but even
at that time, the need for mechanical speed sensor elimination was
important. During the last two decades many and many different
methods and algorithms of speed estimation for vector control have
been published; both for induction and synchronous machines [5].
But for high-performance control for speed or position systems
still rely on mechanical sensor - quadrature encoder, selsyn, etc.
And often it might be important to provide operation even in case
of mechanical sensor failure.

In this paper we will focus on direct vector control with sensor
feedback and adaptive structures of sensorless vector control -
Model Reference Adaptive Structure (MRAS). Both of these struc-
tures share common flux model for providing continues, smooth
transient between sensorless and sensor vector control.
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Fig. 1 Basic schema of proposed vector control structure
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2. Sensor vector control

Proposed sensor vector control is a light modification of “clas-
sical” indirect vector control oriented on rotor magnetic flux refer-
ence frame to direct vector control. Basic component of proposed
control structure is the current model for rotor flux estimation.
This model is based on equation originally formulated by Blaschke
(often known as Blaschke equation)[1]. This model is mostly used
in closed-loop systems where rotor speed is known or at speed
close to zero thanks to its reliability. Its main advantage comparing
to voltage model of rotor flux is absence of pure integrators.

Current model for flux estimation in stator reference frame

(o, B):
o 1o L.
sy, = Trzﬁ,*]wllfﬁr " (1)

Current model for flux estimation in reference frame oriented
to rotor position (d, ¢):
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Model for current estimation in stator reference frame (o, B):
5 1 ( k.
= ————\+ ¢, — wklh) (3)
R/(Ts + 1) T, !
where:
) L, L,
R, =R + Rk, k= T L,=o0L,T = R

Using estimator oriented to rotor position gains several advan-
tages over estimator in stator reference frame. Main advantage is
the decoupling of both (a, ) components and processing of signals
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Fig. 2 Flux estimator in stator reference frame (a, )
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Fig. 3 Flux estimator in reference frame oriented to rotor position (d, q)

rotating at the slip frequency only, which is usually not more than
a few of Hz. Furthermore park transform is non-dynamical trans-
form.

3. MRAS Systems

MRAS (Model Reference Adaptive System) estimators are
usually observing mechanical speed by using two different estima-
tors or observers, one of which is speed dependent. Basic schema
of MRAS model is shown in Fig. 4.

The difference between estimator outputs is used for speed
error reduction, commonly by PID controller, but recently many
papers describing adaptation by Fuzzy Logic / Artificial neural net-
works have been published.

Adaptation
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Fig. 4 General schema of MRAS system

There are several groups of MRAS speed estimators. We will
focus on the least known structure - structure based on the error
of stator current. This estimator was first described by Kowalska
[4]. Stator current vector is observed by stator current observers
and then compared to measured values. In MRAS terminology,
real motor is reference model. As mentioned above, main advantage
of this structure is absence of voltage flux model which is unreli-
able and, therefore unusable at speed close or equal to zero.

Proposed stator current error based MRAS will be later marked
as MRASC in this paper.
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Fig. 6 Detailed schema of proposed MRASC system

Error signal is defined as:

&= S(Tk : é\> = (i\'af - in)lb,ﬁ - (llﬂ - Z/ﬁ)’ﬁm 4)
& =i (5)
Design of the adaptation loop

Adaptation loop was designed from the linearized mathemat-

ical model.

Under assumption that flux (1) is function of change of speed
only (6), flux model equation results to (7).

b, = fi.6) - A, = £(2a) (6)
s Ty,

Ay, = ——— 7
Ty (7)

Model of stator current [2]:

% 1 W ks )

= ——\u, + =Y, — U, 8

i R(Ts + 1)<u.\ Trzﬁ, Jjok, ®)

Now the effect of voltage change is neglected, only flux and
speed changes are important:
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R/(1+Tys)

By combining together equations (7) and (10), following results
are obtained:

x Ts ~
Ai, = — . ik, A 11
! R/(1+ Ts)(Ts + 1)JW @ (n
Ae = 3(F, A%, + AT -2) (12)
Ao, = A} — A}
) N (13)
Ae = — i, 3(A8) = — 3(AL — AL,
T b
Ae = [Aw — Ad) - k0 (14)

(1 — T,s)(T,s =+ 1) R,

Adaptation loop controller

PID controller was chosen as the most appropriate controller
structure. Parameters were designed using pole-placement method.
By implementing an integrator into controller structure, simple
second order transfer function was obtained.
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Fig. 7 Control loop for controller design
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Final transfer function for calculating the controller parame-
ters:

G, (s) =

Gi(s) (15)

K
(l + T,s)(T,s + 1)’

(16)

Closed loop transfer function then results to:

KK (Ts + 1+ T,Ts%)
Ad TTT,
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Reference (characteristic) polynomial:
P,=s"+ 0,28 + k)s* + 05 (2&k + 1)s + ko (18)

w, - system’s natural frequency
C - system damping ratio
k - shift pole index

By comparing closed loop denominator polynomial to refer-
ence polynomial, parameters for PID were gained.

Transient between sensor and sensorless

Failure of the encoder can be detected in several ways. The
most simple and used in industrial applications is violation of the
conditions of complementary signals: 4 # A4, B # Betc...

For ensuring the drive operation to continue, the transient to
sensorless control must be as smooth as possible. To achieve this
when switching from sensor to sensorless control, proper initial
values of sensorless control must be set. In our models we assume
that the sensorless estimators are in separate block and they are
not executed during the sensor control operation. Estimators are
executed during the sensorless operation only. In the model of
stator current, the discrete filters initial outputs have to be set to
actual values of i, i,s respectively. Otherwise initial value of error
signal is unpredictable, thus a strong torque jerk or instability may
be caused, especially in high speed region.

