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for Stator Flux Vector Control of a Doubly-Fed
Induction Motor
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ABSTRACT

Reliable knowledge of the stator flux vector is essential
for stator flux vector control of a doubly-fed induction
motor (DFIM); therefore, reliable flux estimation is
required. Several flux observers have been proposed
while the Kalman filter is well known as an optimal
state estimator for linear systems. In this paper, a
Kalman-filter-based stator flux observer is developed
and combined with a double second-order generalized
integrator phase-locked loop (DSOGI-PLL) to estimate
the flux angular speed and position under non-ideal grid
conditions. This work is validated through computer
simulation in PLECS software. The CMSIS-DSP library
is adopted to perform matrix operations of the Kalman
filter. ~ Simulations were performed under different
operating conditions, demonstrating that the proposed
approach successfully estimates the stator flux vector of
the DFIM.

Keywords: Doubly-Fed Induction Motor, Kalman Filter,
Stator Flux Estimation, CMSIS-DSP

NOMENCLATURE

DFIM Parameters and Variables:

L, L, Stator and rotor self-inductances.

L, Three-phase magnetizing inductance.

R ,R. Stator and rotor resistances.

R Referred rotor resistance.

7,,7,  Stator and rotor time constants.

o Total leakage factor.

N,,N, Number of stator and rotor turns.

a Stator-rotor turn ratio.

s Slip.

P Number of poles.

v,V  Stator and rotor voltage vectors.

i,,i,  Stator and rotor current vectors.

j’ , z_, Referred rotor voltage and current vectors.

7¢,7,¢  Stator and referred rotor voltage vectors in the
stator flux reference frame.

il 7 Stator and referred rotor current vectors in the

stator flux reference frame.
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il Stator current vector in the stationary reference
frame fixed to the stator.
[Ad Stator magnetizing current vector in the stator

flux reference frame.
Stator and referred rotor flux vectors in the stator
flux reference frame.

igy»is,  D-axis and Q-axis stator currents in the stator flux
reference frame.

i, l,f[ D-axis and Q-axis rotor currents in the stator flux
reference frame.

vn; ,vf; D-axis and Q-axis PWM command voltages in
the stator flux reference frame.

w, Stator flux speed, Synchronous speed.

o, ,,, Rotor electrical and mechanical angular speeds.

om Slip speed.

T, Mechanical Time constant.
T, Electromagnetic torque.
T, Load torque.

Kalman Filter Variables:

A,B,C System matrix, input matrix and output matrix.

A State-transition matrix.

B,_,  Input matrix.

K, Kalman gain.

S0l Mean of initial state.

By Mean of initial covariance.

P ,P; Priori and posteriori covariance matrices.
% ,%; Priori and posteriori state estimates.

Vi Measurement vector.

0 Process noise covariance.

R Measurement noise covariance.
1 Identity matrix.

v Measurement noise.

w System noise.

o Kronecker delta.
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1. INTRODUCTION

Vector control is a high-performance control for
electric machines. Reference frame estimation is manda-
tory to achieve the task. In the case of an induction
machine, the rotor-flux vector is generally selected as
a reference vector to create the reference frame [1-
6]. However, in the case of a doubly-fed induction
machine, the stator-flux linkage is generally used as the
reference vector for creating the reference frame [1-5,
11, 12]. Alternatively, in the application as a doubly-
fed induction generator (DFIG), the grid-voltage or grid-
flux reference frame is generally applied for active-and
reactive-power control [12]. However, the stator-flux
reference frame is generally applied to the application as
a doubly-fed induction motor (DFIM) [13-17].

Several methods, called flux observers, have been pro-
posed to estimate the rotor-flux vector for vector control
of induction machines. The flux observers applied to the
induction machine can also be applied to the DFIM. They
can be classified as open-loop and closed-loop observers.
The principal difference between open-loop and closed-
loop observers is that the estimated states of closed-loop
observers are corrected by corrective feedback included.
For this process, the measured outputs are compared to
the outputs calculated from the estimated states. The
error results are fed back to minimize the estimation
errors.

