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Abstract

A disturbance observer based control method for a grid-connected doubly fed
induction generator is presented in this study. The proposed control method
consists of a state-feedback controller and a disturbance observer (DO). The
DO is used to compensate for model uncertainties with the aim of removing
the steady-state error. The control objective consists of regulating the stator
currents instead of the rotor currents in order to achieve direct control of the
stator active and reactive powers. Such a control scheme removes the need for
an exact knowledge of the machine parameters to achieve accurate control of the
stator active and reactive powers. The main advantage of this control method is
ensuring a good transient performance as per the controller design specifications,
while guaranteeing zero steady-state error. Moreover, the proposed control
method was experimentally validated on a small scale DFIG setup.
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1. Introduction

The global power consumption over the past years increased significantly due
to the industrial and population growth. Natural fossil resources such as oil,
coal, natural gas, etc. have many drawbacks, environmental issues for instance.
Renewable energies like solar and wind are environmental friendly. Among
many renewable energy sources, wind energy is one of the fastest growing
source nowadays. According to the wind global energy council, the global
total wind energy installation in 2015 was close to 433 GW, and the expected
cumulative installed capacity by 2020 is 791.9 GW [I]. Doubly-fed induction
generator is an electric machine that is fed with AC currents in both their
stator and rotor windings. Nowadays, the majority of doubly-fed induction
generators are three-phase wound-rotor induction machines. They have many
advantages such as speed operation range between 430% of the synchronous
speed, complete independent control of power exchange to and from the grid
when controlled with power converters, and reduced power losses and cost due
to the use of small scale power converters which is about only 30% of the
generator rating [2, B]. The common techniques of controlling electric machines
are the vector control or field oriented control, direct power, and direct torque
control [4, B]. Many control methods such as proportional integral, sliding
mode, model predictive, disturbance observer based, intelligent control, and
H-infinity were applied to the DFIG system. The conventional proportional
integral control is the most basic control method used to control DFIG based
wind energy conversion system (WECS). It is easy to design and implement. In
addition, this control can use direct power control [6] [7], vector control [§], or
even a combination of the two control schemes [4]. Moreover, different DFIG
models including dg-synchronous reference frame [4] and «of-reference frame
[8] models are used. In [7], the experimental validation of small scale DFIG
using proportional integral control is conducted The inability to operate under
different operating points and control parameter tuning are the main drawbacks

of this control method. Sliding mode control is a robust control method which
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has very high tracking accuracy and robustness to system parameters variations
[9,10] . This method can be used to control the stator active and reactive powers
directly without using dg-transformation [I1]. Chattering and high frequency
switching are the main drawbacks of sliding mode control and pulse width
modulation techniques cannot be used easily to implement sliding mode control.

Model predictive control is becoming very popular recently. It uses the
system model to predict system performance in the next time step and uses
optimization of objective functions that considers certain constraints to develop
the controller [I2HI4]. Model predictive control usually follows the direct power
control [I5, [16]. The disturbance observer based control contains a combination
of a controller and an observer. The controller is used to achieve the transient
performance and the observer is used to achieve the steady-state error requirements.
This control method was implemented when the rotor currents are used to
generate the rotor reference voltages [I7], and when the stator currents are used
to generate the rotor reference voltages [14]. This method provides excellent
performance under different speed operation modes, yet the observer design
needs modifications to be implemented effectively on real DFIG setups. Intelligent
control methods usually do not consider the system model to develop the controller.
This advantage is very useful when large scale DFIG systems are considered [18].
Intelligent control was implemented on real DFIG setups [19, 20]. Intelligent
control methods can be used to tune the PI controller gains DFIG control [21].
The H-infinity control is a robust control method deals with the control as an
optimization problem. It can be used for energy capture optimization [22],
DFIG power and torque control [23], regulation of reactive power, and rotor
angular speed [24]. This type of control requires high mathematical knowledge
and calculations which makes it very difficult to be implemented in real time
controller.

Three main aspects need to be considered when designing DFIG controller.
Firstly, the DFIG model and system parameters such as mutual inductance are
normally required to design a robust controller. However, obtaining accurate

DFIG model and measuring exact system parameters is a difficult task, for they
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can change over time and environmental conditions. Secondly, wind speeds are
not predictable and can suddenly change. Thirdly, when the system operator
requests certain active and/or reactive powers from the DFIG, considering
power availability, the controller response should be fast enough to fulfill the
operator’s requirements. Therefore, the challenging part is to effectively control
the DFIG system without the need of exact system parameters knowledge
and under external disturbances such as wind speed variations, grid voltage
dip, etc. In this paper, the proposed controller focuses on the DFIG’s stator
active and reactive powers independent control under parameters variation at
different rotor operation speeds. The effectiveness of the proposed control
scheme is examined in terms of steady-state error, response time, and robustness

to parameters variation through experimental studies.

