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ROBUST SENSORLESS SPEED CONTROL OF AN INDUCTION
MOTOR DRIVE USING A SYNERGETIC APPROACH
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This paper uses a model reference adaptive system (MRAS) to build an improved sensorless rotor-field oriented control (RFOC)
induction motor (IM) drive in all speed ranges. However, in the presence of external disturbances and parameter variations, the
linear tuning method of the Proportional Integrator (PI) controller in the MRAS adaptation mechanism degrades motor
performance. An advanced MRAS-based synergetic technique is proposed to develop two suitable adaptation mechanisms that
generate slip speed and stator resistance estimates. The reference and adjustable models are developed in the synchronous rotation
coordinate system (d-q frame). The effectiveness of the proposed control algorithm was evaluated under various operating
conditions using a specific sensorless IM benchmark and the MATLAB/Simulink software environment.

1. INTRODUCTION

Field-oriented control (FOC) requires accurate speed and
flux measurement or estimation for the high performance of
IM drives [1, 2]. The measurement process is fraught with
difficulties, particularly the high cost and fragility of the
sensors. Furthermore, the physical environment does not
always permit the use of sensors [2]. Sensorless control must
be used to lower the cost and volume of the drive system
while increasing its reliability [3-5]. In the literature, many
types of research have been presented on the speed
sensorless IM drive (see examples in [5-9]). These
techniques can be classified into two main categories: i)
model-based techniques and ii) signal injection methods (see
some examples in [8]). The first category is based on
mathematical models of the IM, such as model reference
adaptive system (MRAS), state observer, and artificial
intelligence (see, for example, [10-14]).

The MRAS technique is one of the different adaptive
control techniques used for state and parameter estimation. It
is the most preferable scheme due to its simple structure and
satisfactory performance over a wide range of operations.
The fundamental algorithm of the MRAS technique has been
introduced by Landau [15]. It consists of a reference model,
an adjustable model, and an adaptation mechanism, which
adapts the variable estimate based on the error between the
two model outputs. More than 275 publications control based
on Model Reference Adaptive System electric drives using
various motor control techniques were reviewed and
presented in [10].

Most of the adaptation mechanisms in MRAS speed
observers already discussed in the literature use a fixed-gain
linear PI controller. Comprehensive studies are presented in
[10,11] to explain the effect of using the Pl in adaptation
mechanisms. However, due to continuous changes in motor
parameters caused by temperature variations, uncertain load
disturbances, additional non-linearities in the inverter, and
integrator and differentiation terms, the Pl-based controller
may be unable to produce the required satisfactory
performance. To avoid such problems, recent researchers
have given more attention to exploring other observer
adaptation mechanisms to reduce the speed tuning signal and
improve speed estimation performance [10,12-14,16-22].

Studies [17,18] have used a sliding mode to replace the
MRAS speed estimator's traditional Pl adaptation
mechanism, which provides good steady-state and transient

performance. However, it produces a chattering effect. To
overcome these problems, a discrete-terminal sliding-mode-
based MRAS is designed [19]. It is confirmed that the
proposed method can maintain effective speed estimation;
then stability can be ensured at high speed and avoid
chattering phenomena. In [12], the authors present a MRAS
speed estimator of an induction motor with a fuzzy-PlI
controller. However, at some operating points, these
solutions cause instability. An optimized genetic algorithm
is applied to automatically adjust the PI regulator in the
model reference adaptive system, which increases
performance, guarantees robustness against parametric
variations, and ensures good speed tracking and stability
performance over the entire operating range of the induction
motor [14]. An improved performance of sensorless speed-
based MRAS combined with sliding mode and an adaptive
neuro-fuzzy controller is proposed in [13]. A high
performance of robustness and tracking of an induction
motor's trajectory under various operating conditions,
particularly at low speed, is provided. A novel MRAS speed
estimator that incorporates the Deadbeat regulator into the
adaptation mechanism [20] is proposed. The Deadbeat
regulator outperforms the competition in terms of
performance, response time, and overshoot during the
estimation process. In [21], a new MRAS estimator-based
observer is offered. The super twisting sliding mode observer
is used for speed estimation, a reference model (rotor time
constant estimation), and an adjustable model (stator
resistance estimation). A parallel estimation system of stator
resistance and rotor speed is suggested [22]. The Lyapunov
stability theorem is applied to determine the rotor speed and
stator resistance adaptation laws. In research [10], we have
access to an excellent and detailed review of speed
estimation using the MRAS technique in terms of reference
and adaptation model types, adaptation mechanisms,
stability problems, and the sensitivity of the MRAS
estimators in the presence of IM parameter variations. This
review permits us to observe all the advantages and
disadvantages of this technique.