The voltage model, current model, the full-order for-
ward observer and the cancellation method are classified
as open-loop observers [1-5]. The voltage model has a
simple structure and is affected by the stator parameters
only. However, due to the integration of the stator
back-EMF, it does suffer from a small dc offset [8, 10].
Although this problem can simply be solved by using
a low cut-off frequency (1-5 Hz) low-pass filter, some
problems about phase-shift and gain still exist [10]. The
current model is another simple method, but it is highly
dependent on the parameters. The full-order forward
observer can estimate more state variables apart from
the stator-flux linkage, depending on the DFIM dynamic
model. This method provides full DFIM dynamics, but,
due to open-loop structure, the estimation errors can
accumulate gradually. The cancellation method provides
instantaneous response, but it can amplify noise due to
its derivative structure.

Luenberger observer, MRAS observer, sliding-mode
observer and the Kalman-filter family are classified
as closed-loop observers. They have been applied to
estimate not only the rotor flux but also the rotor speed
and position for sensorless control, providing superior
estimation results compare with those of open-loop
observers [7-10]. The Luenberger observer is computa-
tionally inexpensive due to simple matrix manipulation
[18]. It also provides smooth estimated signals without
chattering, as presented in the case of the sliding-mode
observer. However, its parameter sensitivity can degrade
its accuracy. The MRAS observer requires only two
open-loop models, the reference and adaptive models,

and a PI controller to complete flux estimation. It is
best suited for small-size microcontrollers. However,
if the reference model is integrator-based, as in the
case of the classical voltage model, a modification
is required [19-21]. Parameter mismatch, especially
magnetizing inductance and stator inductance, affects
the performance of this observer [22-25]. PI-controller
tuning is one of the drawbacks of the MRAS observer.
Poorly tuning controller gains can slow convergence,
requiring adaptive tuning or an alternative method
based on the recursive-least-square technique to solve
this problem [25]. The sliding-mode observer provides
fast dynamic response. It is also robust to parameter
drift. However, as reported in some papers, there is
high frequency oscillation, called “chattering”, results in
torque pulsation, so the smoothing filter or extensive
chattering suppression technique are required [26-28].
There must be a trade-off between smoothness and
bandwidth. All these observers suffer from measurement
noise, so there must be some modification to mitigate the
noise. Conversely, the Kalman filter incorporates noise
in the model, the measurement noise is suppressed by
the Kalman gain in its algorithm.

The Kalman filter is an optimal state estimator [29]
for linear systems. The nonlinear version, called the
extended Kalman filter (EKF), is used for parameter
estimation and speed-sensorless control [2-5, 30-32].
However, in this paper, only the standard Kalman filter
is adequate because parameters drift is not considered,
and the DFIM model consisting of four state variables
is applied to estimate the stator-flux vector. A major
drawback of the Kalman filter is its high computational
burden, largely caused by the repeated matrix manipu-
lation, especially matrix inversion, required at each step
[2-5]. It was previously not suitable for the low-cost low
performance drive system. However, with advancements
in semiconductor technology, this drawback has been
mitigated.

This paper proposes the stator-flux-vector estimation
scheme based on a Kalman filter integrated with a
dual second-order generalized integrator phase-locked
loop (DSOGI-PLL). The Kalman filter estimates the d-
and g-axis stator-flux components in the stator-flux
reference frame. Due to non-ideal grid voltage, especially
unbalanced voltage, the estimated stator flux is distorted,
which consequently distorts the estimated stator-flux
speed and position. Therefore, the DSOGI-PLL is applied
to estimate the flux speed and position for the positive-
sequence stator-flux component. Consequently, the
results are smoothed, as shown in the simulation results.

The key contribution of this paper is to validate
the stator-flux estimation scheme using a Kalman filter
integrated with a DSOGI-PLL via PLECS simulation
software. The stator-flux estimation and vector control
modules are coded in C-Script block to emulate the code
which will be applied to the ARM-based microcontroller
system.

This paper begins with a discussion of a mathematical
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model of a DFIM and the concept of the Kalman filter
in Section 2. Section 3 focuses on the estimated
stator-flux vector based on a Kalman filter combined
with a DSOGI-PLL. The stator-flux estimation system is
validated through simulation under different operating
conditions using PLECS software, as discussed in Section
4. The simulation results are also presented and discussed
in this section. Finally, the conclusion is presented in
Section 5.