1.1. DFIG system
The DFIG system consists of a wound rotor induction generator connected
to two back-to-back connected power converters: the grid side converter (GSC)

and the rotor side converter (RSC). A typical DFIG system is shown in Figure

Bus
Gearbox /\
DFIG
A I

RSC

DC-Link L
L

. c .
T

Figure 1: DFIG System

The GSC regulates the DC-link capacitor voltage. The DC-link capacitor is
used as an energy storage element which delivers the required energy between
the generator and the grid. Furthermore, the GSC has the ability to absorb or
generate reactive power for voltage support requirements. The voltage applied
to the DFIG’s rotor is generated by the RSC. The main objective of the RSC

is to control the rotor currents such that the rotor flux positions are optimally



s oriented with respect to the stator flux such that the required power is developed.
w7 Both converters are usually two-level six-switch voltage source converters with
ws  IGBT switching elements. Considering the constraint that the peak line voltage
wo is smaller than the DC-link voltage, the six-switch converter can produce a
o three-phase variable frequency, magnitude, and phase voltage which can alter
m  almost instantaneously considering system limitations, switching frequency for
2 instance [25]. The DFIG electrical equivalent circuit is shown in Figure 2| It is

us  valid for dg-axis equations, and the mathematical model is derived from it.

Usd Urd
s L L ¢

e

O P fo e

m qu)sd qu)sq m
\_/ \_/

Figure 2: DFIG Equivalent Circuit

114 Using Kirchhoff voltage law (KVL), the stator and rotor voltages in dg-reference
us  frame are given by [20] 27]:

116 Vsdq = Rslsdg + (i)sdq + wsPsaq (1)

117 Urdqg = Rr’irdq + (i)rdq + wslfbrdq (2)

118 In Equations and , the g-component voltage is obtained by taking
o the plus sign in the last term while the d-component voltage is obtained by
120 considering the minus sign. The flux of the stator and rotor in the dg-reference

w1 frame are given by:

122 (I)sdq = Lsisdq + Lmirdq (3)

123 (b,-dq = L,«Z',,«dq + Lmisdq (4)



where @ is the flux, 7 is the current, and v is the voltage. Subscripts s and r
refer to the stator and rotor while g and d refer to ¢g-axis and d-axis components.
L is the inductance, R is the resistance, ws is the system synchronous angular

frequency, and w, is the rotor angular frequency. The powers are given by:

3 . .

P, = _§(Uscﬂsd + Vsqlisq) (5)
3 . .

Qs = *i(vsqzsd + Usdlsq) (6)

If a phase looked loop (PLL) algorithm [28] is used such that vsqy = vs, and
vsq = 0, Equations and (@ are written as:

3 .
P, = —§(Uszsq) (7)
Qs = 7%(1737:&1) (8)

where vy is the stator voltage magnitude. Moreover, in the steady-state
regime, the components of the stator flux can be expressed as ®,, ~ 0 and

d,y ~ 2= which allows the powers to be written as:
w

)
s

3 Lyvs
Ps = 5 7 lgr (9)

3 L, . 3 v?
= — VA r— =
2 L, " 2w,L,

Therefore, the active and reactive powers regulation can be easily realized

Qs (10)

via the control of the rotor currents. Traditionally, a vector control scheme can
be used to regulate the active and reactive power where the controller can be

designed by using the dynamic equations of the rotor currents given by [29]:

, R, . Lnvs , 1

T A .
. . R, . 1

tdr = Wsllgr — 0-[7; tdr + oL Vdr (12)
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L .
where o0 = 1 — T and wg = ws — w,. However, such a strategy requires

either an additional external loop or exact knowledge of the machine parameters
to force stator active and reactive powers to be equal to their references. To
overcome this drawback, the controller can be designed based on the stator
active and reactive powers instead of the rotor currents. Indeed, invoking
Equations @D, , , and and after some mathematical simplifications,

the time derivative of the stator power can be expressed as:

. R, 3w v2 3L,,vs
Py =— Py —wgqQs — = r 0, 1
oL, wsi @ 20Lsws  20LgL, (vg ) (13)
. R, 3R, v? 3L v
s — Ws Ps - s > T 0 14
Qo = wals = Qs = 5+ 0oL, Ver %) (14)

where J, and g4 represent the model uncertainties and external disturbances
which are not considered in the DFIG modeling. They include parameters
variation and other unknown uncertainties in the system such as the offset
resulting from the PWM technique. In order to tackle the need for stator power
measurements, an alternative approach consisting of controlling only the stator

current is established. In fact, by using Equations @, , , and , the

dynamics of the stator currents are governed by:

