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Abstract: The purpose of this paper is to show a new state observer for doubly-fed generator. A pro-
posed z-type observer algorithm based on mathematical model of doubly fed generator with additional
variables treated as a disturbances has been used. A nonlinear multiscalar control method has been
proposed to control active and reactive power of the generator. All analyses were verified by simula-
tions and experiments tests.
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1. INTRODUCTION

A doubly fed induction generator (DFIG) is a very popular solution in modern high
power wind turbines due to its properties. This kind of generator is characterized by
some key features such as good dynamic properties, wide range of speed changes, in-
dependent active and reactive power control.

In DFIG power control algorithms, rotor position and speed are required to trans-
form state variables between different coordinate systems. The simplest solution is to
use a mechanical encoder but this approach is expensive and requires additional signal
cable. There is a tendency, especially in the case of high power generator systems, to
eliminate the speed sensor to improve overall system reliability. Replacing the mechan-
ical sensor with a speed estimation algorithm provides other benefits like additional
diagnostic information. The problem of rotor speed and position estimation has been
widely discussed [1—4].The most common and simple approach is to calculate the rotor
current in the stationary reference frame oriented with stator and compare the results
with a measured value in the stationary rotor reference frame. These calculations are
based on a stator flux equations, therefore are sensitive to stator voltage fluctuations.
Another form of rotor angle and speed estimation are various variants of model
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reference adaptive system (MRAS) observers [5, 6], but these algorithms are sensitive
to generator parameters errors.

In this paper a novel sensorless nonlinear control algorithm has been proposed to
control a doubly-fed induction generator. The nonlinear multiscalar control of active
and reactive power and the new speed observer for DFIG can be interesting alternative
to classic field oriented control and direct power control methods. The presented ob-
server may be useful for a diagnostics system in some wind power plants [7].

2. MULTISCALAR MODEL OF DFIG

To ensure independent control of active and reactive power of DFIG, a nonlinear
control method was used. Variation of nonlinear control method based on the mul-
tiscalar z-type model of a wound rotor induction machine has been used. To create
a multiscalar z-type model of the generator, it is necessary to adopt new variables de-
fined as scalar and vector product of stator flux ¥, and rotor current vectors i.. It is
possible to take different pairs of vectors. The new variables for multiscalar z-type
model are defined as follows:
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Differentiation of the multiscalar variables defined above and using a vector model of
a generator leads to the system of differential equations that describe dynamics of the ma-
chine. This system of four equations is called the multiscalar z-type model of DFIG [8].
A detailed synthesis procedure of nonlinear power control structure based on mul-
tiscalar z-type model of a DFIG has been described in [8]. All differential equations are
nonlinear and therefore input-output linearization method was used. The decoupling
equations have the following form:
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are additional auxiliary variables and ai1, a2, @21, @23, ax4 are functions of generator
parameters and are defined as ai; = —Ry/Ls, @12 = RiLn/Ls, axi = (LR + RLD)/(Lswo),
a2 = Ln/Weo, @23 = ReLn/(LsWo), @24 = L/Wo, Wo= LsL, — L. Variables m; and m; are new
control signals. The components of the rotor voltage vector may be calculated from the
values of u,1 and u,, variables by using the expressions:
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The active and reactive power of the generator can be expressed by the multiscalar
variables in per unit as follows:
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To control the generator powers at stator side, accordingly with the equations (13)
and (14), it is necessary to force the values of zi» and z», variables. It should be noted
that the equations (13), (14) may by simplified due to the fact that in steady-state the
auxiliary variables uy and uy» are approximately equal to 1 and 0 in pu.