2. MATHEMATICAL MODEL OF STATOR FLUX
VECTOR ESTIMATION FOR A DOUBLY-FED
INDUCTION MOTOR

The 1* order differential equations of the rotor current
and stator flux vectors for a DFIM under stator flux vector
control are shown in equations (1) and (2) respectively,

d?e —~
0T, — +1i.°
“dr T
— 7
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= R_r/ — jogot,i,’ — L—m gy +jogls |,
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dt
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The electromagnetic torque and mechanical dynamic
equations are presented in equations (3) and (4) respec-

tively,
P3 Lm ! .
=357 (220 = 22,re) 3)
do
rmd—t”” + @, =T,-T. (4)

The stator flux linkage can be expressed in the form of
the product of the three-phase magnetizing inductance
and the stator magnetizing current as shown in equation

(),

7= Ly, )

Since stator flux vector control is performed in the
stator flux reference frame, only the d-axis component of
the stator flux linkage, which is equal to the amplitude
of the stator flux vector, exists, so the equation of
the electromagnetic torque can be derived as shown in
equation (6),

L2
ez_ggL_m“fns“rZ' (6)
N

The control diagram of the DFIM using the Kalman
filter for stator flux estimation is shown in Fig.1.

As can be seen in Fig. 1, the PI controllers are
used to control the rotor circuit of the DFIM. The feed-
forward compensation method is applied to cancel the
cross-coupling voltage appearing in equation (1). The

compensating voltages in each axis are depicted in
equations (7) and (8) respectively,

d | is|
Ucomp d = —@510T,dpg + (1 — 0)1, PP (7)
! -
Ueomp g = @510T4i,q + @y (1 —0)7, | 1fns| . (8)

Therefore, the command voltages which are then
transformed back to three-phase commands to generate
PWM signals are as follows,

!’

e’ _ e
Vg = Vg + Ucomp_d> (9)

14 !

e’ _ e
Urg = Urg + Ucomp g (10)

These command voltages are used as the input vari-
ables for the stator flux vector estimation.

2.1 Mathematical Model of the DFIM

Stator flux vector estimation using the Kalman filter
requires a mathematical model in the state-space form.
However, the 5" order model of the DFIM is nonlinear
due to the multiplication of the state variables in the
equation, so the general form can be described as shown
in equation (11),

(11)

x = f(x,u, w,t).

The 1* order differential equations of each state in the
stator flux reference frame are shown in equations (12)-
(16). The input variables of the electrical equations are
the stator voltage and rotor voltage in their own reference
frames. The equation of the electrical rotor speed
described in equation (16) is derived from equations (3)
and (4). It should be noted that there are multiplications
of all first four state variables, appearing in the first two
terms on the right-hand side of equation (16), resulting
in a nonlinear state equation.
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Fig. 1: Control Diagram of the DFIM using the Kalman Filter with DSOGI-PLL for Stator Flux Vector Estimation.
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Since the rotor speed and position signals are mea-
sured using an incremental encoder, and parameter vari-
ation due to either magnetic saturation or temperature

is neglected, the DFIM model is reduced to the 4" order
model containing only electrical states such as i;;, i;s,
Ay and A5, respectively. The DFIM model can be
represented by a linear-time-varying model as shown in

equation (17),

% = A@)x(t) + BOu(). (17)

Following this assumption, the linear observer is
sufficient to estimate the stator flux linkage vector
components, A;’ 4> and ﬂiq. Therefore, the standard
Kalman filter is suitable for this task, and the details are
discussed in the next sub-section.

2.2 Discrete-Time Kalman Filter

The Kalman filter is a recursive state estimator which
can be used for estimating the internal states of the
system. It can provide the optimal state estimate
although the system and measurements are noisy. This
algorithm consists of two steps: prediction and update.
The prediction step is to predict the states using the
model. This step is called “Time Update”. The predicted
states are then corrected by comparing them to the
measurement data using the Kalman gain. This step is
called “Measurement Update”. The dynamic system can
be described as follows,

X = A1 X + By + wpy
Vi = Cexp + v

E [wszil = Qkék_j

E [ol | =0, (18)
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while w,_; is the process noise matrix and v, is the
measurement noise matrix. The process noise and
measurement noise are assumed to be uncorrelated as
described in E [Ukij] =0.

An alternative form of the Kalman filter, called the
Extended Kalman Filter (EKF), is generally applied to
estimate the states as well as parameters in the cases of
nonlinear phenomena, for example, parameter drift due
to changes in the temperature and magnetic saturation is
considered. Additionally, speed-sensorless motor control
is an application that requires a nonlinear Kalman filter.
The EKF requires the online calculation of the Jacobians
of the nonlinear system matrix for the calculation of the
covariance matrix and Kalman gain. However, in the
case of the linear-time-varying system as discussed in
this paper, the Jacobians are identical to the system and
output matrices. Therefore, the Kalman filter is sufficient
for this application. The algorithm can be explained as
follows.