In recent years, synergetic control has received a great
deal of attention in the nonlinear control of electric machines
and has been widely studied and successfully applied in
various fields. The popularity of this control methodology
can be explained in large part by the fact that it provides a
framework for designing stabilizing nonlinear controllers or
global optimization for a large class of nonlinear dynamic
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cascade systems. Several synergetic approaches have been
successfully applied in designing controllers for electrical
machines [23,24]. This advanced control method appears to
be an excellent alternative for developing robust estimators
of electrical machines speed and parameters; however, it is
still insufficiently used in this area and is not currently used
in MRAS estimation. We can only cite studies in [25] in
which the author proposed an observer to estimate the
components of the rotor flux-linking vector. A new
algorithm for rotor flux and speed estimators based on the
synergetic technique is proposed in [26]. This algorithm is
deduced by using the standard dynamic motor model
represented in the PARK model via macro-variables.

The main contribution of this paper is to improve the
performance of a sensorless field-oriented control scheme
for induction motor drives using synergetic control. The
model reference adaptive system (MRAS) scheme is used to
estimate the slip speed and the stator resistance
simultaneously. However, the error between the reference
and the adjustable models, which are developed in the d-q
synchronous reference frame, is used to develop two suitable
adaptation mechanisms based on synergetic control (SC) to
replace the classical fixed gain Pl controller. This
conjunction is intended to improve the performance of IM
sensorless control, especially at low-speed operations.

This paper is structured as follows: Section 2 provides a
brief description of synergetic control theory. Section 3
presents the induction motor's dynamic model and rotor flux-
oriented control strategy. Sections 4 and 5 are devoted to the
development and design of robust sensorless control using
the synergetic approach based on an MRAS estimator.
Section 6 presents simulation tests using Matlab/Simulink to
validate the proposed approach. Section 7 concludes with
some closing remarks.

2. BRIEF CONCEPTS OF SYNERGETIC
CONTROL

Synergetic control theory was developed by Anatoly
Kolesnikov [27]. This approach permits the analytical design
of control laws that not only ensure the global stability of the
closed-loop system but also its order reduction by successive
decompositions. Furthermore, synergetic control theory
allows us to solve many difficult control problems
effectively that have not been solved by known conventional
methods. Generally, the synergetic control design is based on
the macro-variable formation defined according to the
system state variables in the form of algebraic relations
between these variables, which reflect the characteristics of
the design requirements. In the simple case, these macro-
variables can be defined as a combination of these state
variables and determine the properties of the system’s
motion. The designer can choose the characteristics of these
macro-variables according to the requirements or limitations
of some of the states [24-26].

A nonlinear system is described by this differential
equation:

x=fi(x, )+ g9k u, 1)
x = (%1, x5 .....x5,) IS a system state vector; f; is nonlinear

smooth function defining the dynamic evolution of the
system; t is the time, and u is a control input.

2.1. STEP 1: CONCEPTION OF A MANIFOLD.

The formation of macro variables in terms of system state
variables is the first step in the synergetic control design eq.
(1). These macro-variables can be defined as a combination

of the state variables that determine the properties of the
system's motion and are selected based on parameters such
as the control objective.