R Wl Vs Lo,

B T . .
_ _ __m -4, 15
sq = =5 fea —wthsa T = O L e = 0a) (15)
B . R’I" . R’I"US Lm
_ _ — -4 16
1sd wslzsq O'LT 1sd + O'LSWSLT O'LSLT ('Udr d) ( )
Finally, Equations and are written as:
isq = —isg + Fy +b(vgr — 04) (17)
isq = —aisa + Fq+ b(var — 0a) (18)
where a = UR—LT‘T, Fy = —wgisq + 7;2”;5, b= _crll/:”LT’ and Fy = weisq +
%. Under an exact knowledge of vs the stator active and reactive powers

can be independently controlled by regulating the stator current components.
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2. Proposed control method

The proposed control strategy consists of a state-feedback control law and
a disturbance observer to compensate for the effect caused by the matched
disturbances §, and J4. The composite controller is derived based on the

dynamic equations of stator currents defined by Equations and .

2.1. State-feedback controller design

The control objective is to force the stator currents to track their references
within a specified rise time and a zero steady-state error. Such an objective
can be achieved by designing a state-feedback control law [30} B1], so that the

closed-loop error dynamics are governed by:

éq=—Keeq; éq=—Kgeq (19)

where g = isqref —tsq and €q = isqref —1sq are the tracking errors, and isgref

and ¢sqrey are the g-axis and the d-axis stator current references respectively.

The controller gains K, and K4 must be selected to be positive to guarantee the

stability of the closed-loop system. More specifically, the gain K, and Ky can

be selected based on the desired performance specification in terms of rise time.
Combining Equations , , and , the controller can be expressed as:

(Kqeq + isqref + aisq — Fy + bdy) (20)

S| =

Uqr

1 N .
Var = E(Kded + lsdref + lsqg — Fy + bdg) (21)

It is clear that the information about the uncertainties d, and dq4 is required
to practically implement the state-feedback control law described by the above
equations. Such a requirement reveals the need for a disturbance estimator as it
is not possible to measure the unknown disturbance. Thus, the disturbances J,
and 04 are replaced in the control law by their estimates Sq and &4 for real-time

implementation.
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2.2. Disturbance observer design

The disturbance observer main purpose is to estimate the unknown disturbances

dq and d4. Invoking 7, the disturbance observer can be designed as
32 [33):

X ~ 1 . . ~
0g = 1q(6g — 0g) = lq(g(*lsq — aisq + Fy + bvg) — dq) (22)
2 ~ 1 . . ~
dg = 14(dq — 0q) = ld(g(*lsd — aisq + Fy + bvg,) — dq) (23)

where [, and [4 are the observer gains. By assuming that the disturbance
varies slowly and has a constant steady-state value, i.e. Sqd = 0, the disturbance
estimation error dynamics is governed by (qu — Sqd) = —lga (qu — (5dq) which
implies that I, and l4 must be chosen to be positive to guarantee the asymptotic
stability of the disturbance observer. More specifically, it can be concluded that
the convergence rate of the disturbance observer depends on the observer gains.
The main drawback of the disturbance observer is that the time derivative of the
stator current is required to estimate the disturbance which is not an easy task
because of the measurement noises. To overcome this issue, new variables z, and
zq are introduced to implement the observer without involving the unmeasurable

variables isq and iyq. Thus, the lumped disturbances can be estimated as:

l l
bg = —lgzg + 5 (lg = @) isg + 3 Fy + lgvgr (24)
. ld . ld
Za = —lgzq + 5 (lg —a)isqg + EFd + lqvar (25)

where Sq = 24 — %’isq and Sd = 24 — %z’sd . In this system, isq and isd
have the same dynamics; therefore, [, and I; are considered to be equal. The

proposed control strategy diagram is shown in Figure [3]

3. Results and discussions

This section is divided into four subsections. The first subsection briefly

describes the DFIG experimental setup that is used to validated the proposed
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Figure 3: Proposed control strategy diagram

control method. The second subsection describes the way of selecting the
proposed control method gains. The third subsection investigates the proposed
control performance under speed variations. This includes the DFIG operation
under variable wind speeds. The last subsection examines the robustness of the

proposed control method under parameters uncertainties.