1. Initialization:
The algorithm starts from initialization for the state
and noise covariance as depicted in equation (19),

¢ = E(xo)
(19)

The fca" and P0+ are the means of the initialized state
and noise covariance.

A A~ T
Pr=E [(x0 — D -5

2. Time update:

Once the state and covariance are initialized, the
present state and covariance are first predicted in this
step. The prediction is based on the model of the system,
the state-transition matrix and input matrix. The results
of this step are X, andP,” which are called a priori state
estimate and a priori covariance. The process of this step
is depicted in equation (20),

a— ot
X = A X+ By

Pk_ = Ak_lPl:_—lAz—l + Qk—l' (20)

3. Measurement update:

In this step, the predicted states are corrected by the
measurement output. The priori covariance is used to
calculate the Kalman gain for the correction of the state
estimates. Calculation of the Kalman gain, covariance
and corrected state estimates is shown in equation (21),

— p-cT -7 -1

K, =P C/(C,P C/ +R,)

ot

Xk

Pr=(I - K.COP (I - K,C)" + K, R K]

=X + Ky = GXp)
(21)

The state estimates and covariance fc;: and P,: are
called a posteriori state and a posteriori covariance
respectively. These values are then used for the time-
update step in the next sampling. All the processes can
be summarized in the flowchart shown in Fig. 2.

jf(vy = b“(xu)
B =E[(x - %)5, %) ]
v

o ot

X, =A%, + By,
- _ + 4T

b =4 B A, + 0

®©

Iniitialization
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O | ko =n (el + R, ©)

B =P, k Y \ St Gk %
X =% +K,(y,—-Cx,) Measurement
H; = (1 _Kka)Pki ([ _Kka )T +KA-RA-KZ Upd”te

v
@
Fig. 2: A Flowchart of the Kalman-Filter Estimator.

3. STATOR FLUX VECTOR ESTIMATION USING
KALMAN FILTER

The stator flux vector estimation consists of the
process of estimating 4, and A7, and estimating the flux
position and angular speed. The estimation of the dq
components is achieved by a discrete-time Kalman filter
while the flux position and angular speed estimation is
achieved by the DSOGI-PLL.

3.1 Kalman Filter Based Stator Flux Estimation

Since simulation and implementation are performed
in the discrete-time domain, it is necessary to discretize
the system before processing the estimation. The simple
method usually applied to the system is the 1% order
Taylor’s approximation. The approximate discrete value
is shown in equation (22),

X — Xg—1
T

N

X = (22)

An increase in both sampling frequency and order of
approximation helps improve approximation accuracy.
However, there must be a trade-off between the com-
putational burden and approximation accuracy. In this
research, the sampling frequency is 10 kHz which is high
enough for the 1% approximation as reported in [6]. The
discrete-state space equations for state estimation using
the discrete-time Kalman filter are depicted in equations
(23) and (24),

X = A1 X1 + By + wy_y (23)

Vi = Cexy + 0y (24)

The details of the state and input vectors as well as
the state and input transition matrices are depicted in
equations (25) — (28),

! !

— ;e ;e e e
X1 = [lrd,k—l fgk-1 Asana ’lsq,k—l] (25)
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Likewise, the output vector and output matrix are
shown in equations (29) and (30) respectively,

I s .5 .5
Yie = [lrd,k qu,k lsd,k lsq,k] (29)
Cq —Cy 0 0
0 0
=2 9 (30)

—C3 Cy Cs
—Cy —C3 Ce Cs

while
¢y =cos(8, —0,),cy =sin(d, — 0,),

—_m 0 _ﬁ ind
e = cosf,,¢cqy = sin6,,
N N

1 1 .
¢5 = —cosf,,cg = —sind,.
N LS
In this research, the rotor input voltages are from the
PI controller command as depicted in equations (9) and
! !
(10). Since only the irfi, i,;, iid, and qu are estimated,
only the 4 X 4 matrix consisting of electrical states
is adequate. The Jacobians of both state and output
transition matrices are identical to the state and output
transition matrices themselves. Moreover, the effect of

Jr Integrator

sd ’ ﬂe

g > Nty EA A SO
—Y z-1

jsq “9

Fig. 3: Block Diagram of the DQ-PLL.

parameter variation is not considered. Therefore, it is not
necessary to use the extended Kalman filter for this task.

