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Abstract—In this paper, a robust flux and speed observer
for sensorless control of a double star induction motor is
presented. Proper operation of vector control of the double
star induction motor requires reliable information from the
process to be controlled. This information can come from
mechanical sensors (rotational speed, angular position).
Furthermore, mechanical flux and speed sensors are generally
expensive and fragile and affect the reliability of the system.
However, the control without sensors must-have performance
that does not deviate too much from that which we would have
had with a mechanical sensor. In this framework, this work
mainly deals with the estimation of the flux and speed using a
robust state observer in view of sensorless vector control of the
double star induction motor. The evaluation criteria are the
static and dynamic performances of the system as well as the
errors between the reference values and those estimated.
Extensive simulation results and robustness tests are presented
to evaluate the performance of the proposed sensorless control
scheme. Furthermore, under the same test conditions, a
detailed comparison between the proposed state observer and
the sliding mode-MRAS technique is carried out where the
results of its evaluation are investigated in terms of their speed
and flux tracking capability during load and speed transients
and also with parameter variation. It is worth mentioning that
the proposed state observer can obtain both high current
quality and low torque ripples, which show better performance
than that in the MRAS system.

Keywords—State observer; Double star IM; Robustness;
Sensorless control; Multiphase machines

I. INTRODUCTION

At high power, alternating current machines supplied by
static converters are obtaining more attention to be utilized
in different industrial applications. However, due to the
constraints on the power components, the switching
frequency and, consequently, the performance is limited. To
allow the use of components with higher switching
frequencies, the power must be segmented. To fulfill this
need, one possible solution is to use machines with a large
number of phases or multi-star machines. These polyphase
machines appeared in 1969 [1, 2], offering an interesting
alternative to relieving the stresses affecting both windings
and switches. In fact, increasing the number of phases
enables power splitting, resulting in a decrease in switching
voltages at a given current. In addition, these machines
additionally enable the mechanical load to filter through

more readily by allowing the amplitude of torque ripples to
be decreased and their frequency to be increased. At last, the
multiplication of the number of phases increases the
reliability by enabling one or more faulty phases to operate
[3-6]. This type of machine constitutes an obvious potential
and provides system designers with operation in degraded
mode, which is most important in the fields of systems
control [7-9]. Despite all these advantages, it is still very
complicated to control compared to a DC machine because
of its high nonlinear and coupled mathematical model [10]
and certain variables, in particular the magnetic flux, are
difficult to measure, and several parameters such as
resistances, torque and inertia are likely to change very
widely during operation [11].

Many traditional control methods, such as vector control
and direct torque control, have been significantly tested in
many research papers, especially on the double star
induction machine, because of their advantages compared to
other induction machines [12-14]. These methods have
proven particularly efficient and successful in decoupling
torque and magnetic flux, which encouraged us to support
them with control algorithms that do not rely on mechanical
sensors in an attempt to completely abandon them for their
multiple drawbacks that directly affect the efficiency of the
control system as a whole. Unfortunately, the
aforementioned controls require knowledge of one of the
stator or rotor fluxes, but the latter is not measurable [15-
19]. This raises in many papers the problem of estimating or
observing these quantities.

A search for simplicity of design and robustness becomes
one of the most important criteria in many applications. This
demand particularly mobilizes researchers [16, 18]. We
strive above all to dispense the speed and flux sensors. They
are the weak link in the control chain. Indeed, in addition to
the size and the difficulty of adapting and mounting on all
types of drive, it is fragile and expensive. We, therefore, try
to have its function fulfilled by sensors of electrical
quantities and calculation algorithms in order to reconstitute
the speed and flux of the DSIM. With increasingly powerful
digital computing resources, methods that were impossible
to implement a few years ago are becoming feasible on low-
cost DSPs [20, 21].
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In practice, the state observer takes two different forms, a
reduced order observer, where only the immeasurable state
variables of the system are reconfigured [22-24], and a full
order observer, for which all state variables of the system
are reconfigured. The performance of this structure
obviously depends on the choice of the gain matrix [25-29].
Unfortunately, rare studies in the literature were concerned
with the sensorless operation of double star IM; some of
them used the sliding mode observers [30], and others
adopted the MRAS estimator [31, 32]. However,
investigating the robustness of these observers against the
uncertainties and disturbances was not fulfilled sufficiently.

Although the MRAS-based speed estimation method
[32], which was applied to the DSIM engine, has many
advantages, such as low computational complexity and easy
implementation, its combination with sliding mode (SM)
technology may make it a difficult method to implement due
to some drawbacks, the most important of which is
sensitivity uncertainty in the reference model, chattering
problems and complexity in the design of the adaptive
mechanism block and other drawbacks such as difficulty in
adjusting parameters design, sensitivity to measurement
noise, inaccuracy of estimating low speeds and durability
considerations that may lead to destabilization of the system
during different operating modes.

