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Abstract-This paper presents a new algorithm based on Model Reference Adaptive System (MRAS) and its stability
analysis for sensorless control of Doubly-Fed Induction Generators (DFIGSs). The reference and adjustable models of
the suggested observer are based on the active power of the machine. A hysteresis block is used in the structure of the
adaptation mechanism, and the stability analysis is performed based on sliding mode conditions. Simulation and
practical results show appropriate operation and speed tracking of the observer with regard to obtained stability

conditions.
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NOMENCLATURE
General
Rg Stator resistance
V,i Voltage and current
14 Stator or rotor flux
o} leakage coefficient
L,Lg Stator and leakage inductance
o5, wf Stator and rotor electrical frequency
o Mechanical speed
o Electrical frequency of the ac mains
Lm Mutual inductance
Te Electromagnetic torque
Yol Pair of poles
PS Active power of stator-side
’m Rotor position
er Error
Yis Angle between stator and ag vectors
Superscripts
- Vector sign
r Rotor reference frame
A Estimation value
* Conjugate vector
Subscripts
a,p Variables on o3 reference frame
d.q Variables on dq reference frame
r,s Stator or rotor quantities
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est Estimation value

1. INTRODUCTION

Generally, machine speed data is needed to implement
most of control strategies, especially vector control [1].
Tachogenerators, resolvers, incremental and light
encoders are common-used speed sensors, which may
cause some problems. These sensors reduce system
reliability and require accurate installation and
calibration, maintenance, extra cabling, and immunizing
against electric noises. Furthermore, in some
applications, it is difficult to construct speed feedback.
Installation and maintenance of speed sensors in wind
turbines and generators with high height is a time-
consuming and costly act. Therefore, sensor elimination
leads to significant facilities. When speed sensors fail, the
system controller receives incorrect feedback signals,
which disrupts its operation [2].

Many speed estimation strategies are developed and
explained in previously reported works. Some of Basic
methods are explained in [3] for induction machines.
Speed estimation algorithms for Doubly-Fed Induction
Machines (DFIMs) and DFIGs are generally developed
forms of basic algorithms. Speed estimation algorithms
for Doubly-Fed Induction Machines (DFIMs) and DFIGs
are generally developed forms of basic algorithms.
Especially in DFIG, rotor-side parameters are
measureable and therefore they can be used in the
estimation algorithms. Some of basic methods are
classified as follows:

MRAS based algorithms; in [4] basic structure of MRAS
is changed to be applied in DFIG where a new adaptation
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mechanism and new state variables are selected. Four
MRAS-based observers are evaluated in [5] for DFIGs,
State variables of the proposed observers are different. In
[6], another MRAS observer is introduced for DFIMs
where its main specification is direct estimation of torque
and rotor flux components. The suggested MRAS
algorithm in [7], applies a constant gain in the adjustable
model of the MRAS which solves drift problems of
integrators. In [8] a MRAS algorithm is developed which
is based on neural networks. In the MRAS observer
proposed in [9], machine reactive power is used as a new
adaption mechanism. In [10], air-gap electromotive force
(EMF) is defined as the working variable and MRAS
control strategy is considered to calculate the rotor
positionthe.

Adaptive observers; in [11], an adaptive observer,
which is an extension of the basic Luenberger algorithm,
is designed for sensorless control of DFIGs. A reduced—
order adaptive observer is explained in [12] for stator flux
and speed estimation. Structure of the conventional
Kalman filter is changed in [13] to be used for sensorless
control of DFIM. Rotor side measurements is also
applied in the proposed algorithm. In [14], another
reduced—order adaptive observer is presented for DFIG.
It is also based on Luenberger observer and contains
different state variables.

Other methods; A straightforward algorithm is
designed in [15] for rotor position estimation, in which
flux calculations and integrators not included. Speed
estimation from machine slip is explained in [16]. In [17],
a sensorless control strategy is developed which is based
on the Phase-Locked Loop (PLL) system. According to
the authors’ discussion, it is independent of machine
parameters. The presented algorithm in [18] is relatively
simple and contains no flux calculations. Undesired
effects of integrators is reduced in [18] which is its main
advantage.