The DFIG power control structure shown in Fig. 1 contains two cascade control loops.
The outer loop controls both the stator active and reactive power according to values
received from the different higher level control algorithm of powers. On the other hand,
the inner control loop task consists of independent control of the z, and z»> multiscalar
variables. PI controllers were used in both control loops. For the calculation of mul-
tiscalar variables, an information about rotor currents and stator flux is needed. In this
kind of generator, the rotor currents are measurably available but the stator flux has to
be estimated. In an original version of the control system, the stator flux was calculated
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by integrating the stator voltage, including the voltage drop across the stator resistance.
This approach to estimation of the stator flux requires elimination of constant compo-

nents of voltage and current measurements. In the proposed control structure, a new
state observer, described in next section, was used.
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Fig. 1. Schematic diagram of the proposed power control system

3. STATE OBSERVER FOR DFIG

3.1. MATHEMATICAL MODEL OF THE STATE OBSERVER

The structure of analyzed state observer was presented for the first time in [9]. The
structure of the observer is based on mathematical model of the induction machine and
Luenberger observer theory. In the equations of the speed observer, the components of
the electromotive force vector were defined as additional state variables treated as dis-
turbance. The electromotive forces, denoted by & are represented by

C=wy, (15)

where @, is the rotor speed of the machine. If the stator flux ¥, and the rotor current i,

space vectors are chosen as state observer equations in simple vector form are defined
as follows
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where, ki, k2, k3 are gains of the state observer , ai1, a», ai, a3, ax4 are functions of
generator parameters and are defined similarly to multiscalar z-type model.

It was assumed that machine parameters used in the speed observer are known and
have been designated by a different algorithm. All estimated variables are denoted by
the symbol *. The measured and controlled rotor current and electromotive force were
selected as a corrective feedback to the speed observer. The correcting errors are de-
noted by the symbol ~ and defined as:

ir:ir_lr (19)
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The estimated speed can be expressed by the following equation
S
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3.2. STABILITY ANALYSIS AND GAINS

The basic requirement of sensorless drives is to provide stability of the speed ob-
server. According to the first Lyapunov method, an equilibrium point of a system is
stable if the linearized system is stable. Stability of the observer can be ensured by
proper gains selection to place all poles of the state matrix of the linearized system on
the left side of the complex plane. The equations describing dynamics of errors of the
extended speed observer are defined by (22)—(26). The first two differential equations
are the result of subtracting the observer equations from the model equations. It is not
possible to express the estimated rotor speed or rotor speed error with variable f error
instead of calculated variable , therefore the equation (24) describes rather dynamics

of variable { than error of variable ¢.
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In the steady state of the observer, zero estimation errors are expected. The operating
point of the observer are zeros of the rotor current and stator flux estimation errors.
According to the definition (15), in the steady state it is also expected that variable { of
the observer is equal to the product of the rotor speed and stator flux. The operating
point of the observer X is defined as (27). Such operating point is also an equilibrium
of dynamic system (22)—(24).

- — T
x=[1, ¥ L] -[0 0 ow] 27)
The result of the linearization is in the form of

aax _ AAx (28)
dr

where Ax is a vector of deviations from the operating point. The matrix A is the Jacobian

of dynamic system (22)—(27) at an equilibrium X.

Ax=[fr—i ¥ ¥ g—Z]Tz[ir ¥, Al (29)

A =C-dF,

(30)
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The values A1, ..., A¢ satisfying equation (32) will be called observer poles in this

paper. The elements of the matrix A depend not only on constant values like coefficients
aii or an, etc., which depend on motor parameters, or observer gains ki—3 but also on
variable values like rotor speed or components of rotor current and stator flux vectors.
The rotor speed is a slow-paced variable and in the steady state can be considered as
constant. Vector components expressed in the stator reference frame, on the other hand,
change sinusoidal in time what makes poles placement analysis impossible. Therefore
linearized equations are represented in the stator flux reference frame

|A-12|=0 (32)

The matrix A depends on observer gains, therefore the gains have influence on the
observer dynamics and stability. Poles placement depends also on the rotor speed, the
module of stator flux vector and components of rotor current vector. The module of
stator flux vector is kept at a constant level by a control algorithm. The rotor current
components are influenced by active and reactive power of the plant. Simulation exper-
iments confirmed that changes of plant power do not have any significant influence on
poles placement. It emerges that the only variable affecting observers dynamics is rotor
speed. Poles placement in function of rotor speed is presented in Figs. 2 and 3. Two sets
of values of stator active and reactive power are investigated. In the first case, the values
of active power and reactive power were s, = —0.3, and s, = —0.5, respectively (lagging
power factor). In the second case, active and reactive power ware s, =—0.4, and s, = 0.4
(leading power factor). In both scenarios, acquired poles placements are comparable,
thus similar dynamic properties are expected regardless of active or reactive power of
the machine.