-Qref 'Qm 95

Following these requirements, the current study presents
a detailed design for a robust flux and speed state observer
for enhancing the reliability and robustness of the vector
control applied to a double-star IM. Extensive evaluation
tests for the observer's performance under different
operating speeds, different loading conditions, and various
system uncertainties are carried out to validate the design of
the adopted observer. The results are discussed and analyzed
in detail, illustrating the impact of each variable change on
the observer dynamics.

The paper is structured such that Section 2 briefly
introduces the double star induction motor (DSIM) model in
(d, q) axes. Section 3 presents the design of the direct vector
control method of DSIM. Subsequently, in Section 4, the
speed and flux state observer design is discussed. At last,
the complete control scheme illustrated in Fig. 1 is firstly
implemented for numerical simulation to evaluate the
performance of the proposed speed and flux state observer
for sensorless vector control of DSIM, and then a
comparison tests of the proposed state observer and SM-
MRAS estimator proposed in [32] under the same
conditions are investigated, and corresponding results are
analyzed. Finally, the conclusions are summarized.
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Fig. 1. Sensorless vector control scheme of DSIM
II. MATHEMATICAL MODEL OF DSIM

If the assigned reference to the (d, q) axes is the rotating
field, the equations of DSIM can be expressed as [21]:

A. Voltages Equations

The d-q axis stators and rotor voltage equations are
given by:
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Where Vggq1, Vsaqz 18 first and second voltages in the stator
frame. isq41, isqqz 18 first and second currents in the stator
frame. @gyq1, Psqq2 i the first and second stator flux in the
stator frame. @4, is Rotor flux referred to as stator frame.
ws, Wy, 1s Stator and rotor angular frequencies. Ry 5, R, is
the first and second stator and rotor resistances.

B. Flux Equations

The stators and rotor flux can be expressed in terms of
stators and rotor current as:

(psdl = leisdl + Lm(isdl + isdz + ird)
(psql = leisql + Lm(isql + isqz + irq)
(psdz = LsZ ist + Lm(isdl + isdz + ird)
(psqz = Lg, isqz + Lm(isql + isqz + irq)
Prq = Lyirg + Lin(isa1 + tsaz + ira)
(prq = Lrirq + Lm(isql + isqz + irq)

2

Where Lgi, is First and second stator inductances, L, is
Rotor inductance and L,,, is Magnetizing inductance.

The substitution of (2) in (1) develops the mathematical
model of DSIM as following
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Where o is the total leakage factor and T, is rotor time
constant.

I11. DIRECT VECTOR CONTROL OF DSIM

In this method, it is important to note that a flux
estimation step is necessary. Then, calculate the flux
modulus and its phase from easily measurable variables like
currents and voltages.

The rotor flux components can then be expressed utilizing
(3) as follows

Ly, 1
(prd = J [_ (Isdl + Isdz) - _(prd - wr‘prq] dt
T, T, @)

L 1
Prq = f [Tr: (Usqr + Isq2) — Fr(prq + wr(prd] dt

The principle of the rotor flux orientation gives [4, 15] as

(pr = d)rd
oy, = o ©)

The rotor flux and electromagnetic torque expressions of the
DSIM can be presented by

do*,. 1 . . i
d =_[Lm(l sa1 T 1%sa2) — @ r]
o (©)
* Lm »k »k *
T om = me +L, [(l sql +1 qu)(D r]
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The Laplace transformation of (6) gives as

*

r 1+7T(L sd1l +i sdz)
L (7)
T*em = pL + L [(l sql + i sqz)d) ]

Because the DSIM stators are similar, then the stators
currents provided by these two identical stators are the
same, thus
(i ; 1+T.s
g1 = Ugar = W r g
L + Ly ®)

i*S = l* = p— *
ql 5q2
2L, P,

From DSIM model (3) and references currents equation (8),
the references control voltages Viyy, Vg, Vigy are
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IV. FLUX AND SPEED STATE OBSERVERS OF DSIM

An observer (Fig. 2) proper is an estimator having an
additional input G(Y — ¥). This additional input ensures the
operation in a closed loop and, therefore, the stability of the
reconstitution.

In order to know well the principle of an observer, it is
supposed that the studied system is described by the
equation (10).

ax = AX + BU
ar o AAt (10)
Y=CX

Where for any time, XER", UER™, and YER' respectively
express the state vector, the input vector, and the output
vector of the system. AER™" is the non-stationary
transition matrix, as it depends on the estimated variable,
BER™™is the input matrix of the system and CER™™ is
the output matrix. These matrices (A, B, and C) are directly
calculated from the operating equations of the system.