The Q and R matrices are tuned to achieve the
satisfactory results in both transient and steady states.
The values of O and R are as follows,

Q =diag ([ 1.37¢™" 137¢7" 1.04e72 1.04¢72 |),

R=diag (| 1.37¢* 1.37¢7* 137¢7% 1.37¢7% ).

The diagonal elements of Q are set to 1 % of the base
value of the state while the diagonal elements of R are
set to 0.1 % of the base value of the input variables. The
initial value of P is P = diag ([ 1 1 1 1 ])

3.2 A DSOGI-PLL for Position and Angular Speed
Estimation

Once the Kalman filter process is finished, the stator
flux 4, and AY, are transformed into the stationary
reference frame fixed to the stator providing 4], and 4j,
respectively to estimate the angular speed and position
of the stator flux vector. In the case of an ideal grid
voltage, the dq phase-locked loop (dq-PLL), which is
generally used for grid synchronization of the grid-
connected three-phase converters, is applied to the stator
flux linkage vector as shown in Fig. 3.

The estimated angular speed and position of the
stator flux vector, using the dq-PLL, become distorted if
the grid disturbances, for example harmonic distortion
and unbalanced grid voltage, do occur. The effect
of harmonic voltage can be mitigated by reducing the
bandwidth of the dq-PLL [33]. However, the effect of
unbalanced voltage cannot be solved by this method.
The unbalanced voltage can directly affect the estimated
stator flux because the stator of the DFIM is directly
connected to the grid. Based on the instantaneous
symmetrical component (ISC) method, the DSOGI with
the positive-sequence calculation (PSC) can isolate the
positive sequence component from the negative sequence
component, as depicted in Fig. 4.

The DSOGI with PSC behaves as a low-pass filter for
the positive-sequence component, and behaves as a notch
filter for the negative-sequence component [33, 34].
Therefore, only the positive-sequence flux components,
/1::; and ﬂi;; are then fed to the dq-PLL providing the
smooth estimated angular speed and position. The stator
flux vector estimation based on the Kalman filter with
DSOGI-PLL is illustrated in Fig. 5. The estimated angular
speed, , is fed back to the DSOGI-QG blocks to adapt the
resonant frequency as discussed in [33].
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Table 1: Parameters of a WRIM.

Parameter Value Unit Parameter Value Unit
Stator Rated Voltage 400 \Y Stator Resistance 1.0972 Q
Rotor Rated Voltage 200 \ Referred Rotor Resistance 2.0250 Q
Stator Rated Current 9.7 A Stator Self Inductance 0.203642 H
Rotor Rated Current 11.4 A Referred Rotor Self Inductance 0.203642 H
Base Frequency 50 Hz Magnetizing Inductance 0.195853 H
Base Speed 1500 rpm Moment of Inertia 0.018 kg'm?
Number of Poles 4 Poles Viscous Friction Coefficient 0.008242 I\rz];_‘,s
Stator-Rotor Turn Ratio 2 DC Bus Voltage 300 \

A ———— N e r———-=c N AN Table 2: Controller Gains and Bandwidth of the Current

1 sd 1 ‘m N sd
A : 1 1 NS and Speed Control Loops. [36]
I- | s'
T\ + I gst ontroller
1 :
) : : 2 : j/ : Ay Parameters Current Loop | Speed Loop
o soenacb l ! K, 25 2
| ) :q’lw : : K, 200 s 10 s
— ’ N y Bandwidth 629.58 Hz 7.15 Hz
DSOGI-0G PSC

Fig. 4: Block Diagram of the DSOGI and PSC.

4. SIMULATION AND SIMULATION RESULTS

The computer simulations were performed to validate
the application of the Kalman filter for stator flux vector
estimation. The details of the simulation system are
described in sub-section 4.1.

4.1 Simulation System

The non-saturable model of a 5 kW wound-rotor
induction machine having the variables and parameters
as shown in Table 1 is used in the simulation. The
PLECS software is applied to simulate the stator flux
estimation system having the diagram depicted in Fig. 6.
In the simulation, the operation criteria of the DFIM are
discussed in [35, 36].