According to the numerous works reported in the
literature, MRAS based observers have proved to provide
more acceptable operation, especially with the state
variable, which is independent from machine fluxes.
Based on reported works evaluation, an adaptive
observer consists of system model, adaptation
mechanism, a term for model correction and stability
analysis. In all reported works one or more of these parts
have designed with a new procedure. Therefore, in this
paper, a new MRAS based speed estimation algorithm is
introduced. Compared with previously reported works in
this paper a hysteresis block is used in the structure of the
adaptation mechanism, and the stability analysis is

performed based on sliding mode conditions. Purposed
method stability and parameter sensitivity is analysed
with extensive formulation. Active power of the machine
is considered as state variable of the proposed method
and a new adaptation mechanism is extracted. Therefore,
the proposed method in this paper is a completely new
algorithm and its equations is exclusive to suggested
model because:
1- It is based on DFIG active power.
2- The suggested adaptation mechanism is based
on a hysteresis block.
3- Stability study is performed based on operation
of the hysteresis controller and sliding mode
conditions.

Since the proposed method is based on hysteresis
analysis, it has simple concepts to understand. Therefore,
simplicity of the proposed method is its main advantage
over previous works.

Consequently, the proposed MRAS is unique. This
paper is organized as follows. In Section 2, the dynamic
model of DFIG is presented. The proposed observer
structure is described in Section 3. Section 4 presents
stability analysis of the suggested MRAS-based speed
estimation algorithm. Simulation and practical results are
presented in sections 5 and 6, respectively. Finally,
conclusions are included in Section 7.

2. DYNAMIC MODELLING OF DFIG
Figure. 1 shows the equivalent circuit of a DFIG in the
af frame. Assuming aff fluxes as state variables, the
basic equations of a DFIG can be written as follows [19]:

-R R< L
s 0 skm 0
olg olgly
l//as O _RS 0 RS Lm
d | ¥ps _ olg olgl,
dt | Yar Rrlm —Ryr
e 0 —Om
Y gr olgly ol,
o Rrlm R, | @)
— m
L olgly oLy
Yas Vas
74 \%
s + £s
Yar Var
Ver ] [Ypr
L2
where ¢ is leakage coefficient equals 1-—"— and
LL,
current and flux relations are as follows:
Ves| |Lg O s L, O lar
= J J. )
Y s 0 L |ﬂs 0 Ly Iﬂr




Journal of Operation and Automation in Power Engineering, Vol. 6, No. 1, Jun. 2018 63

los
i

Var
Vpr

L, O
0 L,

ps

+ Lr 0 iar
0 L [|i @)

Furthermore, the electrical torque equation of DFIG is
as follows:

3 i
Te=Eme|m{ls.lr} 4)

where p is the machine pole pairs. Considering L
and L, as leakage and magnetic inductances,

respectively, the stator and rotor inductances can be
assumed as:

=L +L, o
L, =L, +L,

On the other hand, the relation between machine stator
and rotor electric speed is described as:

O + O =0 (6)

A more detailed model of DFIG is explained in [19].
Rs Los Lor W Ppr Ry

Fig. 1. af model of the DFIG in stator coordinates [19].

3. DESCRIPTION OF OBSERVER STRUCTURE
The suggested MRAS based speed observer is introduced
and described in this section. It is well-known that any
MRAS based observer consists of three main blocks:
reference model, adjustable model, and adaptation
mechanism [20]. Fig. 2 depicts a general block diagram
of the proposed algorithm. Active power is applied in the
equations of reference and adjustable models. The
adjustable model is extracted in a way that includes speed
as a parameter.