Some command methods do not necessarily require
reformulating the entire state of the system. Indeed,
according to the case studies, only part of the state must be
estimated to satisfy the needs. The reduced order observer
introduced by Luenberger [22] consists in estimating non-
measurable states. Thus, for a system defined by (10), the
reduced observer will be of order n-1.

The electric equations are linear in the states but depend
on the mechanical speed w,,, one can construct a reduced
order state observer of the Luenberger type [12, 17],
obtained from the representation of the complete state of the
DSIM in the frame (d, q) or (a, B).
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Fig. 2. State space form of an observer

The complete state representation in the frame (d, q)
which will be used to design our observers will therefore be
the following:

X
qr = A(w,)X + BU (11)
Y=CX
where
X= [1d51 + IdSZ Iq51 + Iqu ¢d‘r‘ (I)qr]T
and
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The principle of construction, therefore, consists in
correcting the dynamics of the estimate by considering the
error between the real output and the reconstructed output,
so an observer is a copy of the original system with an
additional gain term. It is described as follows:

X R o

EzA(wm).X+BU+G(Y—CX) (12)
Y =cCX

where G is the observer gain matrix.

In order to reduce the complexity of the observer, we
have to reduce the order of the state vector by choice of
quantities to be observed.

To observe the rotor flux and the mechanical speed,
considering the stator currents as inputs:

W—A((Dm).xcp +BIU1 (13)
?4) = )’(\(D
where
~ ~ ~ 4T
X<1> = [(pdr (pqr]
and
U1 = [Idsl + Idsz Iqsl + Iqu]T
_1 N
- Wy
N T,
A(p,) = " -1
&)\ =
m TT
and
L
T,
BI = L
0o =
T,
The observed stator currents are given by
af_ .
dr X+ ByUy + Kuly] (14)
1?1 = XI
where
5 o . . X 9T
X, = [Idsl + lyso Iqsl + Iqsz]
and
X[ = [Idsl + Idsz Iqsl + Iqsz]T
UV = [Vdsl + Vdsz Vqsl + Vqu]T
and
_ YR ws
A= |0, —yu
__* 0
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and

w1 =[] = 6cx - %

The flux observer (15) is obtained from equations (13) and
(14):

dXe o
W—G(XI_XI)‘FBIUI (15)
ﬁp = ch
Comparing the observer equation (13) and (15) gives:
G(X; = X)) = A(@n)- KXo (16)
where
1 ~
= Wm
. T,
A(op) = : 1
—w =
m T,r
and
)?I - XI = I:fl:«dsjl
Igs

The calculation of the observed speed leads to the following
relation (17)

1 -~ ~ o~
wm = m [d)drlpqr - d)qupdr] (17)
We finally deduce
1 P - =~ -
o —_— [(perl (lqs) - (pquZ (lds)] (18)

L+ g
where

Iys = (I:dsl + I:dsz) = (gs1 + las2)
iqs = (Iqsl + Iqu) - (Iqsl + Iqu)

where G1 and G2 are the observer gains.

In order to have good performance, we chose the
observer gains, which give a faster observer response than
the system. On the other hand, a much faster choice of gains
leads to sensitivity with respect to parametric variations.

V. TEST RESULTS

In this section, to investigate the validity and robustness
of the proposed sensorless vector control of DSIM based on
a speed and flux state observer provided in Fig. 1,
simulation tests are performed and done via the
MATLAB/Simulink® platform. The values of the state
observer gains used in the simulations are chosen after
several adjustment tests (G1 = 1.2, G, = 1.8).

For a fair comparison, the effectiveness of the proposed
state observer is verified through the comparisons with the
MRAS estimator presented in [32], where the simulation
tests results are reproduced with the conditions of the same
test for both methods in terms of their speed and flux
tracking capability during load and speed transients and also
with parameter variation.

The simulations are made for a nominal speed step of
+280 rd/s and for a nominal load torque of 14 Nm applied at
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time t=1.5s and rejected at time t=2.5s. After that and at
time t=3.5s, the speed is reversed at the same nominal value
(-280rad/s).

The steady-state and speed reversal performance in the
range of whole speed for both the proposed state observer
and SM-MRAS estimator is shown in Fig. 3(a) and Fig.
3(b). The observed variables are real and estimated rotor
speed, real and estimated rotor flux, electromagnetic torque,
and stator phase current, respectively. The analysis of the
responses shows perfect trajectory tracking. We observe an
excellent estimation of speed and flux with negligible error
and with very good precision. Furthermore, both state
observer and SM-MRAS methods track the torque reference
and show a very good dynamic performance. Regarding the
performance of a torque step, rotor flux and stators phase
currents response, torque and flux ripple, and currents THD
are further evaluated for comparison. However, the results
clearly indicate that the proposed state observer can confirm
the quality of the obtained results compared to the SM-
MRAS estimator, especially in terms of their speed and flux
tracking, load rejection, and torque ripple.