The same has to be done in the adaptation PID controller -
initial output of last integrator has to be set for last known value
of electric angular speed from the encoder.

Fig. 8 Structure of MRASC adaptation controller, including
RESET signal to achieve smooth transient between sensor and
sensorless control

Moreover, it is worth to mention another issue. Usually the
knowledge of motor electric parameters for sensor vector control
does not need to be as exact as for sensorless vector control. As
a result, the transition to sensorless vector control could be unsta-
ble.

Aw (1 +7T)+ KKT)
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achieve smooth transient between sensor and sensorless control

Therefore, proposed sensorless vector control should be stable
and immune against minor parameters variation. To acquire infor-
mation about this immunity, several experiments have been done in
Simulink. By building a close-to-reality simulation model in Simulink
with intensive using of SimPowerSystems toolbox blocks, experi-
mental test to parameter variation was done. This test is a complex
test of behaviour, it does not only include stability analysis of the
adaptation control loop, because the parameter variation affects
the other loops, including current and flux controllers as well.

Following tables demonstrate the overall performance and
stability of entire systems due to variation of electrical parameters
of the motor. These tables differ in dynamics of speed controller
(f0SC) and MRAS adaptation controller (fOMRAS).

Regarding the 4th parameter in the table:

L=1L,+L,
(19)

As might be seen in the previous tables, proposed MRASC
does not suffer much from loss of stability or worsen performance
caused by small parameter change. Furthermore, this sensitivity is
strongly dependent on the dynamics of MRAS adaptation loop,
speed controller, sample time / PWM frequency, current loop, flux
loop and others, so it is hard to present any universally acceptable
results. Nevertheless, after implementing simple online estimation
algorithms the entire drive performance in the whole speed range
could be improved.

4. Results

To present excellent behavior of proposed sensor, sensorless
control and on-the-run transients between these control methods,
both simulation and experimental results are shown below.

Sensorless benchmark test

Test consists of a simple speed reference signal containing
several steps to explore the dynamic properties of sensorless control
at various speeds. First is step to 50 Hz, then reverse to —50 Hz
followed by steps to lower frequencies down to zero.

Experimental analysis of motor’s electric Tab.1

parameters variation

Current-based MRAS, Tsam = 0.2ms, fOMRAS = 40Hz f0SC=4Hz
Parameter variation
Par. |Speed | -50%| -40%] -30%] -20%| -10%| 0%| 10%| 20%| 30%| 40%| S50%

No significant change

speed eror less than 5%
speed eror less than 5%, torque ripples

minimal speed emor, not able to fast speed reversation
speed error higher than 5%

speed arror higher than 5%, defluxing or orentation loss
edpe of stability, significant speed error

unstability

unspecified - causes errors, reaches imits at start

This test shows overall performance of proposed method,
including speed reverse possibilities and operation in the low speed
region at the end.

Transient from sensor to sensorless control, ramp-up.
This test verifies the quality of transient during the ramp-up.
No steady-state for speed reference. Time of transient, t = 0.6 s.

This test also proved very good response, although the dyna-
mics of adaptation is visible on the error between estimated and
measured speed. However, the real speed continues smoothly.

Transient from sensor to sensorless control - high speed region

This test had to verify the behaviour of transient from sensor
to sensorless control in high speed region under load. This tran-
sient is done in 7 = 2.2 s.
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Fig. 10 Sensorless benchmark test: speed and torque
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Fig. 11 Ramp-up transient test
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Fig. 12 High speed region transient from sensor to sensorless control, t = 2.2 s
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Test also showed excellent dynamics and smoothness of the
transient between sensor and sensorless control.

Experimental tests:

Experimental verification was performed in a laboratory setup
with PC equipped with dSpace 1104 controller board which con-
trols frequency converter feeding the 1.1 kW induction machine.

dSpace 1104

AC Q
DRIVE .

CONT-
ROLLED
E = FREQ.
LOAD INVERTER

2| Load motor =[|]= Con:gg:’ed o

Fig. 13 Diagram of the laboratory test bench

Motor angular speed

Transient from sensor to sensorless control, low speed region
This test had to verify the behaviour of transient from sensor
to sensorless control in low speed region.

Previous test shows non-problematic transient from sensor to
sensorless direct vector control.

Transient from sensor to sensorless control, medium speed region

Following test shows the dynamics of a transient in medium
speed region. It can be seen that although sensorless control intro-
duces some ripple, the transition itself is smooth.

5. Conclusion

The primary objective of our project was to achieve continuous
operation of vector control of the drive even in case of encoder’s
failure. Transient between sensor and sensorless control must be
smooth without any significant torque or speed jerk. Moreover, the
modified indirect vector control method was described to allow
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Fig. 14 Low speed experimental results
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Fig. 15 Medium speed experimental results
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using same flux model with sensorless control. Not very well known U, = 230/400 V (delta, wye)
approach of MRAS-based sensorless speed control method was I[,=5/29A
demonstrated. Proposed MRASC shows very good dynamic res- N, = 1380 min~!
ponse and appears to be very immune against parameters variation, Pole pairs = 2
which is necessary in the industry, where stability and robustness Electric parameters:
against disturbances is essential. The mathematical model of the R, =T7.66 Q - stator resistance
estimator including the design of adaptation loop controller was R.=512Q - rotor resistance
described. Finally, the very good performance of sensorless vector L, =038H - mutual inductance
control and the transient between sensor and sensorless vector L,=0421H - rotor inductance
control were proven by figures. L,=0421H - stator inductance
J = 0.005 kg.m> - moment of inertia
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Appendix
Motor data (rated values) - wye connection used:
P,=1.1kW
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