All poles of the observer are placed in the left half-plane for all examined values of
the rotor speed what ensures the stability of the observer. The observer poles are calcu-
lated on a basis of the linearized system so conclusions about its dynamic properties
drawn from eigenvalues of the matrix A are valid only in states which are close to the oper-
ating point. This means that the stability of the observer is not guaranteed if estimations
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errors are big. However, simulation experiments verify that even when the observer
starts with initial errors exceeding 100%, it is able to converge towards zero errors.
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Fig. 2. Poles placement of the speed observer in function of rotor speed
presented on the complex planes for various values of active and reactive power:
a) ¥.=0.95,s5,=—-0.3,5,=-0.5b) ¥ =0.95,5,=-0.3,5,=04
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Fig. 3. Real (left) and imaginary (right) part of speed observer poles
in function of rotor speed for ¥ = 0.95, s, =-0.3, s, =-0.5

The dynamic properties of the speed observer are determined mainly by dominant
poles, which are poles placed closest to the imaginary axis. Influence of deviations from
the observer gains on the placement of the dominant poles is shown in Fig. 4. Deviations
of +£10% of the original values of ki, k> and k3 are investigated. In all cases, poles remain
on the left side of the complex plane what insures stability of the observer. It can be
noticed that lower values of the observer gains (Fig. 4a) cause dominant poles to be
placed closer to the imaginary axis what affects observer dynamics. Increasing the gains
(Fig. 4h) moves the dominant poles away from the imaginary axis improving observer
dynamics. It is, though, not advisable to assign too high observer gains as they may
amplify current measurement noise and errors.
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Fig. 4. Placement of the dominant poles of the speed observer in function of the rotor speed;

wr=0.95, s, =-0.3, s, =—0.5. Deviations of observer gains for figures a)-h) are defined in Table 1

Table 1. Deviations of observer gains (cf. Fig. 4)

a) 0.9k 0.9k 0.9%3 e) 0.9k 0.9% 1.1k3
b) 1.1k 0.9k> 0.9k f) 1.1k 0.9k> 1.1k3
c) 0.9k 1.1k 0.9%3 2) 0.9k 1.1k 1.1k3
d) 1.1k 1.1k 0.9%3 h) 1.1k 1.1k2 1.1k3

3.3. ESTIMATION OF THE ROTOR POSITION ANGLE

For correct operation of the control system, the rotor position angle is required. The
proposed structure of the state observer allows determining the stator flux and rotor
current in the stator stationary reference frame. In DFIG, the rotor current is directly
measured in the rotor reference frame. With the rotor current values in different refer-
ence frames, the rotor position can by calculated according to the formulas
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(33)



70 K. BLECHARZ et al.

where, subscripts aR, SR are the components of rotor current measured directly, and,
accordingly, asS, S are the components of the rotor current estimated in observer. Fig-
ure 1 shows a graphical interpretation of the above equations.
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Fig. 5. The vector of rotor current in various reference frames

4. SIMULATION AND LABORATORY INVESTIGATIONS

To verify steady-state and dynamic performance of the proposed control system,
simulation and laboratory tests were carried out. The performance of the proposed
power control system with the state observer was evaluated using a software written
in C++ language. The developed simulation software includes the generator model,
power control system and state observer algorithms. The discrete nature of the control
system and power converter was taken into account. The control cycle time for power
converter and PWM algorithm ware implemented. The measurement procedure of ro-
tor and stator currents and grid voltage was simulated in detail, taking influence of the
sensors, sample and holds procedure. All the results presented are carried out on a 2 kW
DFIG. Parameters of the generator expressed in per unit system used in the simulations
are given in Table 2. The following basic values U, =400V, [,=9.526 A, @w» = 104.7 rad/s
have been assumed.