The machine-side converter (MSC) is controlled with
a sampling rate of 10 kHz, while the switching frequency
is set to 5 kHz. As a result, the PWM signals are updated
twice for each switching period. The simulation was
performed using C-Script as applied in the actual system.

The series PI controller, having the structure shown in
Fig. 7, is applied to both current and speed control loops.
The transfer function G, (s) of this PI controller is shown
in equation (31),

KaKb
G.(s)=K,+ ,
N

(31)

while K, is the series gain and K, is the inflection
frequency [37].

As discussed in [37], the controller gain K, is used
to adjust the bandwidth of the closed-loop system. On
the other hand, adjusting K, does reflect the inflection

frequency without increasing the gain at high frequency.
The relationship between K,, K, and Kp, K; of the
parallel structure is shown in equations (32) and (33)
respectively [36],

KP = Ka’

K; = KK,

(32)
(33)

The controller gains of the current control loops are
identical for both d and q axes. The controller gains and
bandwidths for the speed and current control loops are
described in Table 2.

The frequency responses for the current control loop
and the speed control loop are shown in Figs. 8 and 9
respectively.

The CMSIS-DSP library used for ARM-based micro-
controllers is adopted to perform the matrix manipula-
tion required for the Kalman filter algorithm. It can help
optimize the code and can be directly transferred to the
hardware implementation step with little modification.
The simulations were performed under a 1 pu load
condition. The operating speed is set to 1.2 pu. The rotor
is responsible for magnetizing the DFIM, meaning that
the stator reactive power is controlled to be zero. The
simulation results were plotted using MATLAB software.

4.2 Simulation Results

The simulations results are classified into four groups
such as 1. Step change in speed command, 2. Step change
in load torque, 3. Operation in generator mode and 4.
Operation under unbalanced stator voltage. The main
results focus on the comparison of stator flux waveforms
in the stationary reference frame fixed to the stator,
between the reference waveforms from the model probe
and the estimated waveforms from the Kalman filter. The
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Fig. 7: Series PI Controller Structures.

Magnitude (dB.)

10

Phase (deg.)

10% 10° 10 10°
Frequency (Hz.)

Fig. 8: The Bode Plot for the Closed-Loop Transfer Function
of the Current Control Loop. [36]
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Fig. 9: The Bode Plot for the Closed-Loop Transfer Function
of the Speed Control Loop. [36]

root-mean-square (RMS) error is applied to calculate the
deviation of the estimated flux from the reference flux.
The RMS error equation is shown in equation (34),

N
ARMSE = % 3 (B - Bk (39
k=1
while N =T, /Ty, Ty = 0.02 s and T}, = 0.0001 s.

4.2.1 Step Change in Speed Command

The simulation results begin with the stator flux wave-
form during the enabling of the stator flux estimation
as shown in Fig.10. During this step, only the stator is
connected to the grid while the rotor is open-circuited.
The rotor speed remains zero as shown in the bottom
waveforms. As shown in this figure, the reference and
the estimated waveforms coincide.

The results shown in Figs. 11 and 12 are the
waveforms during the step change in the speed command
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Fig. 10: Simulation Results Showing the Waveforms of the
(Top) Stator Flux and (Bottom) Rotor Speed during Enabling
of Stator Flux Estimation.
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Fig. 11: Simulation Results Showing the Waveforms of the
(Top) Stator Flux and (Bottom) Rotor Speed during a Step
Change in Speed Command.
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Fig. 12: Simulation Results Showing the Waveforms of the
(Top) Stator Flux and (Bottom) Rotor Speed under Steady-
State Motor Operation.

and the steady-state condition respectively. During the
step change at 5 s, the estimated stator flux waveforms
have the same response as the reference flux waveforms.
There are slight differences in the amplitude of the stator
flux waveforms as shown in both figures.

A magnified view of the stator flux waveforms is
shown in Fig. 13, There is also a small phase delay
occurring in the estimated waveform. Both differences
in amplitude and phase angle can be solved by increasing
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Fig. 13: Simulation Results Showing a Magnified View of
the Stator Flux Waveforms under Motor Mode at 1.2 pu
Speed and 1 pu Load Torque.

—X° RMSE
sd

<" —X° RMSE
sq

i I
6.975 6.98 6.985 6.99

Time (s)

0 >
6.96 6.965 6.97 6.995 7

Fig. 14: Simulation Results Showing the Waveforms of RMS
error of the Estimated Stator Flux: (Top) during a Step
Change in Rotor Speed and (Bottom) under Steady-State
Condition.

the sampling and switching frequencies. Likewise,
increase in the model order can also improve the results.
However, there must be a trade-off between accuracy and
computational cost.