3.1. DFIG experimental setup

The experimental setup that is used to validate the proposed control method
is shown in Figure It consists of a 2kW DFIG coupled to a controlled
induction motor which acts like a wind emulator. The rotor position and speed
are measured by an incremental encoder mounted on the DFIG. Both GSC
and RSC are controlled by the digital signal processing (DSP) board dSPACE
DS1103, which is equipped with Power PC 750GX (Master processor) running at
1 GHz, and a Texas Instruments TMS320F240 DSP (slave processor) running at
20 MHz. Also, both converters are Danfoss AutomationDrive FC302 controlled
by interface and protection card. The controller sampling time is 125 us and
the PWM switching frequency is 8000 Hz for both GSC and RSC. The system

parameters are summarized in Table

10
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3.2. Proposed control method gains selection

In the absence of uncertainties (nominal system), the closed-loop system
under the proposed controller can be expressed as a first order system whose
time constant is equal to % Therefore, under a step input, the closed-loop

settling time Ty is given by:

4
K =~ 26
. (26)

For example, if a rise time equals 4 ms is desired, the controller gain should
be 1000. In the experiment, the gain should be chosen to be as large as feasible to
have a fast response. From a practical standpoint, the control gain K is limited
for several reasons such as machine ratings, converters ratings, and limitation of
the control effort. The observer gain is similarly chosen; higher the value of the
observer gain, faster the disturbance estimation. However, measurement noises
put a practical limit on how large the observer gain could be. In other words,
large observer gain may magnify the measurement noises. In this paper, the
controller gains K, and K, are chosen to be equal to 1500 while the observer

gains I, and lg are selected to be equal to 10.

[(1) Line Filter[(2) GSC
E'3; Sensor Box||(4) RSC .
5

—

(10) dSPACE DS1103[(11) Oscilloscope

Figure 4: DFIG experimental setup

11
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3.83. Speed variation tests

An experiment that mimics realistic operation and considers variation of
wind speed is presented in this subsection. In this experiment, a random wind
speed profile is implemented. The wind turbine model [34] is used to relate
the wind speed with rotor speed, and maximum power point tracking method
(MPPT) [35] is applied. Figure [5| shows the proposed controller response. It is

clear that the actual power follows its reference under wind speed fluctuations.

1’ TELEDYNE LECROY

Everywharayoulook”

"Nw

Figure 5: Random fluctuating wind speed with mppt: channel one (yellow) stator g-axis
current (1V=1A), channel two (red) the reference stator g-axis current (1V=1A), channel

three (blue) rotor speed (1V=1RPM), channel four (green) wind speed (1V=1m/s)

Another experiment where the reference power is kept constant is shown
in Figure. [f] It can be inferred from Figure. [f] that the controller is able
to control the DFIG stator power to the desired reference power despite the
speed variation. The DFIG rotor speed does not change sharply due to the
turbine model consideration as wind turbine inertia and equation of motion are
considered. Here, it is important to emphasize that the wind turbine emulator
(induction motor and drive) has limited dynamics. This explains why it is not

possible to sharply change the DFIG rotor speed.

12
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Figure 6: Random fluctuating wind speed without mppt: channel one (yellow) stator g-axis
current (1V=1A), channel two (red) the reference stator g-axis current (1V=1A), channel

three (blue) rotor speed (1V=1RPM), channel four (green) wind speed (1V=1m/s)

Figure [7] shows the system instantaneous response to a step change in the
stator active power from 0 W to 1000 W while the reactive power reference is
set to 0 Var at sub-synchronous speed (1300 rpm). It can be clearly seen from
Figure [7] that the active power follows its reference and zero steady-state error
is obtained. Also, the independent behavior of the stator active and reactive
powers is ensured since the step change in the stator active power did not affect
the stator reactive power. This can also be inferred from Figure |8 where a step
change in the stator reactive power from 0 VAR to -500 Var is made while the
stator active power reference is kept 0 W. The same step change in the stator
active power is performed under synchronous speed (1500 rpm) as shown in
Figure El and at super-synchronous speed (1700 rpm) as shown in Figure
The three tests show that the proposed control method has good transient and

steady-state performances.