By rewriting (2), we have,

v =Li +L.i°
as S as m ar
—Li_ +L i 0
Vs = s'ps T ' pr

From Eq. (7), stator current components can be
obtained as follows:

i Vs~ Lmigr
o = Yo~ —mlar.
B ®
S
174 —Lml
PP pr
s Ls

Superscript “s” indicates the parameters that are in the
stator frame. The transfer matrix from rotor frame to
stator frame is as follows:

ig{r COSYy —sin Vm iar
iS 171« | . 9
Br siny,  Cosyy, || ls

The transfer function of Eq. (9) depends on the rotor

position. Furthermore, the active power of DFIG at the
stator-side can be considered as [19]:

3007 1+l _3,, . :
PS:ERe V.l =§(V [ +Vﬂs|ﬂs) (10)

as as

Equation (10) is considered as the reference model of
the MRAS based observer. By replacing Eqg. (8) into Eq.
(10) and after simplification, we have,

3 . .
Pest = I &aSVIDLS +VﬂsV/ﬂs - LmVaSIZr - Lmvﬁslzr} (11)
S

Stator flux components of Eq. (11) can be obtained as
follows:

Vas = INas — Ry )dt

. (12)
V= [ (Vs — Rt
u
v A Reference Model yi
y1 = fi(u,v)

Adjustable Model
y2 = f2(v,x) y2

X

Adaptation
Mechanism —

Fig. 2. Basic structure of MRAS.

Equation (11) is considered as the adjustable model of
the proposed algorithm. The main block diagram of the
introduced MRAS based observer is shown in Fig. 3. The
calculated error between reference and estimated active
powers is passed through a hysteresis controller block to
give estimated speed and then a PI block to give the
estimated rotor position.
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Estimated Active Power
(Adjustable Model)
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Fig. 3. Proposed structure of active power based MRAS observer.

4. STABILITY ANALYSIS
In this section, a small signal model of the proposed
MRAS observer is extracted for stability analysis. It is
assumed that a small signal disturbance is given to the
system in any stable operating point. It is expected that
the overall system is to be stable. The adjustable model
of the proposed algorithm can be rewritten as follows:

Py = ZLS{SWS LmRe{ (ejfm)*}} (13)

If ¥, is considered as real value, Pest can be
considered as Ps. Therefore,

P= Zi {sz LmRe{\i(irejym)*} (14)

The established error, &€.. , is then as follows:

r )

er =Py ~ P =4AP (15)

In Fig. 4. phasor diagram of the small signal model is
illustrated.

Bs

Fig. 4. Phasor diagram of the small signal model.
It is obvious from Eqgs. (13) and (14), linearization of
Eq. (13) in the steady state conditions, leads to AP which
isequalto £ . Since ‘i?‘:\ir\ and using Fig. 4, we have,

—AP = _;l_‘sm [\/ li|cose (16)

e =5 Viir[sin0.A0 (17)
2L,

In the steady state conditions & is a function of

inner product of V, and i°, where @ is the angle
difference between those vectors. From Fig. 4, we have,

A?’m:?;m_ymze'_e (18)
Therefore,
3L S
er :fI\/s”lem O.AY (19)
S

Using Eqg. (18) and Fig. 3, small signal block diagram
for stability analysis is illustrated in Fig. 5.

Since, the speed range of the DFIG is usually set to
[0.7, 1.3] p.u. [19], in order to establish the appropriate
speed range of the estimator, the output of the hysteresis

comparator is set to [0, 2 @y ] p.u. [21, 22], where @y is

the electrical frequency of the mains. For correct
operation, the selected bandwidth for hysteresis block
must be larger than the values of speed range of DFIG.
Therefore, the nearest integers are chosen as hysteresis
bandwidths. Also, in Fig. 5, Ts is the sampling time.

Stability analysis is based on the sliding mode
conditions, in which a system is stable when the product

de,
of error (er ) and error derivate (d—tr) leads to a

negative result. Using Fig. 5 the following relation can be
extracted:

de,
dt

AP+ £ 2‘
0:|

- 3Lm S Vel fsin0.n - ) (20)

Fig. 5. Block diagram of the small signal model using hysteresis
controller for stability analysis.
InFig. 5, U isthe output signal of the hysteresis block.
As it mentioned previously, according to hysteresis block
output, which is 0 or 2, we have,
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de. 3L
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(21)

dt

Finally, from Eqg. (21) the stability condition can be
defined as Eq. (22) in every operating point.