The AJRMSE of the stator flux in each axis is
depicted in Fig. 14. The results shown in Fig. 14 consist
of the 43 RM S E waveforms during transient and steady-
state conditions. As depicted in Fig. 14, the steady-state
RMS error is approximately 0.065 V-s corresponding to
roughly 0.063 pu with respect to 1.0396 V-s flux base.
This error can be reduced by increasing the sampling
frequency or by increasing the order of the approximated
model.

4.2.2 Step Change in Load Torque

The effect of a step change in load torque was
observed by initially simulating the system under no-load
conditions. A step change in load torque occurs at the
time 7 s. as illustrated in Fig. 15. The results under
steady-state conditions are shown in Fig. 16.

The step change in load torque from zero to 1 pu occurs
at the time 7 s. As shown in this figure, the DFIM is still
under control as can be seen in the waveforms of speed
and electromagnetic torque. Considering the A;RM SE

15
- 1 [/
7 05
z 0
05
-1 ¥ H
. ! ‘ 1 :
6.9 6.92 6.94 6.96 6.98 7 7.02 7.04 7.06 7.08 7.1
1.4 T T T T 1
: Tt T ace,
Hhs s
3" 1 | 1
08 ‘ : ‘ i . ‘
6.9 6.92 6.94 6.96 6.98 7 7.02 7.04 7.06 7.08 7.1
15 T T T T T T
-
g
A -
0 i i _TP _TL
6.9 6.92 6.94 6.96 6.98 7 7.02 7.04 7.06 7.08 7.1
Time (5)

Fig. 15: Simulation Results Showing the Waveforms of
the (Top) Stator Flux, (Middle) Rotor Speed, and (Bottom)
Torque during a Step Change in Load.
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Fig. 16: Simulation Results Showing the Waveforms of
the (Top) Stator Flux, (Middle) Rotor Speed, and (Bottom)
Torque under Steady-State Motor Operation.
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Fig. 17: Simulation Results Showing the Waveforms of
RMS error of the Estimated Stator Flux: (Top) during a
Step Change in Load and (Bottom) under Steady-State
Condition.

waveforms during transient at the top of Fig. 17, under
no-load, the RMS error is approximately 0.027 V-s (0.026
pw) and its value changes to roughly 0.065 V-s (0.063 pu)
at 1 pu load.

4.2.3 Operation in Generator Mode

The operation in generator mode is also considered.
In this simulation, the DFIM initially operates in motor
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tor Mode.
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Fig. 19: Simulation Results Showing the Waveforms of
the (Top) Stator Flux, (Middle) Rotor Speed, and (Bottom)
Torque under Steady-State Generator Operation.

mode with 1 pu load torque. At the time 10 s, the load
torque is changed to -1 pu, forcing the DFIM to operate
in generator mode. The simulation results during a step
change in the operating mode are shown in Fig. 18. The
estimated stator flux waveforms have the same response
as the reference stator flux waveforms.

The steady-state results are shown in Fig.19. It can
be observed that the amplitude of the estimated stator
flux is slightly higher than that of the reference stator
flux, as illustrated in the magnified view shown in Fig.
20. The A;RM SE waveforms are depicted in Fig. 21.
During generator operation, the RMS error is about 0.059
V-s (0.057 pu) which is slightly lower than that in motor
mode.

4.2.4 Operation under Unbalanced Stator Voltage

Since the stator of the DFIM is directly connected to
the grid, the appearance of unbalanced stator voltage
causes pulsating torque and generates negative-sequence
stator flux. Consequently, the estimated stator flux
speed and position are distorted. Therefore, the DSOGI-
PLL is adopted to extract the positive-sequence flux
component for flux position and speed estimation. In the
simulation, the voltage level of each phase is set to 248.26

the Stator Flux Waveforms under Generator Mode at 1.2 pu
speed and 1 pu. Load Torque.
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Fig. 21: Simulation Results Showing the Waveforms of RMS
error of the Estimated Stator Flux: (Top) during a Step
Change from Motor Mode to Generator Mode and (Bottom)
under Steady-State Condition.