The macro variable given in eq. (2) is usually used in
synergetic control [27]

h(lljs) = . 2
2.2. STEP 2: CONTROLLER DESIGN.

The objective of the control is to force the system to
evolve on the domain chosen by the designer:ys = 0.The
desired dynamic evolution of the macro-variable is given by
[26,27]:

Tsbs + h(Ys) =0, ®)

where T represents the design parameter, which specifies the
convergence speed of the closed loop system to the manifold
to be equal to zero.
The function h must satisfy the following condition to
ensure the stability of the functional equation:
h(0) = 0. 4)

Substitute (1) and (2) into (3), the control law is given by:
s KD +g@w +P, ) =0.  (5)

dat
By defining an appropriate macro-variable and choosing
the parameter Ty, the control output can be derived from (5):

Ts

U= Ugy + Ugy. (6)

The term wu,, is the equivalent term that drives system
states to converge toward the manifold and us, is the
synergetic term that forces system states to remain along the
manifold.

Ueq = —(Vs(@)g (D) YO f (). )
Usy = —(Us () g () T s (). @®)

3. VECTOR CONTROL OF INDUCTION MOTOR

3.1. MATHEMATICAL MODEL

The dynamic model of an IM in a synchronous d-q
reference frame can be described as [1,2]:
e Stator model

— i disq . addrg M
Ugg = Rs.igq + 0Ly prai wscleSq+—dt — wsL_rd)“? (©))
d

i 4
d.:‘:q + W OLgigqt+

. or M
Usq = Rs.igq + 0L dtq + wszd)m. (10)

e Rotor model

M . 1
0=— sd+T_T¢rd+

ddrg
W1
T,

dat

o= (05— ©). g - (12)

- (w5 — w). ¢rq (11)
M

0

isq + 3 brq +

o Electromagnetic torque

T, = np i (draisq = braisa)
T.—T,=n,(J5+ f0)

where ¢ is the flux linkage, u is the voltage, i is the current, L
is the inductance; o = (1 — M2 /L¢L,) is the motor leakage
coefficient, M is the mutual inductance; R is the resistance, T,
is the rotor time constant, w is the rotor angular speed, wg is
the synchronous angular speed, J is the moment of inertia,
f» the friction coefficient, T; represents the load torque, and n,,

) (13)
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number of pole pairs. The subscripts r and s denote the rotor
and stator values, respectively referred to the synchronous
rotating reference frame denoted the d-g-axis.

3.1. ROTOR FIELD-ORIENTED CONTROL
For rotor field-oriented (RFO) control, the rotor flux

l;i).l"
d=

vector is aligned with d-axis and sets the rotor flux to be
constant and equal to the rated flux, which means [1]

Grg = Oy 'd)rq =0. (14)

The (IM) model (egs. (9-13), after field-oriented
transformation when we use the constraints (14), can be

O

Proposed
Synergetic
MRAS (Fig.2) i

Fig. 1 — Schematic diagram of the sensorless rotor field-oriented control of induction motor.

expressed in a stator rotating frame by the flowing equations:
_ . "S_d _ . ﬂdd}rd
Ugqg = Rigq + oL o ws0Lgig, + L dt

. i ) M
Usqg = Rgisq + O'LS% + wgOLgigy + wszq)rd
) d
0 =Tﬂlsd +Tl¢rd +%
" ” . (15)
M.
0 = T_rlsq + - ((*)s - (*))q)rd

M .
T, = np L (q)rd lsq)
d
T.—T,=n,(J 52+ f,0)
The mathematical formulation of the model (15) will be
used to elaborate the rotor flux-oriented control [2].

The rotor flux position 6, required from the coordinate’s
transformation is generated by the stator pulsation w:

8, = fot w, dt.