[\/S\;to , sino<0 (22)

It can be concluded from Eq. (21) and Fig. 4 that Trs

must be lag due to \75, for stable operation of proposed
observer.

5. SIMULATION RESULTS
Speed tracking of the proposed method is confirmed by
simulation results, which is presented in this section. A
1.5 MW DFIG is simulated using MATLAB/Simulink

i

—_ —
= L
.
1

—
[¥%}

wind speed (m/s)
- B

—_
[=]

K=}

Time (sec)

software and its parameters are presented in the
Appendix. Fig. 6 shows speed tracking capability of the
MRAS-based observer where wind speed changes from
15 to 9 m/s. Fig. 7 illustrates speed tracking of the
observer at the sub-synchronous condition where wind
speed changes from 15 to 6 m/s. As can be seen, the
produced error of the suggested speed estimation
algorithm is less than 0.05 p.u.

Moreover, to confirm stability condition (21), the
angle between Vg and i} is shown in Fig. 8. It can be

proved that sin@ <0 is valid for all simulated states.

6. PRACTICAL RESULTS

A laboratory setup is applied to prove some dynamic
behaviours of the proposed algorithm. It consists of a
wound rotor induction machine (WRIM) connected to
the back-to-back converters. Also, a DC motor is coupled
mechanically to the WRIM to play the role of a wind
turbine. A digital 16-bit dspIC30F4011 controller is used
to generate adequate switching signals of the IGBTs [23].
Furthermore, PCI-1716 and PCLD-8710 I/O boards are
used for real-time evaluation of the proposed method.

Estimate speed
Real speed

Time (sec)
(b)

(@)
Fig. 6. Speed tracking capability of proposed MRAS-based observer a) wind speed b) real and estimated speed.
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Fig. 7. Speed tracking capability of proposed MRAS-based observer in the sub-synchronous mode a) wind speed b) real and estimated speed.
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Fig. 8. Stability confirmation of the proposed speed estimation method where wind speed varies a) from 15 to 9 m/s and b) from 15 to 6 m/s.
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Appendix and Fig. 9 shows the general block diagram of The s_p_eed t.racklng capability of the observer in practical
. conditions is also acceptable.
the experimental setup.
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Fig. 10 shows steady state operation of the IM where
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Fig. 10. Rotor current and speed at the steady-state (CH1: 1A/div. Fig. 11. Speed tracking capability of the proposed method (CH1 &
CH2: 1000rpm/div.). CH2: 1000rpm/div.).
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7. CONCLUSIONS

A novel MRAS-based observer is described in this paper.
Active power of DFIG is selected as state variable in the
structure of the proposed observer. In the adjustable
model of the observer, stator currents are transformed to
the rotor frame to reveal rotor speed in its formulation.
The suggested adaptation mechanism is based on a
hysteresis block. The formulation of the MRAS observer
in this paper, is unique. Stability of the observer is
analysed on the basis of sliding-mode conditions, in
detail. The enhanced stability condition is confirmed in
the simulation studies. Simulation and practical results
show the stable and effective operation of the suggested
MRAS-based observer, particularly at the speed tracking.
Simulations are performed using MATLAB/Simulink
software and practical results are obtained using a DSPIC
based microprocessor and a WRIM.

Appendix A.

Table 1. Parameters of the simulated DFIG
Nominal Power 1.5 MW
Nominal Voltage | 575V
Frequency 60 Hz
Rg 0.023 pu
Lis 0.18 p.u
Ry 0.016 pu
Ly 0.16 pu
Lm 29 pu
Pairs of poles 3
Moment of inertia | 0.685 Kg.m?

Table 2. Parameters of the DFIG, used for practical results

Nominal Power 0.25 kW
Nominal Voltage | 120V
Frequency 50 Hz
Rs 1.7Q
0.012H
Lis
Ry 1.6 Q
Ly 0.012H
Lm 0.379H
Pairs of poles 1
Moment of inertia | 0.03 Kg.m?
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