V, 213.62 V and 225.17 V. This setup results in 232.9 V
for the positive-sequence component and 14.4 V for the
negative-sequence component. Therefore, according to
IEC 60034-26 [38], the voltage unbalance factor is 4.45 %.

The simulation results shown in Figs. 22 are the
waveforms during a step change in the speed command.
During the step change in speed command, the flux speed
distortion is mainly caused by the transient response.
Once steady-state is reached, the estimated stator flux
speed becomes smoother as shown in Fig. 23. It should
be noted that the amplitude of the d- and q-components
are not identical. This mismatch can result in distortion
of the estimated stator flux speed and position. However,
the distortion is mitigated by the DSOGI-PLL.

A similar phenomenon occurs in the case of a step
change in the operating mode from motor mode to
generator mode as illustrated in Figs. 24 and 25.
However, the flux speed distortion is more prominent
while operating in the generator mode.

The unbalanced voltage directly affects the output
variables of the DFIM, such as an electromagnetic torque
and rotor speed. Both speed and torque, as illustrated
in Figs. 26 and 27, are oscillating at twice the stator
fundamental frequency.
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Fig. 24: Simulation Results Showing the Waveforms of the
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Position during a Step Change in the Operating Mode under
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It should also be observed what happens to the
estimated flux position when the unbalanced voltage
occurs. The simulation results depicted in Fig. 28 are
the comparison of the stator flux position between the
reference and the estimated stator flux based on the
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Fig. 25: Simulation Results Showing the Waveforms of the
(Top) Stator Flux (Middle) Flux Speed and (Bottom) Flux
Position in Generator Mode under Steady-State Unbalanced
Stator Voltage Condition.
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Fig. 26: Simulation Results Showing the Rotor Speed and
Electromagnetic Torque Waveforms of the DFIM Operating
in Motor Mode under (a) Balanced and (b) Unbalanced
Voltage Conditions.

DSOGI-PLL. In the comparison, the position of the ref-
erence flux is calculated using the “atan2” function. The
comparison shown in Fig. 28a is the result under ideal
conditions. The estimated position is as smooth as that
of the reference. However, under unbalanced voltage
conditions, the calculated position of the reference flux is
highly distorted, while the estimated position using the
DSOGI-PLL is smoother, as depicted in Fig. 28b.

As previously discussed in [36], during the opera-
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Fig. 27: Simulation Results Showing the Rotor Speed and
Electromagnetic Torque Waveforms of the DFIM Operating
in Generator Mode under (a) Balanced and (b) Unbalanced
Voltage Conditions.

tion without the DSOGI-PLL or other modified PLLs,
the negative-sequence component appears in the stator
current waveforms. Moreover, the rotor current is
highly distorted, leading to high torque pulsation, which
consequently damages the rotating part of the DFIM.

5. CONCLUSION

This paper presents the application of the Kalman
filter for stator flux estimation for the DFIM. With the
combination of the DFIM model and the measurement
variables, the Kalman filter can estimate the stator flux
vector that cannot be measured directly. The stator
flux estimation scheme presented in this paper includes
the DSOGI-PLL for extracting the positive-sequence
components for smooth estimated stator flux speed and
position.

The simulation system was created using PLECS
software with the CMSIS-DSP library integrated in the
C-Script. The CMSIS-DSP library can help perform
the matrix manipulation required for Kalman filter
calculation. The simulations were performed under
different operating conditions, such as 1. step change
in the speed command, 2. step change in load torque,
3. operation in generator mode and 4. operation
under unbalanced stator voltage. For the first three
conditions, the estimated stator flux waveforms have the
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Fig. 28: Simulation Results Showing Comparison of Stator
Flux Position from the Reference Model (Calculated Posi-
tion) and DSOGI-PLL Estimate under (a) Balanced and (b)
Unbalanced Voltage Conditions.

same response as that of the reference flux waveforms.
However, if there is an unbalanced stator voltage, the
negative-sequence component occurs in the stator flux
waveforms. Consequently, the estimated stator flux
speed and position will also be distorted. Therefore, the
DSOGI-PLL is applied to estimate the stator flux speed
and position. The simulation results show that both
stator flux speed and position waveform distortions are
mitigated, maintaining the performance of the stator flux
vector control for the DFIM.

Finally, it can be concluded that the proposed stator
flux estimation scheme successfully estimates the stator
flux vector for the DFIM under different operating
conditions. The code applied in the simulation system
can simply be transferred to the experimental system
with little modification.
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