(16)

where wg can be obtained using the implicit frame
orientation technique proposed in [1]:

0, = Musq—RSisq—cLs(disq/dt)'
LS¢T

(17)

4. STRUCTURE OF SENSORLESS ROTOR
FIELD-ORIENTED CONTROL

The block diagram for a sensorless rotor field-oriented
control of an induction motor with stator resistance
estimation is shown in Fig 1. To achieve high performance
of the RFOC, a conjunction of the MRAS technique with
synergetic control is used.

The proposed rotor speed estimation includes the
estimation of slip speed & generated by the MRAS
technique and synchronous speed wg, €q. (17):

O = wg — Bg. (18)

Equation (17) shows that the stator resistance variation of
an induction motor causes the control strategy to be

inaccurate and doesn’t guarantee the decoupling between
torque and flux components, especially at very low speed. It
is necessary to provide an estimator of R.

5. SIMULTANEOUS SLIP SPEED AND STATOR
RESISTANCE ESTIMATION BASED MRAS

The model reference approach (MRAS) uses two distinct
models to estimate the same state variable based on different
sets of input variables [10,11]. The reference model is
independent of the estimated variables, whereas the adjustable
model depends directly or indirectly on the estimated
variables. The schematic diagram of the slip speed &, and the
stator resistance R, estimation is presented in Fig. 2.

5.1. REFERENCE AND ADJUSTABLE MODELS

5.1.1. Reference model
The field-oriented constraint (¢, = 0)is used in the
MRAS structure by considering it as a reference model [28]
q)rq_ref =0. (19)

5.1.2. Adjustable models

In d-q synchronously rotating frame, the current and the
voltage models are obtained from (15):
e Adjustable model 1: current model

~ M . 1 = ~ T
Grg = T_r lsa — T_rd)rd + wsld)rq

oM. 14 o2 (20)
q)rq = T_rlsq - T_rd)rq — BgPrq
e Adjustable model 2: voltage model
q.) Ly Usa — ﬁsisd - 0—Lsisd +
- — . M
"7 M\ ws0Lgisy + wg —brq
" (21)

L Usq — Rgigq — oLgigq —
¢rq Y

. M
Wg O-Ls lsg — Wg L_r d)rd
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By using eq. (19) to (21), we can identify the slip speed
®¢ and the stator resistance R,. Two independent rotor flux
estimators are built. The first is obtained by integrating the
eqg. (21), the second flux estimator appears by using eg. (20).
It is noticed that eq. (21) contains the parameter R and (20)
comprises wg. Therefore, the two models can be considered
as the adjustable models. Equation (19) does not contain the
parameters wg and Ry, consequently, it can be considered as
a reference model to estimate @ and Ry.

The errors between the reference and the adjustable models
are used to drive two suitable adaptation mechanisms that
generate the estimation of @, and R, using a synergetic control.

5.2. ADAPTION MECHANISMS

5.2.1. Slip speed adaption mechanism
The error between (15) and (16) can be given as:

Cog = Prq-rer — brg- (22)

The error e, is driven to zero by an adaptation mechanism
based synergetic approach which yields the estimated rotor
speed. The synthesis of the adaptation mechanism is
determined by setting the following macro variable:

Lljwsl = eust + Kiy f emsldt~ (23)

N\

lAdjustable model 1 Bs
en O g’
-—

Adaptation eq

mechanism ¥ [tsa im]T
R
Reference model 2
19
Adaptation a9
Mechanism
a‘]si
¢, Adjustable model 2
20 e

6):!'

Fig. 2 —Slip speed and stator resistance estimation based on synergetic
technique.

Ki1 is a positive constant that should be tuned properly.
When the slip speed error is small, Kj; is adjusted to reduce
its value; however, a minimum value of zero errors must be
set for Kj; to obtain a stable estimation of ws. The derivatives
of v, and e, can be calculated by (24) and (25):

lb(,l)sl = émsl + Kllewsl- (24)
. 2 M . 14 ~
Coug = _¢rq = _T_Tlsq + T_T(brq + D Prg- (25)
Equation (25) can be written as follows:
éwsl = Oy + (T)sle- (26)
The variables «a,, and 3, are defined by:
M . 1 -
%o = =7 lsq 3 brg @7
Bw = a)rd

The objective of synergetic approach is to force the system
to run on the manifold s, , = 0. The desired dynamic

evolution of the macro-variable is given according to the
following equation:

Ty W+ Voy =0 Ty, >0.