Table 2. The generator parameters in SI and per unit systems

Parameter Value

SI pu
Rotor resistance, R- 2.53Q 0.0649
Stator resistance, Rs 297Q 0.0762
Rotor inductance, L, 0.166 H 1.3378
Stator inductance, Ls 0.166 H 1.3378
Mutual inductance, L 0.158 H 1.2733
Stator/rotor ratio, n — 1
Pair of poles, p - 3
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The scope of the simulation study includes an evaluation of the performance of the
power control system and proposed state observer. Standard tests for doubly-fed gener-
ator were performed to demonstrate properties of the power control system. All observer
parameters used in the algorithm have been changed by 5% with respect to the real
generator parameters. Figure 6 shows the results of simulation for the DFIG system and
state observer in response to the external driving torque changes. As a result of these
changes, the rotational speed . of the generator rotor increased from 0.8 to 1.3 of the
synchronous speed. The power control system works properly in the whole range of
changes in the rotational generator speed. The values of stator active power s, and reac-
tive power s, were kept in reference levels. The error of speed estimation @.. do not
exceed 2% and oscillates around zero. The speed observer algorithm is stable.
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Fig. 6. Simulation of the generator response to an external driving torque steps

During the tests, the response to changes of reference values of the active s, and
reactive s, power were examined to determine proper decoupling in both power control
loops. Figure 7 shows the reaction of the power control system to the active power
change from —0.35 pu to —0.2 pu at a constant reactive power equal to —0,4 pu and
change of reactive power at a constant active power. No coupling in power control loops
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was observed. Oscillations in power waveforms are the results of stator flux oscillations
| ¥| and are slowly damped.
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Fig. 7. Simulation of the response to active and reactive power steps

To confirm the simulation results, the laboratory tests were performed. The experi-
mental verification was carried out on wound-rotor induction machine of the SUDf112-6
type mechanically coupled to the induction squirrel-cage motor. The incremental en-
coder with the resolution of 720 pulses was used as an auxiliary sensor to measure the
actual rotor position and rotational speed. The stator of the generator was connected
directly to the grid while the rotor was fed by a bi-directional power converter. All con-
trol algorithms were implemented on a digital control board including an ADSP-21363
digital signal processor with an Altera Cyclone II family FPGA chip. The control algo-
rithm for the generator part of the laboratory setup was written in C language. The con-
trol cycle time was set at 150 ps. The whole experimental system was controlled from
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a personal computer using a dedicated operator console. Figure 8 shows the response of
the generator power control system to active power changes from —0.35 pu to —0.1 pu
at a constant reactive power equal to —0,4 pu. Noticeable changes of estimated ., and
measured @ rotor speed were caused by generator load variations. The rotor speed error
wr. did not exceed 1%. Figure 9 shows the response of the generator control system to
changes of the reactive power s, from —0,6 pu to —0,1 pu at a constant active power s,
equal to —0,35 pu. The generator was working with lagging power factor in all the la-
boratory tests.
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Experimental results of the response of the power control system, in the case where
generator speed slowly crosses a synchronous one, is presented in Fig. 10. During the
test, both values of powers were equal to the reference value and the speed error oscil-
lates around zero.
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Fig. 10. Experimental result for crossing synchronous speed
for a constant active and reactive power

Perdrad]

Ors) PrsF

Time (ms)

Fig. 11. The estimated and measured waveform of the rotor position angle
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The measured @ene and estimated ggs rotor position angles for a steady-state opera-
tion are shown in Fig. 11. The steady-state operation of a rotational speed to 685 rev/min
corresponds to a rotor angle change of 29.1 ms. The estimated rotor angle position @gs
was deformed. In the power control algorithm, the filtered value of the angle grsr was
used. The error ¢..- between measured and estimated rotor angles was about 2.5°.

5. CONCLUSION

The simulation and experimental verification of the operation of a nonlinear active
and reactive power control system with a state observer have been presented. Simula-
tions were carried out using a full-order model of the generator and the converter model.
In the control algorithm, the discrete mode operation was taken into account. The active
and reactive power step response was verified. The power regulation was independent
in both control paths. In the assumed variation range of the rotor speed, the state ob-
server was stable. The estimation error of rotor speed ;. did not exceed 1%, where the
stator flux error |yl was less than 1%. The angle of rotor position ¢rsr was determined
with an error of 2.5°. The presented power control system with the speed observer al-
gorithm is an interesting solution in relation to the classic field oriented method and
direct power control method for DFIG.
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