13
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Figure 7: Step change in active power at sub-synchronous speed 1300 rpm: channel one
(yellow) stator g-axis current, channel two (red) stator d-axis current, channel three (blue)

stator current phase-a, channel four (green) rotor current phase-a

q TELEDYNE LECROY
h Everywharoyoulook™

R 101

Figure 8: Step change in reactive power at sub-synchronous speed 1300 rpm: channel one
(yellow) stator g-axis current, channel two (red) stator d-axis current, channel three (blue)

stator current phase-a, channel four (green) rotor current phase-a
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Figure 9: Step change in active power at synchronous speed 1500 rpm: channel one (yellow)
stator g-axis current, channel two (red) stator d-axis current, channel three (blue) stator

current phase-a, channel four (green) rotor current phase-a
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Figure 10: Step change in active power at super-synchronous speed 1700 rpm: channel one
(yellow) stator g-axis current, channel two (red) stator d-axis current, channel three (blue)

stator current phase-a, channel four (green) rotor current phase-a

15
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3.4. Robustness tests

Figure [I1] shows a robustness test where the disturbance observer is disabled
during power control operation. The DFIG stator reference active power is set to
500W or (i4s = —1A) and reactive power to OVar. Initially, both controller and
observer are enabled and both active and reactive powers are well controlled to
desired references. At t ~ —3s, the disturbance observer is disabled (¢ = 0Os is in
the middle). After disabling the disturbance observer, a clear steady state error
is reviled. The reason is that the real DFIG system parameters do not exactly
match the controller parameters, and the state-feedback controller alone cannot
compensate for this mismatch. At ¢ = 2s, the disturbance observer is enabled
again and the steady state error is eliminated. The disturbance observer requires
some time to estimate the uncertainty. This time depends on the controller and
observer gains. In real hardware experiment, it is difficult to physically change
the system parameters. Therefore, the system parameters are set incorrectly in

the controller to mimic a change in the machines parameters.

q TELEDYNE LECROY

h Everywharoyoulook

imehase 0.0 g [Triguer  ERED
R 1

Figure 11: Disable DO: channel one (yellow) stator g-axis current (1V=1A), channel two
(red) the reference stator g-axis current (1V=1A), channel three (blue) stator d-axis current

(1V=1A), channel four (green) the reference stator d-axis current (1V=1A)

16
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Figure[12]shows another robustness test were a system parameter is changed.
The system parameter b is reduced by 20% at t &~ —8s, returned to nominal value
0% at t =~ —4, and increased by 30% at t ~ 3s (¢t = Os is in the middle). These
parameter variations ranges are very high since real parameters cannot change
by this level in reality, but they are performed to test the proposed controller
robustness. It is clear that the disturbance observer is able to estimate the
lumped disturbances, as the steady-state error is well removed, and the power
is well regulated to the desired reference value. Figure shows a zoomed
response to reduction in parameter b by 20%. The change in parameter b was
applied because change in this parameter is clear. Changes in parameter a have
minimal effect and cannot be clearly seen. In addition, parameters Fj and Fy
are based on the measurements, and it is assume that access to all states is
available. However, the proposed control method behavior is expected to be

similar under uncertainties in Fy and Fy.

q TELEDYNE LECROY

Everywheareyoulook

imebase  0.00 g

Roll
10.0

Figure 12: System response under parameters uncertainty: channel one (yellow) stator g-axis
current (1V=1A), channel two (red) the reference stator g-axis current (1V=1A), channel
three (blue) stator d-axis current (1V=1A), channel four (green) the reference stator d-axis

current (1IV=1A)
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Figure 13: Zoomed System response under parameters uncertainty: channel one (yellow)
stator g-axis current (1V=1A), channel two (red) the reference stator g-axis current (1V=1A),
channel three (blue) stator d-axis current (1V=1A), channel four (green) the reference stator

d-axis current (1V=1A)

4. Conclusion

A robust control strategy for doubly fed induction generator’s (DFIG) rotor
side converter (RSC) is presented in this paper as an attempt to control the
generated stator real and reactive powers. It consists of a combination of
a state-feedback control law and a disturbance observer where the controller
ensures the transient performance while the observers ensures zero steady-state
error. More specifically, an accurate control of the active and reactive powers
can be obtained with the proposed control strategy without the need for a
precise knowledge of the DFIG parameters. To the best of our knowledge, the
proposed composite controller has not been practically applied to DFIG based
wind energy conversion system. Experimental tests are conducted to verify
the effectiveness of the composite controller in terms of transient response and
parameter uncertainties under different operating conditions. The results show

the feasibility of the proposed controller and its simple design and implementation.
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2 5. Appendix

327 The DFIG system parameters are summarized in Table 1.

Table 1: DFIG system parameters

Parameter Symbol Value

Rated power P, 2 kW
Nominal voltage Vs 415V (L-to-L)
Turn ratio m 1/3

Stator resistance R 2.26 Q

Rotor Resistance R, 1.767 Q
Stator inductance Ly 20 mH

Rotor inductance L, 20 mH
Mutual inductance L, 325.3 mH
Number of poles P 2 (pair poles)
System frequency f 50 Hz
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