The constant T, represents the rate of convergence of the
macro-variable to manifold s, , = 0:
Substituting (26) in (24) and using (28), we get:

(am + a\)sle) + Kllemsl +
1 .
+ T_wl (ewsl + KIl f ewsldt) = 0

(28)

(29)

By solving (29), the estimated slip speed is expressed as:

1 —0y — Kllemsl
By ==(_1 = Qg + D5y (30
st - T_lIJl LI”‘Dsl(e(ﬂ)sl) ed Y ( )

Bw
where, ®eq = —i(am +Kpe,,) is the estimated

1 R
_Twlw‘l)sl(emsl) is the

equivalent term and ®g, = 5
w

synergetic term.

5.2.2. Stator resistance adaption mechanism

The stator resistance estimated R, is generated from the
adaptation mechanism using the error between the models
(19) and (21) defined as:

er, = q)rq—ref - q)rq' (31)
Hence the dynamic of ep_is given by:
éRS = AR + ﬁSBR' (32)

Ly . . M
v (usq - 0—le'sq - wsoLsLsd — Wy L_rq)rd)

Br = II;,I_T(isq)

R, estimation synergetic synthesis starts with the
definition of a macro-variable given by:

g, = eg, + Kp2 J eg,dt

The dynamic of the evolution of the macro-variable g is
defined by:

AR =
.(33)

(34)

Ty,Wr, + Wg, = 0; Ty, > 0. (35)

Using the same steps as @; calculation, the estimate stator
resistance R.is given by the flowing expression:

ﬁs = Bi (_O(R — Kppeg, — TLqJRS(eRs)) . (36)
R P2
Equation (36) can take the following form:
Ry = R.q + Ry, @37)

The obtained stator resistance estimation comprises two
terms given by:

~ 1
Req = —E(OLR + KIZeRS) (38)

=)

1
sy = —mlPRS(eRS)

6. TESTS IN SIMULATION

MATLAB/Simulink software was used to illustrate the
performances of sensorless control algorithm shown in Fig. 1.
The induction motor parameters are listed in Table 1. The
simulation results are presented for the following two tests.
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Table 1
Induction Motor Parameters
Nominal rate power | 4 kW R, 1180Q
Nominal rotor speed | 1440 rpm R, 120
Nominal current | 15/8.6 A L, L, | 0.1564 H
Nominal Voltage | 220/380 V M | 0.1500 H
Number of pole pairs 2 L 0005 kg.m?,
7% 10.001 Nms/rad

6.1. FIRST TEST: TRACKING PERFORMANCE

In this case, the rotor resistance and stator resistance are
assumed to be nominal values regardless of speed change or
load change. The sensorless control benchmark Fig.3
proposed by [29] describes the appropriate reference
trajectories to check the effectiveness and the performance
of the sensorless control algorithm. In this benchmark,
different phases are presented:

e  Phase 1from 1s to 3 s: Low speed (20 rad/s) with nominal

load applied from 1.5t0 2 s
e Phase 2 from 4s to 6s: High speed (100 rad/s) with
nominal load applied from 5 s.

e Phase 3 from 7 sto 9 s: Very low and negative speed (zero

frequency) with nominal load.

120

100 |

Time (s)

e
Fig. 3 — Benchmark trajectories; a) reference speed; b) load charge.