Since the parameters of the DSIM are often linked to the
operating conditions of the machine (heating, variation of
the load, a saturation of the magnetic circuits, the shape of
the air gap, skin effect, etc.), for this, we thought it would be
more appropriate to test the influence of a possible
parameter error on the proposed state observer and
compared with SM-MRAS estimator proposed in [32].

In the simulation, an approach to these disturbances
consists in introducing, at a given moment in the model of
the DSIM, a parametric variation. This test mainly depends
on changing the parameters of DSIM separately at times
1.5s to 2.5s.

Figs. 4(a, b) to Figs. 9(a, b) present respectively for both
state observer and MRAS estimator, the speed and rotor flux
responses for a variation of +50% of the rotor resistance,
+50% of the stator resistances, and -50% decrease in the
mutual inductance separately for a references speed of 150
rad/s and of 30rad/s for a low-speed test. We also note that
the speed, as well as the rotor flux, is slightly affected by
these variations, especially in low-speed tests for the MRAS
estimator more than for the state observer, which confirms
the capability of the proposed observer in maintaining the
robustness of the control system.

In Figs.10(a, b) and Figs. 11(a, b), we notice that an
increase of +100% of the inertia has an influence on the
adjustment performance for high speeds than for low
speeds. Indeed, we observe a considerable increase in the
speed response time with a small overshoot during start-up
and when reversing the speed. However, the decoupling
phenomenon is guaranteed, and the speed, flux, and torque
tracking are still ensured, especially in low-speed tests for
the proposed state observer, which emphasize the validation
of the designed state observer for the DSIM.

For performance comparison of the test results, the
torque and flux ripples and the THD for the stator currents
are introduced and evaluated in Table I.

ISSN: 2715-5072 469
TABLE . PERFORMANCES EVALUATION OF THE STATE OBSERVER AND SM-
MRAS ESTIMATOR
Criterion State Observer SM-MRAS [32]
% Torque ripple 24.53% 49.62%
% Flux ripple 22.24% 23.08%
% Currents THD 7.78% 8.44%

The ripples of torque and rotor flux are defined as

%T. :M.IOO
T

ripple

(19a)

avg

oD _w,loo

ripple —

(19b)
avg

where Tpax, Prmay 1S the maximum torque and flux; Tpip,
Ppin is the minimum torque and flux; Ty,g, Papg is the
average torque and flux values, respectively.

vg-

The THD of stators phase currents is calculated by:

VI + 2+ 412

Y2 2 100 (20)
Iy

where I, is the root mean square (RMS) value of the

harmonic n, I is the RMS value of the fundamental current.

%THD =

In terms of torque ripple, it shows that the torque ripple
value of MRAS is more than twice the value of the state
observer, namely, 49.62% versus 24.53%, respectively.
With regard to flux ripple and currents THD, it shows that
MRAS and state observer have very close flux ripple values
with 23.08% and 22.24%, and very close THD values with
8.44% versus 7.78%, respectively.

VI. CONCLUSION

In this paper, a speed and flux state observer for
sensorless vector control of DSIM has been designed in
detail. The simulation results allowed us to conclude that the
sensorless vector control of the DSIM equipped with the
designed flux and speed state observer provides satisfactory
robustness against uncertainties, external disturbances, and
speed change as well. Based on the investigation of the
above simulation test results, it can be concluded that the
state observer overcomes the drawback of a large torque
ripple occurring in the MRAS estimator and has better
robustness in low-speed tests. And meanwhile, the adopted
sensorless vector control scheme-based state observer is also
characterized by its simplicity of design and, in particular,
by getting rid of the flux and speed sensors which represent
the weak point of the feedback control chain. As a possible
future work, the presented state observer can be utilized and
tested with other configurations of multi-phase machines
after considering the structure of each type.

APPENDIX

DOUBLE STAR INDUCTION MOTOR PARAMETERS

P,=4.5kW, f=50Hz, VA x=220/380V, I, A 7=6.5A,
Q,,=2751rpm, p=1 . R,;]Z R32=3.7ZQ, Rr :2.]29, LS]: ngz
0.022H, L, = 0.006H, L,, =0.3672H, J =0.0625K gm?, Kr
=0.001Nm(rad/s)"!
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Fig. 3. Simulation results for sensorless direct vector control of DSIM. (a) proposed state observer. (b) SM-MRAS estimator [32].
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