Figure 4 illustrates the first test simulation results for
sensorless SC of IM according to significant benchmark
Fig. 3. It shows very good performance in speed, torque,
fluxes, and currents. The system remains stable with a
decoupling control between torque and flux, and a rapid
reject at the moment of disturbance load torque is applied
with small static error; these good performances are achieved
at low speed and high speed when the load torque is set at
nominal load T, = 25 N-mont=15sandt=5s. The slip
speed (Fig. 4a?), has the same form as the stator current i,
effectively proves the law control (eq. (24)).

Figures 4b and ¢ show simultaneously the rotor speed and
speed error. It can be noted that the estimated speed given by
synergetic MRAS and the actual speed is in good agreement,
and the estimation error is small. In Fig. 4c, we observe a
good rotor flux orientation (g-axis flux ¢, is maintained at
zero, d-axis flux ¢.q corresponds to the reference flux o¢;.
=1Wb) with a minor error (see Fig. 4d). In Fig. 4e, the
developed electromagnetic torque by IM has a high dynamic
with a fast response and tracks exactly the imposed step
changes of the load torque.

f—y
— i,
-

¢ (Wh)
n

(Web)

L b N s o awow oa
L 3
-ﬁ‘L

T (Nm)
f

[~
] ——— ]

Stator cugrent (A}

-s0
o

Fig. 4 — Test 1 tracking performance: a) slip speed; b) rotor speed;
c) error speed; d) rotor fluxes; €) error flux; f) electromagnetic torque;
g) stator current.

The direct and quadratic stator currents (isq, isq) in the
synchronous frame are exposed in Fig. 4f. It is obvious that the
direct stator current (iz;), which takes a constant value, is
similar to that the rotor flux and presents an image of the latter
However, the quadratic stator current (i), is proportional to
the electromagnetic torque and follows the load torque.

6.2. SECOND TEST: STATOR RESISTANCE
VARIATION

To evaluate the robustness of the proposed sensorless
control, it is important to check the influence of the stator
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resistance. Figure 5 shows the online tuning for the stator
resistance identification by the parallel MRAS. R is
increased to 1.2 Q (rated value) at 1.8 Q, att=2s, R is equal
to 0.4 (a decrease of 40 % from the nominal value), and
finally, R, is immediately increased to the rated value.

2 . : : . . .

1.5

R_(Ohm)

0.5

3
Time (s)

Fig. 5 — Reference and estimation of stator resistance.

During this test, the speed is set to 20 rad/s, and a rated
load (7} =25 N m) is applied. The tracking performance of
the rotor resistance estimation for a step change of reference
resistance has been shown in Fig. 6.

12

- =g

Time (s)

L (2)
k] 4 2 e

e
“

see -

- — .
N _— soou g

g

= 30 s2

® 1
L2 — %
—4)5,.«,.
1
rod——— |
= 0-8 Zoom |
f
Z 06l L W o |
= ! N v01| Zoom
| "'M?’d'—!r\flh-ﬁ,’ 4
01| [
02 apab " -
PR
0 \Al\;\/»
02k . I | |
0 1 2 3 A s p
Time (s)
(©

Fig. 6 — Test 2 stator resistance variation: a) rotor speed;
b) electromagnetic torque; c) rotor fluxes.

From Figs. 6a, ¢, we have recorded a good response for
electromagnetic torque, rotor speed, and rotor flux when
minor errors for the speed and rotor flux are registered. These
results confirm that the control scheme, even at low speeds,
has good robustness and tracking performance.

7. CONCLUSION

A new parallel MRAS based on the synergetic technique
has been proposed and tested for speed sensorless rotor field-
oriented control of induction motors. The proposed rotor flux
MRAS is based on speed estimation and includes two adaptive
mechanisms based on synergetic control, one for slip speed
and the other for stator resistance estimation. The parallel rotor

speed and stator resistance estimator are used to improve the
robustness of sensorless speed control when operating at very
low speeds with parameter variation. The simulation results
confirm the effectiveness of the proposed algorithm;
additionally, accurate estimation of stator resistance and speed
is achieved under a variety of operating conditions.

Received on 23 February 2023
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